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WAVE EXCITATION ON A SHIP BOW IN SHORT WAVES

Satu Hianninen and Tommi Mikkola

Marine technology, Department of Applied Mechanics, TKK Helsinki University of Technology'

1 INTRODUCTION

This study focuses on the numerical simulation of the wave excitation on a passenger ship in short head waves.
The aim has been to consider, whether it is possible to assess the reliability of the frequency content of the wave

loads - also in local areas of the hull.

The motivation of the study originates from springing. Springing has been studied for decades already, see for
instance the references in Storhaug et al. (2003). Nevertheless, the physics of the non-linear springing excitation is
not yet fully understood. Studying springing excitation by model tests or full-scale measurements is challenging,
sometimes even impossible, because the critical wave loads are very weak. That is why the common trend has
been to focus on the vibratory responses instead of analysing the excitation. Marine Technology of TKK has
done recently model tests to measure springing-type excitation, Manderbacka et al. (2008), Linnas (2008). Those
model-test results have shown that when non-linear springing occurs, the ship-wave interaction includes severe
wave breaking. This indicates that if springing is analysed numerically, a fully non-linear behaviour of the free-
surface deformation should be allowed by the numerical method. A RANS-solver combined with an interface
capturing method is one option. One advantage of studying springing with this type of method is the high pressure
resolution on the hull. In model tests the resolution is limited by the scale of the model as well as the size and
the number of the pressure sensors. On the other hand, the computational expenses of springing simulations
are significant. The spatial scale related to nonlinear springing excitation is significantly smaller than the global
scale of the problem. For instance Vidic-Perunovic (2005) and Storhaug et al. (2003) have recently compared the
numerical predictions given by the state-of-the-art seakeeping methods to full-scale measurements. The conclusion
has been that the numerical prediction is challenging and that the potential flow theories are not necessarily reliable
in the case of springing. The most encouraging results have been obtained with a strip theory which takes into
account the bi-directionality of the wave field. According to the knowledge of the authors of this abstract, field

methods have not been applied for the study of springing before.

2 NUMERICAL METHOD

The flow-solver ISIS-CFD has been used, Queutey and Visonneau (2007). ISIS-CFD is an unsteady RANS-solver,
but in the present study it has been used as an Euler-solver. The solver uses an interface capturing method to solve
free-surface flows. The blended interface capturing scheme BICS (FINE/Marine, 2007) has been applied for the
discretization of the transport of the mass fraction. However, in practical terms, in the present study it reduces into

the Inter-Gamma differencing scheme (Jasak and Weller (1995)) due to the very small time steps used.

3 ON THE COMPUTATIONS

Results for one of the simulated cases in regular head-waves are presented in the following. The information of the
wave and ship is given in Table 3. As the wave length is small in comparison to the ship length, the ship motions

can be neglected and the grid has been kept fixed during the simulations. The simulations were performed in model
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scale and the parameters and the results are given in model scale. The scale of the model is 1:49.

Table 1: Information on the ship and the wave

Ship model Wave
Length L, | 7.0m | Wave period T, 0.82s
Breadth B 1.10m | Height H,, 0.08m

Draught T 0.18m | Wave steepness H,, /L., 0.08
Speed V 1.47m/s | encounter frequency w, | 16.5rad/s

The grids were generated with the hexahedral grid generator Hexpress. The computation was repeated with three
different grid densities while keeping the Courant number fixed. The refinement ratios of the grids and time steps
were 1.25 for the grids coarse / medium and 1.20 for the grids medium / fine. The number of cells and the cell
sizes in the refinement box to transport the wave are given in Table 2. L. denotes cell length and H. cell height.
A refinement box was used also on the bow area. The simulation domain contained only one half of the hull
as a head-waves case is symmetric. The wave boundary was located 3 wave lengths in front of the ship fore
perpendicular FPP (the distance from the FPP is 0.45L,,,) and the grid outflow boundary 1.2x L, behind the
ship aft perpendicular APP. The grid breadth was 1x L, and height 1.46x L,,,. The vertical location of the grid
bottom and top boundaries are different depending on the grid density. This difference between the grids had to
be accepted to ensure the same location of the free-surface level in each case. This detail is related to the way,
in which Hexpress generates grids. Nevertheless, the bottom and top boundaries in each grid are too far from the

computational zone of interest to affect the results.

Table 2: Information on grids.

Number of cells | L,,/L. | Hy,/H. | T./dt
Coarse 2126208 58.32 8.00 245.16
Medium 3783100 72.90 10.00 306.45
Fine 6592542 87.49 11.94 367.86

Besides of the three dimensional grids, 2D grids were generated to test the transportation of the waves first. The
2D grids were generated in an identical way to the 3D grids except that the bow refinement box and y-direction

were omitted.

The computations were performed on a high-performance supercluster called Murska (CSC the Finnish IT center
for science). In 3D, 10 processors were used for the coarse-grid, 18 for the medium-grid and 32 for the fine-grid
computation. The simulated time was 10.8 seconds in model scale. This means that the computation with the

coarse, medium and fine grids included 7000, 8700 and 10500 time steps respectively.

4 APPLYING THE NUMERICAL WAVE BOUNDARY CONDITION

The wave was generated with the numerical boundary condition, which defines the velocity distribution and the
mass distribution on the boundary according to the Airy wave theory. Due to the fact that the time steps were very
small but the vertical cell sizes still rather large, the wave profile on the boundary was not smooth, (see the left
figure in Fig. 1). Additionally, the wave on the boundary was not fully physical as a consequence of the significant
wave steepness and the applied linear theory. Therefore it is normal that the wave transforms, while it travels
further from the boundary. To get an idea of the transformation, the wave signal was analysed at two observation
points. The point one is located at the ship fore perpendicular three wave lengths away from the wave boundary and

the point two 1.5 wave lengths further downstream. The actual wave heights are compared to the given input wave



height in Table 3. The proportion of the 2. and 3. harmonic order components divided by the first order component
are also given. The conclusion is that the wave height and the frequency content depend on the observation point.
The wave is roughly 10 percent larger than the given input value on the fine grid and it increases the coarser the
grid is. The grid density also affects the frequency content of the wave. Besides, the non-linear components are
larger at the observation point two than at the point one. At point one, the higher-order components increase with

finer grids, but at point two the trend is not that clear.
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Figure 1: Signals of the wave heights in 2D simulations. Left: wave maker, middle: 3 wave lengths from the wave

boundary, right: 4.5 wave lengths from the wave boundary.

Table 3: Wave on the 2D grid

3L,, from the wave bc 4.5L,, from the wave bc
H/Hppyr | 1. comp | 2./1. comp. | 3./1. comp. | H/H;ppys | 1. comp. | 2./1. comp. | 3./1. comp.
coarse 1.10 0.0543 0.08 0.03 1.22 0.0568 0.26 0.11
medium 1.06 0.0521 0.11 0.02 1.14 0.0539 0.24 0.08
fine 1.07 0.0515 0.13 0.05 1.09 0.0493 0.27 0.12

These results indicates that the present grids affect the wave. Besides of the grid density, the location of the outflow
boundary and the length of the refinement box may also affect the results. Despite of these facts, the respective

grid densities were used for the 3D simulations to get a first estimate of the wave excitation.

5 RESULTS ON THE WAVE LOADS

The results on the bow area are analysed, because the main non-linearities are likely to appear there and the

validation data from the model tests is also from that area.

5.1 Solution accuracy of the vertical excitation

The vertical excitation is considered on the two areas shown in Fig. 2. The vertical force acting on the larger area
is called Fz1 and the vertical force acting on the smaller area is called Fz2. In the analysis, a further restriction is
followed: only the area of the hull surface (cell faces) on which the mass fraction c gets a value larger or equal to

0.5 is considered, i.e. the part of the hull surface approximated to be below the free surface.

The raw signals Fz1 and Fz2 on the fine grid are plotted in Fig. 3. Both signals include noise, especially the force
Fz1. The fact that the noise is more significant on Fz1 than Fz2 indicates that it originates further from the free-
surface level towards the ship bottom. The grid is coarser close to the bottom hull than around the free-surface,

which is probably the reason for the noise.

The filtered force signals obtained with the different grid densities are compared in Fig. 4. The filtered signal
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Figure 3: On the left the signal of Fz1 and on the right that of Fz2.

includes the harmonic components from zero angular frequency up to the frequency 58 rad/s. The signals look
quite different, and based on them it cannot be concluded that the solution is converging towards a specific result
with grid refinement. The first-, second- and third-order harmonic components were calculated from the power
spectra of the signals. The results divided by the respective result of the fine grid are presented in Table 4. The
first order components on the different grids show reasonable behaviour. The second order components of both
Fz1 and Fz2 are oscillating, but the oscillation amplitude is possibly getting smaller with grid refinements. More
computations with different grid densities would be required to confirm this. The third order component, on the

other hand, is diverging and the results for it are the least reliable.

Table 5 compares the second and third order components to the first order component of the result. It can be seen
that the proportion of those components are almost the same on the coarse and fine grids, whereas the results on

the medium grid deviate clearly from these.
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Figure 4: Left: filtered signal Fz1. Right: filtered signal Fz2.



Table 4: The 1., 2. and 3. order components of Fz divided by the respective result on the fine grid.

Components of Fz on area 1 Components of Fz on area 2

1. order | 2. order | 3. order | 1. order | 2. order | 3. order
coarse 0.79 0.77 0.86 0.82 0.86 0.89
medium 1.00 1.06 0.79 0.94 1.06 0.80

Table 5: The proportion of the 2. and 3. order components of 1. order component of Fz.

Fz on area 1 Fz on area 2
2./1. order | 3./1. order | 2./1. order | 3./1. order
coarse 0.41 0.18 0.33 0.12
medium 0.45 0.13 0.36 0.10
fine 0.42 0.17 0.32 0.12

5.2 On the validation

This test case was part of a model-test set, Manderbacka et al. (2008), Linnas (2008). The model-test results
consists of the local pressures measured by 32 pressure sensors on the bow area. Figure 5 shows an example on the
comparison of the measured local pressures and the pressures computed on the fine grid in three locations (p1, p2

and p3). Despite the differences between the measurements and the simulations, these first results are encouraging.

6 DISCUSSION AND CONCLUSIONS

The grid dependency study of the vertical force results shows that the first-order harmonic terms are converging
towards a certain result with finer grids. The trend obtained for the second- and third-order terms was not that

obvious.

The grid dependency of the wave field was first analysed in 2D. The increase of the wave force with grid refinement
seems to be contradictory to the decrease of the wave height with grid refinement. This may indicate that the coarser

grids do not capture accurately enough the interaction of the waves and the hull.

The comparison of the measured and computed pressure signals looks encouraging. Before drawing further conclu-
sions on the agreement between the local pressures in the model test and in the computations, the grid dependency
of the local pressures should be analysed as well. It is also necessary that an analysis on the differences of the

model-test and computational wave is included to the validation.

The aim of the study was to find out whether this kind of numerical method could be applied to get further
knowledge on the non-linear springing loads. The results show that it could and that the strong non-linearity of
the excitation is revealed. Based on these results it is not possible to determine yet the accuracy of the obtained

non-linear terms. More computations are required with finer grids.
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RANSE Simulations of a Naval Combatant in Head Waves
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Laboratoire de Mécanique des Fluides, Ecole Centrale de Nantes
CNRS-UMR 6598, 44321 Nantes Cedex 3, France
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1 Introduction

This article addresses the computation of a frigate advancing in regular head waves: both restrained from
motions and free to trim and sink. Simulation are performed with the free-surface capturing viscous solver
ISIS-CFD included in the computational suite FINE”™/Marine, recently extended to account for six degrees
of freedom motions (6DOF) for solid and deformable bodies and 1st to 3rd order Stokes waves generation.
These new characteristics make possible the simulation of complex physical phenomena like manoeuvring,
dynamic stability and sea-keeping within a unique mathematical and physical framework, the Reynolds
Averaged Navier-Stokes Equations for multi-fluid flows.

The ship forward speed diffraction and radiation problem is a formidable mathematical challenge. How-
ever, once treated in the fully non-linear environment of multi fluid RANSE Equations, it becomes no more
complex than the ship resistance problem in calm water. The validation study focuses on the US Navy com-
batant (DTMB 5512) at model scale in conditions ranging from moderate speed in long and smooth waves
to high speed in short and steep waves. These test cases are retained to correspond as much as possible
to the experiments published by ITHR during the last two years (see [1] and [2] for more details on the
experimental configurations and computations performed in [IHR).

2 The computational procedure

Computations are performed with the ISIS-CFD flow solver developed by EMN (Equipe Modélisation
Numérique, i.e. CFD Department of the Fluid Mechanics Laboratory). Turbulent flow is simulated by
solving the incompressible unsteady Reynolds-averaged Navier-Stokes equations (RANSE). The solver is
based on the finite volume method to build the spatial discretization of the transport equations. The face-
based method is generalized to two-dimensional, rotationally-symmetric, or three-dimensional unstructured
meshes for which non-overlapping control volumes are bounded by an arbitrary number of constitutive
faces. The velocity field is obtained from the momentum conservation equations and the pressure field
is extracted from the mass conservation constraint, or continuity equation, transformed into a pressure-
equation. In the case of turbulent flows, additional transport equations for modeled variables are discretized
and solved using the same principles. Free-surface flow is simulated with a multi-phase flow approach. In-
compressible and non-miscible flow phases are modelized through the use of conservation equations for
each volume fraction of phase/fluid discretized with specific compressive discretization schemes detailed
in [4]. Several turbulence models ranging from one-equation model to Reynolds stress transport model are
implemented in ISIS-CFD. Most of the classical linear eddy-viscosity based closures like the two-equation
k — w SST model by Menter [5] are implemented. Two more sophisticated turbulence closures are also
implemented in the ISIS-CFD solver, an explicit algebraic stress model (EASM) [6] and a Reynolds stress
transport model [7]. Recently, a module coupling the flow and the equations of motion for 6 degrees of
freedom has been incorporated in ISIS-CFD, together with several mesh deformation algorithms developed
for fully unstructured grids. These developments are based on methodologies which are described in [8] and
not recalled here for the sake of brevity.

3 Description of the test case characteristics

The DTMB model is L=3.048m long with 0.132m draft. Two speed and wave conditions have been selected
according to the experimental data sets described in the afore-mentioned articles. The first experimental
data is for a medium speed condition (Fr=0.28, Re = 4.86 x 10°) with a linear incident wave, wavelength
A = 1.5L, and amplitude A = 0.006L, leading to A; = 21A/A = 0.025. The second experimental data is for
a high speed condition (Fr=0.41, Re = 7.12x 10°) with steeper incoming waves (1 = 0.5L, and A; = 0.075),
for which a complex non-linear breaking wave phenomena is observed.



4 Fixed and free ship in long waves at moderate speed

4.1 Solution strategy and grid design

The computational domain extends from —2.0L < x < +3.5L, 0.0 < y < 2.0L and —1.50L < z < 0.5L,
where the symmetry condition is taken into account at y = 0. The ship axis is located along the x-axis with
the bow located at x=0 and the stern at x=L. The free-surface at rest lies at z = 0. The incident wave is
generated at the inlet according to the first order Stokes theory, wall function is used at the ship wall and
various far-field and symmetry boundary conditions are used at the other boundaries of the computational
domain. The grid generated with HEXPRESS”™, is composed of several generations of hexahedrons. A
unique lofted surface covers the entire domain is used to create a local zone of refinement near the free-
surface, and a second lofted surface with increased refinement parameters is added at the vicinity of the
body to properly capture details of the free surface. Correct propagation of waves is assumed by the use of a
refinement box starting from the inlet and ending after the ship. The grid is composed of 2.0 million control
volumes with about 40,000 CVs located on the hull. The first point close to the hull is located at y* = 30,
approximately. About 20 to 25 points are located vertically in the layer where the free-surface is supposed
to move and a wave length is described with 40 to 50 control volumes.

4.2 Fixed ship

For this first configuration, the ship is fixed at its dynamic equilibrium position (FP=-0.0031Lpp, AP=-
0.0007Lpp). Fig. 1 provides a comparison between the temporal evolution of experimental and computed
forces coefficients (5.6% error on resistance). The experiments are rebuilt with their mean and first har-
monic. The signals exhibit a good periodicity and linearity in satisfactory agreement with the reconstructed
experimental signals.

Agreement with rebuilt experimental signals is good even if the the maximum of the heave force is slightly
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Figure 1: DTMB5512 - Fr=0.28 - Time evolution of the resistance and heave to experiments

over-estimated. For this case of moderate Froude number and wave amplitude but long wave length, the
periodic behaviour is rapidly captured after four wave interactions. No phase analysis has been performed
and the rebuilt experimental signals are simply time adjusted to match the maximum of the computed force
coefficients. It should be noticed that the ship starts at rest with an acceleration to reach its nominal speed at
time t = 2 following a sinusoidal law to prevent a too high response of the free-surface to high acceleration.

Four selected times are retained during one encounter period: time /T = 0 corresponds to the time
when the wave crest reaches x/Lpp = 0, and time ¢/T = 1/2 when the wave trough is at x/Lpp = 0.
Fig. 2 compare the unsteady wave pattern obtained by numerical simulation with results from experiments
at t/T = 0 only. The signals exhibit a good periodicity and linearity in satisfactory agreement with the
reconstructed experimental signals. Quantitative agreement is achieved at any of the four specific times for
both the locations, and the amplitudes of the waves. Compressive scheme property is also put in evidence
when looking at the shape of the very crisp bow and stern waves even if the combination of the time step of
0.01s with grid size yields a maximum Courant number of about 20.

4.3 Influence of free trim and sinkage on flow characteristics

Effect of free trim and sinkage motion is to increase by about 12% the resistance coefficient from 0.00492
for the fixed case, to 0.00554 when the two degrees of freedom are solved. Figs 3 provide a comparison
between the predicted (solid line) and experimental (symbols) pitch and heave motions. The experiments
were performed at IIHR and described in [2]. The predicted pitch and heave appear to be in good agreement
with the experiments, with a slight over-prediction of the computed pitch.
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Figure 3: DTMB5512 - Fr=0.28 - Time evolution of the pitch and heave. Predictions (solid line) and experiments
(symbols).

Fig. 4 compare the unsteady wave pattern at /7 = 0 only. obtained by numerical simulation with and
without motion for trim and sinkage. The same selected four times used previously where selected. Even if
this case could be considered as a moderate case with linear interaction from the point of view of the Froude
number and the wave parameters, noticeable differences arise from these comparisons.

(a) Fixed (b) Free
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Figure 4: DTMB5512 - Fr=0.28 - Phase-averaged free-surface elevation at t=0.. Influence of the the ship motion.

One of the easiest difference to detect concerns the bow region where it is expected that the ship radiates
as the bow moves up and down. This is numerically observed at time 70 = /T = 0and T1 = ¢/T = 1/4
where the sharp diffraction line of the fixed case is attenuated. Since the free surface is not a boundary but
results from the interpolation of the mass fraction 0.5, a direct comparison between the two cases is not
straightforward. A possible solution consists in using a same structured Cartesian intermediate grid support
on which the free surface is interpolated for each case, then in computing the difference between the wave
elevations observed with and without motion. This has been done in the bow region only and shown in
Fig. 5 that represents the contours of the afore-mentioned wave elevation difference between the fixed and
free configuration at time T1 with a step size of 0.0005Lpp for the iso-contours plot. If the fixed case is
taken as a reference, then the ship motion induces a reduction up to 40% of the sharp bow wave elevation
at that time, indicating that the effect of motion is not negligible at all.

5 Fixed ship in short waves at high speed

5.1 Solution strategy and grid design

The extension of the computational domain remains identical, compared to the previous medium speed case
but additional refinement boxes have been included in order to improve the simulation of bow and stern
breaking waves. This grid is composed of 4.0 million control volumes with about 75,000 CVs located on
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Figure 5: DTMBS5512 - Fr=0.28 - Wave elevation differences at the bow at 1 = /T = 1/4

the hull. The first point close to the hull is located at y* = 30, approximately. The same criteria as before is
used to generate a background grid able to capture and convect these steeper and shorter waves.

5.2 Forces coefficients

A first interesting and unexpected results is the time needed to get a perfect periodic signal for the resistance
and 12 wave periods are needed to get a signal of good periodicity (computed mean=0.0699, exp.=0.0737).
The FFT analysis of the resistance is shown in Fig. 6. One observes, on one hand, a very good agreement
between the computed and experimental signals, and on the other hand, the very rich content of the com-
puted signals in terms of frequency. The first harmonic is of course equal to the encounter frequency but
the second harmonic, in excellent agreement with the measurements, is quite strong (about 23% in terms of
amplitude) and clearly associated with the breaking wave phenomena, as this will be explained in the next
subsections. Even the third and fourth harmonics are clearly visible on the computed signal. The agreement
on the amplitudes is very satisfactory on the heave and pitch and one notices a slight overestimation of the
amplitude of the first harmonic of the resistance force.
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Figure 6: FFT analysis of the resistance and heave for the fixed ship - Fr=0.41, Ak=0.075 case.

5.3 Unsteady free-surface elevations

In order to relate the evolution of the forces to the instantaneous topology of the free-surface elevation, one
defines as previously times corresponding to the four quarter periods and Tb, Tmin and Tmax where Tb is
the time at which breaking of the main bow wave occurs, Tmin and Tmax are the instants corresponding to
the minimum and maximum resistance force, respectively. Fig. 7 shows the evolution of the resistance and
heave with the location of the afore-mentioned specific times.

Figs. 8 and 9 provide perspective views of the computed wave profile at three specific times, Tmin,
Tmax and Tb, previously defined. The inflexion point observed in the temporal evolution of the resistance
which occurs at T=Tb=0.7T is clearly due to the splash of the main bow breaking wave. The main breaking
phenomena is clearly illustrated and one can see the secondary shoulder breaking wave occurring at Tmin.
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Figure 7: Forces evolution over one period for the fixed ship - Fr=0.41, Ak=0.075 case.
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Figure 8: Phase-averaged free-surface elevations close to the bow at times Tmin, Tmax and Tb for the fixed ship -
Fr=0.41, Ak=0.075 case.

Near the stern, the rooster-tail breaking wave is also well defined behind an almost entirely dry transom
since only a very small portion of the bottom of the transom appears to be periodically wetted. Let us recall
that the flow in water and air is modelled with the same accuracy, which is a first good point in favour
of the physical reliability of this simulation. To go beyond this level of accuracy, it would be necessary to
automatically improve the local size of the grid by employing local and parallelised local grid adaptation
according to the instantaneous location of the free-surface. And then, the free-surface tension effects will
have to be also included to remain physically consistent. All these developments are currently underway
and will be proposed in the next versions of this flow solver.

e A A
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Figure 9: Phase-averaged free-surface elevations close to the stern at times Tmin, Tmax and Tb for the fixed ship -
Fr=0.41, Ak=0.075 case.

Figs. 10 show the evolution of the free-surface elevation at four equi-distributed phases precised in
Fig. 7. The accumulation of iso-lines indicating the occurrence of breaking waves, one can observe a first
large bow breaking wave followed by a smaller breaking shoulder wave observed at t/T=0.25 and t/T=0.50
extending from x=0.25 to x=0.45. One can also notice the occurrence of a well-defined rooster-tail breaking
wave animated with an ondulatory motion in time.
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Figure 10: Phase-averaged free-surface elevations at the four quarter periods t/T=0, 0.25, 0.50 and 0.75 for the fixed
ship - Fr=0.41, Ak=0.075 case.

6 Conclusions

This article has presented a set of viscous computations for a fixed or free pitch and heave surface combatant
David-Taylor model basin (DTMB 5512) advancing in head waves. A detailed comparison on the forces co-
efficients, the phase-averaged free-surface elevations when available, between simulation and experiments
has been shown for the fixed ship at moderate (Fr=0.28) and high (Fr=0.41) Froude number, demonstrating
an excellent agreement. With a unique viscous computational tool, it has been demonstrated that it is pos-
sible to compute implicitly radiated and diffracted waves. Even for the medium speed test case (Fr=0.28),
the computational results demonstrate that the radiated bow and stern waves associated with the heave and
pitch of the ship can not be neglected.
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Violent seakeeping problem: an application to a patrol ship

G. Greco, T. Bazzi, M. Masia, G. Colicchio, C. Lugni
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This work is part of an ongoing experimental and numerical research activity on water-on-deck
phenomena. Previous steps of the investigation have been documented in Greco et al. (2007)
and Greco et al. (2008).

Experimentally, the interactions between regular incoming waves and a patrol ship model,
without forward motion and free in heave and pitch, have been studied (see figure 1). The
incoming wavelength and steepness were systematically varied and the occurrence of water-on-
deck phenomena was recorded. Rigid ship motions, pressure on the deck, pressure and force on
the deck superstructure, were measured. The flow evolution along the deck was recorded with
a digital video camera.

Figure 1: 3D experiments on a patrol ship model: global view of the model and deck set-up.

Numerically, the adopted strategy couples the rigid-ship motions with the water flow along
the deck. The seakeeping problem is studied with a 3D weakly-nonlinear potential flow solver
based on the weak-scatter hypothesis. It implies that the free-surface conditions are linearized
while the body impermeability condition is satisfied along the instantaneous wetted surface
of the vessel defined by the incoming waves and the rigid body motions. Further, nonlinear
contributions are retained in the Froude-Krylov and hydrostatic loads. The evolution of the
shipped water is investigated by assuming shallow-water conditions onto the deck. The 2D
(in the deck plane) in-deck problem is split in series of 1D coupled problems each one solved
adopting a Godunov method for the main flux variables (see i.e. Toro 2001). The boundary
conditions are enforced by means of a Level-Set technique (see i.e. Colicchio et al. 2005). Local
and global induced green-water loads are estimated on the deck using an available empirical
formula for the pressure (Buchner 1995). Forces and moments induced by water-shipping events
are introduced as additional loads ,Fwod, in the rigid body motions so that the seakeeping and
in-deck problems can be studied as coupled. All elements of the coupled A-B solver have been
verified and validated.

In the following, the model tests and the numerical results are compared and discussed within
a combined analysis of the water-on-deck problem.

Model-test matrix and water-on-deck occurrence The cases studied experimentally are
given in table 1 in terms of the wavelength-to-ship length ratio, A/L, and the incoming-wave
steepness, kA, with k£ the wave number and A the wave amplitude. The high freeboard and
the relative slenderness of the ship model prevented the water shipping for kA < 0.15 and any



A/L. Water on deck occurred for kA > 0.2 and wavelengths comparable or larger than the ship
length. Because of this and due to the presence of a bulwark on the vessel, in all cases with
water shipping the deck remained wet between successive events.

Table 1: Experimental test matrix. A/L is the wavelength-to-ship length ratio and kA is the
incoming-wave steepness kA, with k the wave number and A the wave amplitude. Occurrence
of water on deck is indicated through the boolean variables.

kA X/L | 05 075 1.0 1.25 1.5
0.1 NO | NO | NO NO
0.15 NO | NO | NO | NO NO
0.2 NO | NO | YES | YES | YES
0.25 NO | NO | YES | YES | YES

Analysis: cases with water on deck Here the cases with the largest incoming wave steep-
ness (kA = 0.25) are discussed in terms of water-on-deck flow and rigid ship motions.

Figure 2 shows the top view of the water-on-deck event caused by incoming waves with A = L as
predicted experimentally (in the carriage reference frame) and numerically (in the deck reference
frame). The water shipping appears globally as a Dam-Breaking type event: the liquid enters
the deck from the bow (placed at the top of each plot) and bow sides and the interaction among
the different water masses leads to a flow mainly along the ship centerplane (top-left plot, see
i.e. Barcellona et al. 2003). As it propagates, the inner flow enlarges and becomes shallower.
Experimentally the water 'flies’ on the deck and eventually hits the liquid left on the deck, under
the gravity action. This can not be predicted by the shallow-water theory but the flow features
appear consistent with the model tests (top right plot). The jump of the water is connected with
the presence of the bulwark but it could also occur without bulwark, as discussed by Barcellona
et al. (2003) and by Greco et al. (2007) in the framework of Plunging plus Dam-Breaking type
of water on deck.

At the beginning of the water shipping, the thickest layer of liquid already on the deck is near
the superstructure (placed at the bottom of each plot) and is leaving it, moving mostly toward
the bow and in minor quantity toward the deck sides. Eventually this liquid impacts against the
water newly shipped (left-center plot). The latter is more energetic, so the resulting water front
(right-center plot) moves basically toward the wall. Behind the front, the partial reflection of
the water from the bulwark causes a sloshing of the water. This is symmetric in the numerical
case, while small lateral disturbances destroyed such property in the model tests.

The liquid-liquid interaction causes spray in the physical case which can not be handled by the
numerical solver. Both numerical and experimental solutions show a water-off-deck phase from
the sides of the propagating water front (see right-center and left-bottom plots) and a later
impact of the water against the superstructure (right-bottom plot). The features described
repeat periodically in time as a new event is caused.

Globally the agreement is quite promising and is confirmed when longer incoming waves are
examined (see figure 3 for A = 1.5L). In this case the water-on-deck phenomena keep the same
general behavior discussed, but the events become less severe: the water front moves more
slowly and the interaction with the wall appears less strong.

Figure 4 provides the heave and pitch time histories for A = L. Despite in the resonance regime,
the motions are limited. This could be the result of cancellation effects. The experimental results
are compared with linear and weakly-nonlinear solutions accounting for or less the green-water
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Figure 2: Water-on-deck event: top view. In each plot, experiments (left) and numerics (right).
Time increases from left to right and from top to bottom with time intervals: 0.047", 0.087,
0.297, 0.37T, 0.46T and 0.67T. A = L and kA = 0.25. Numerical simulations with Az = Ay ~
0.0015L for the in-deck problem and with At = 0.017 for the rigid-motion time integration. T’
is the incoming-wave period.

loads, ﬁwod.

Examining the heave motion, the linear solution overestimates both peak and trough and the
results are practically not improved when the water-on-deck action is included. The weakly-
nonlinear effects allow to recover the trough of the motion but unphysical higher harmonics
appear when ﬁwod is neglected. The inclusion of such loads provides a satisfactory agreement
with the model tests, though the nonlinearities in the trough are not predicted correctly.
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Figure 3: Water-on-deck event: top view. In each plot, experiments (left) and numerics (right).
Time increases from left to right and from top to bottom with time intervals: 0.17', 0.247T,
0.48T and T. A = 1.5L and kA = 0.25. Numerical simulations with Az = Ay ~ 0.0015L
for the in-deck problem and with At = 0.017 for the rigid-motion time integration. T is the
incoming-wave period.

Once phased the heave motion, the linear pitch solution shows a clear phase shift which is not
avoided when the green-water loads are considered, while it is reduced by the weakly nonlinear
effects. The peaks and troughs are better handled when F’;,,od is included, but some discrepancies
with the experiments are present.

As X increases (see figure 5 for A = 1.5L) the motions enlarge but the nonlinear and local
effects reduce, together with the water-on-deck severity. As a result, the improvement using
a weakly-nonlinear solution is more limited and still connected with a peak-trough prediction
and a phase-shift correction. It is also evident a more peaked behavior in the measurements
and the weakly-nonlinear solution with respect to the linear results.

The present analysis suggests that, close to A = L, the interaction between the water-on-deck
events and the weakly-nonlinear contributions in the Froude-Krylov and hydrostatic terms plays
an important role and affects the rigid motions. Unlike, the green-water loads by themselves
are not relevant for the motions. As XA increases, both the mentioned nonlinear interaction and
the water-shipping severity become limited.

Figure 6 examines the effect of radiation and scattering effects on the rigid motions for A = L
and 1.5L. This is made by avoiding the corresponding wave-elevation contribution from the
boundary conditions along the deck profile, within the shallow-water simulation. For this vessel,



in the examined conditions the wave radiation is very limited. So there is no visible effect of
the radiation waves on the motions, while the scattering phenomena are important for all the
incoming wavelength-to-ship length ratios considered.
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Figure 4: Heave (left) and pitch (right) time histories. Empty Squares: experiments; empty
circles and full triangles: linear without and with water on deck, respectively; dash-dotted
and solid lines: weakly nonlinear without and with water on deck, respectively. A = L and

kA = 0.25. T is the incoming-wave period.
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Figure 5: Heave (left) and pitch (right) time histories. Empty Squares: experiments; i
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solid lines: weakly nonlinear; full triangles: weakly nonlinear without radiating effects; dash-
dotted lines: weakly nonlinear without scattering effects. kA = 0.25 and T' is the incoming-wave
period.




Conclusions The occurrence of 3D water-on-deck events is studied experimentally and nu-
merically. In the model tests, regular incoming waves have been generated and their interaction
with a patrol ship model, free in heave and pitch and without forward motion, were studied.
In the numerical simulations, a 3D weakly-nonlinear potential flow solver for the seakeeping
problem is combined with a nonlinear shallow-water solver for the water flow onto the deck
caused by water-shipping events. The model tests and the numerical results have been used to
analyze the water-on-deck phenomena and their influence on the heave and pitch motions.

For the examined conditions and geometry, the analysis highlighted the importance of weakly-
nonlinear effects and the role played by the interaction of the water-on-deck phenomena with
the Froude-Krylov and hydrostatic loads, in particular near A = L. The studied vessel is
characterized by a fine bow, in the framework of platforms it is interesting to investigate if
similar conclusions apply also to a blunt bow. This aspect is left to a future research.

The present research activity is partially supported by the Centre for Ships and Ocean Struc-
tures (CeSOS), NTNU, Trondheim, within the *Violent Water-Vessel Interactions and Related
Structural Loads’ project, partially supported by the Italian Navy within the '6-dof RANSE’
project and partially done within the framework of the 'Programma di Ricerca di Idrodinamica
Navale 2007-2009’ funded by Ministero Infrastrutture e Trasporti.
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Simulation of the hull dynamics with RANSE method.
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The paper presents the mathematical model of the 6-DOF motion module, developed lately by CTO
S.A. as an extension of RANSE solver COMET, as well as first results obtained with it. Although the
RANSE method is considered inefficient for the simulations of rigid body dynamics due to high
computational effort, and alternative methods like strip theory or panel methods are preferably used
whenever possible, developing the rigid body motion solvers based on RANSE is still worth taking
into account. Unlike the models based on strip theory or potential flow, RANSE model (using the
VOF method for multiphase flows) has no limitations of the shape complexity, free surface
deformation or motion amplitudes.

Coupling the COMET solver with simple 2D motion module is successfully used in CTO S.A. since
2005 for evaluating the dynamic trim and sinkage of the ship hull. Some experience gained from using
this module was used in developing the 6DOF module, however, coding itself was done from scratch
in order to obtain better legibility of the code and the structure of files.

It was intended to keep the mathematical model as simple as possible, taking advantage of the

feasibility of numerical methods. Description of the mathematical model requires defining the

coordinate systems first — they are defined as follows:

—  Global coordinate system (GCS) — 0, X, Y,z — non-rotating, non-accelerating, fixed in space or
moving with constant ship speed

— Body coordinate system (BCS) - 0,X,, Y,,Z, — fixed to the body centre of gravity, axes aligned

with the body’s principal axes of inertia, moving and rotating together with the body
—  Temporary coordinate system (TCS) - 0,x,,Y,,Z, — “Z” axis aligned with the immediate

angular velocity vector, “X” and “Y” axes defined arbitrarily so as to create the right-handed
coordinate system

The basic motion equations in the following form were used:

m-X; = Z FXi *)
i

m-ye = Z i

m-z. =3 F,

IXO'¢XO_(IYO_IZO)¢YO¢ZO:ZMXOi %)
lvo - @0 _(Izo - Ixo)¢zo¢xo :ZMYOi
Izo '(bzo _(Ixo - |Y0)¢xo¢vo :ZMZOi

where X.,Y.,Z. — coordinates of the body centre of gravity in GCS, m is the body mass,

Ivoslyos 1,0 - moments of inertia in BCS, ¢, ¢ - angular accelerations and velocities in BCS, F and
M are forces and moments in BCS.
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An advantage of this approach is that the moments of inertia remain constant when the body moves,
however, the angular velocity and moments must me transformed from GCS to BCS and vice versa in
each time step.

Using the additional, temporary coordinate system following the angular velocity requires calculating
it in each time step, but greatly simplifies the procedure of rotating the body.

The algorithm of the computations in 6 DOF can be then described as follows (only the procedure for

computing the angular motion is described, for the translational motion the procedure is quite simple) :

— Initialize the body motion solver: set the initial location of gravity centre in GCS, initial angular
velocity and acceleration in BCS

—  Compute the moments in GCS (COMET)

—  Transform the moment vector to BCS

—  Compute the angular acceleration in BCS for current time step. Equations (**) are nonlinear, so
the values of angular velocity are taken from previous time step (marked with OLD), e.g.:

- OLD

MXO+(IY0 - Izo)@?oLD P70

IXO

Pxo =

- OLD

—  Compute the angular velocity in BCS, e.9. ¢ =@y, + @y, At (Atis the time step)

—  Transform the angular velocity vector to GCS
—  Define the TCS

—  Compute the angle of rotation for current time step: Ap = \a)\ - At

— Rotate the BCS in TCS by A¢@ - new BCS obtained (at this step, the computational mesh is being
rotated in TCS by Ag)

—  Transform the current angular velocity to new BCS
—  Go to next time step.

To increase the stability of the motion computations, in each time step the acceleration value used in
integrating the body motion is computed as follows:

$=05(4+@op)  Where ¢y, is the value from previous time step.

The procedure described above is appropriate for computing the motion of free floating body. Such
problem, however, hardly ever appears in evaluating the ship hull quality in respect of hydrodynamics.
In manoeuvring or seakeeping tests, the motion in some degrees of freedom is usually fixed. Including
the constraint conditions in the presented mathematical model is quite difficult, as the equations are
formulated for body coordinate system and the constraints are defined in global coordinate system.
This problem has not been solved yet, but one of the ideas to be exercised is to introduce the artificial
springs of large, but finite stiffness and strong numerical damping on chosen degrees of freedom.

First test of the 6-DOF module was done for the cube, dropped freely into the water. The cube
dimensions were 0.2m x 0.2m x 0.2m , and the computational domain was the sphere of radius 1.0m.
The time step of the simulation was 0.005s, 5 time steps per one outer iteration were executed, Euler
implicit scheme for time integration was used. Few tests with Three-time-levels implicit scheme
revealed instability of this scheme in body motion simulations, and therefore it was not used
furthermore.

Fig.1 presents the mesh on the cube surface and one section of the mesh (o-grid type). Fig.2 presents
the free surface shape and the cube location in two chosen instants of time.
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\Fig. 1Computational mesh for the cube.

Fig. 2 Results of the free drop simulation.

No validation of the test case was done; the validity of the rigid body motion module was assessed
basing on the motion animation only. No unphysical behaviour was observed, however, the accuracy
of the method must be further validated basing e.g. on the high speed video recording of the
experiment.

As mentioned above, the 6-DOF module is not prepared yet for ship seakeeping simulation, because
the motion constraints are not implemented yet. However, simulation of the ship motion in 2D (pitch
and heave) in heading and following seas is already possible, just by neglecting the motion in all other
degrees of freedom. The results for two cases (Wigley hull and the megayacht) are presented here.

The boundary conditions for the simulation of ship behaviour in waves were defined as follows
(Wockner et al., 2007):

z F
Pressure M Slip wall
Zref L
Inlet Inlet —
e
L X
Pressure X [inlet Inlet
Slip wall

Fig. 3 Boundary conditions for the simulation of waves.




The formulae defining the velocity distribution at the inlets are:

VX =€y (VO + @, geXp(k .(Z_ Z et ))'COS(k'S — W, t))

Vy =¢y (VO + o, 'g'exp(k.(z_zref ))'COS(k'S — @, t))

V, = (o, ¢ -explk-(z- 2z, ))-sin(k - S — o, -t))

where:

2r

V, - ship speed, k —wave number: k = —,

w,— encounter frequency: @, =-/g-K +V, -k

Z, — average water level, & —wave amplitude, t - current time

e=|ey ,eY] — unit vector defining the wave direction. In the coordinate system presented in Fig.3,
e =[-1,0] for heading seas and e =[1,0] for following seas

S — coordinate measured along the wave direction: S =e, -X+e, -y

The inlet boundary conditions defined as above are appropriate for the waves of arbitrary direction,
which can be defined just by modifying the components of vector €. At the pressure boundary
conditions, the pressure resulting from the wave motion was neglected, assuming the deep water
conditions — only the hydrostatic pressure was taken into account.

The simulation for the first case (Wigley hull) was carried out for the following conditions:

Hull length: 5m

Hull speed: 0

Wave length: 4 =5m
Wave amplitude: £ = 0.1m

The mesh density for 3D case (Wigley hull) is presented in Fig.4 (deformed x-scale).

Fig. 4 Mesh density for the simulation of waves.

The parameters of unsteady simulation were similar to that used in the free drop simulation — time step
0.005 s, 5 outer iterations per time step. At the beginning of the simulation, the hull was kept fixed to



let the flow stabilize, then after app. 3.5 seconds of simulation, the hull motion was released. The time
history of pitch angle is presented in Fig.5.

Pitch angle [deqg]
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Pitch angle [deqg]

Time [4]

Fig. 5 Time history of pitch angle.

As can be seen in the sketch above, the computed hull motion is not perfectly periodic, however, the
periodicity can be considered sufficient, moreover, the curve is very smooth, which proves high
robustness of the method. It should be noted that, in the presented simulation, entire mesh is moving
together with the hull. The location of the free surface in the domain in its initial position (0 pitch
angle) and at the pitch angle close to maximum is presented in Fig.6

Fig. 6 Wave simulation in moving domain

The fact that the domain is pitching must be taken into account in the process of mesh generation — the
mesh density should be kept high in the entire region where the free surface is expected to appear, so



as to avoid smearing the wave. There should be also some space left between the free surface and the
upper wall of the domain — if the free surface “touches” it, the solution diverges immediately.

Another attempt on the simulation of ship in waves was carried out for an existing ship hull in model
scale — the 60m megayacht. Visualization of the solution for two chosen time instants is presented in
fig.7.

Fig. 7 Simulation of the megayacht in waves

Although in the beginning of the simulation the hull motion was looking correct, the solution diverged

after first period of pitching, which indicates the need for further work on the stability of the method.

The tasks for the nearest future can be then defined as follows:

—  Analyze the phenomena based on model experiment.

— Solve the problem with the solution stability for the real hull shape (or, maybe, find the
limitations of the method).

— Validate the results basing on the experiment.

The presented method will be used in the European project “CREATE3S” to check the possibilities of
CFD in computing the added resistance in waves. The resistance will be compared for two container
vessels, one with standard bow type and one with X-Bow. The results of the comparison will be
especially interesting due to the fact that strip theory is not capable of producing reliable comparative
results for this case.
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Numerical Analysis of the Three-Dimensional Viscous Flow around a Propelled Ship

Ana-Maria Tocu*, Adrian Lungu
Department of Ship Hydrodynamics, “Dunarea de Jos” University of Galati, Romania
Email: ana.tocu@ugal.ro

The design of the ship affects directly the quality, performance, safety and environmental elements. It has a
significant impact on production, operation, and maintenance costs. The initial design stage is important for a
successful design. It is essential to start with as optimal parameters as possible. By using information from a hull
database it is possible to perform parametric hull optimization at a very early stage of the design process. For
hydrodynamic assessment of ship hulls in the optimization process, CFD codes play an important role. Their use
in the optimization chain requires that they are accurate, fast, reliable, and that they communicate with the other
components in the chain. The paper focuses on numerical simulations of viscous flow around a blunt ship hull
with and without an acting propeller. Both viscous and wave effects are numerically calculated directly using the
complete Reynolds-averaged Navier-Stokes equations (RANS hereafter) for the entire flow field with a set of
appropriate boundary conditions. The aim of application of the viscous flow calculation method is to quantify the
available options for improving the hydrodynamic characteristics of the hull form. One of the most important
application fields of viscous flow methods is the prediction of the wake distribution of full-scale ships. The flow
around the stern of a ship hull is very complex: high Reynolds numbers, three-dimensionally curved surfaces and
often a pair of longitudinal vortices. These are created where the flow passes over the region of high curvature
between the bottom and the bilge. The bilge vortices hit the propeller disk and cause distortion of the flow into
the propeller disk. Such distortions affect the efficiency of the propeller and can cause vibration, noise and
cavitation. Lifting surfaces such as propeller blades have strong tip vortices that may induce cavitation and
therefore noise. For the design of the propeller and hull is therefore important to be able to predict these vortices.
The prediction of wake distribution, pressures on the hull and limiting streamlines are proved to provide reliable
and valuable information of complicate phenomena, such as free-surface flow and hull-propeller interaction, still
demand more detailed investigation and further validation. The flow field around a blunt hull form is
numerically studied by solving the flow problem with and without free surface. Closure to the turbulence is
attained through a modified k-@ SST based model. The paper focuses on numerical simulations of viscous flow
around a ship hull with and without an acting propeller. Comprehensive analysis of the propeller behavior behind
the ship is carried out to emphasize the predicted wake field as well as to grasp a global understanding on how
the turbulence modeling works on such a strong vortical flow. The resistance coefficients computed by solving
numerically the RANS equations are validated against model tests results.

Hull forms and grid generation

The aim of any numerical simulation of the flow around a ship is that of quantifying the hydrodynamic
performances of the hull in order to optimize the lines plan for reducing the water resistance. The ability of
carrying out effective numerical processes for the approximation of CFD problems depends on the geometric
modelling and grid generation phases which often require up to 80% of the total labour cost. The hull chosen for
the present study is a 7500 TDW chemical tanker having the main particulars summarized in Table 1. An offset
file based entirely on the lines plan depicted in Figure 1 defines the geometry of the ship. The offset file has been
carefully prepared to discretize the hull for the numerical investigation. Numerical grid generation is also a
crucial initial step of any computational simulation problem. A high quality grid generation can avoid difficulties
arising in the computational phase.

Table 1. Main particulars at full loading condition T %g
LOA 1154 [m]
LBP 112.6 | [m] SR
Breadth moulded 18.2 [m] - D i
Draught 6.4 [m] S A
: e — [RRAR A e
Ship speed 15 [knots] SRR T B

Figure 1. Lines plan
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A mono-block 3D structured grid was generated at first, clustered created near the bow and stern regions in
the longitudinal direction, as well as in the proximity of the hull surface in the normal direction. By using
suitable parameters for viscous computations, the 3D overlapping grid generator provided a grid having
260x60x60 nodes in the longitudinal, transverse and normal direction, respectively, and the inner surface fitted
to the hull, see Figure 2, which shows the grid around the ship extremities. Taking into account that the solver
does not use wall laws, another clustering of cells was needed closest to the hull surface where the height of the
cells should be very thin. For generating this single block grid, the program computes the outer boundaries,
controlling permanently the orthogonality functions. Interpolation weighting factors are computed and saved for
all interpolation points at the edge of each grid. To avoid mismatching, special techniques are used to handle the
interpolation between the extremely thin cells close to boundaries where the no-slip condition is to be applied.
After the viscous calculations of the flow around the ship without propeller, an additional cylindrical component
grid (having 12x16x16 grid nodes) was added to simulate the operating propeller.

Figure 2 shows the circular grid fitted behind the ship to create both symmetric and three-dimensional effect
of the propeller in order to compute the trust and torque. The actuator disk may simulate the propeller and the
body forces can be computed by a lifting line propeller analysis method that runs interactively with the RANS
solver. Using the velocity computed in each numerical cell within the propeller disk, the circulation is computed
and therefore the axial and tangential body forces are computed. These forces are returned to the flow solver in
an iterative process. No-slip faces resolved directly in the RANS approach represent the propeller and hull
geometries and they become parts of the viscous flow solution. The method can provide a rather detailed
information about the stern and propeller flows.
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Figure 2. Computational grid
Numerical method

The reported research is based on the use of the Shipflow commercial code, in which the governing
equations for turbulent flow are the RANS equations for momentum transport and the continuity equation for
mass conservation. For turbulence closure, the k-@ SST model is employed. In a Cartesian tensor notation form,
by making use of the Reynolds decomposition, the unsteady incompressible RANS and continuity equation may
be written as follows:

am+(uju,'+u,/“i)_R_1ap+ 0 [V[aui auj}]

ot ox ! P ox; axj

J

&)

where x; represents the Cartesian coordinates, x; = (x, y,z), u; are the time averaged velocity components in

Cartesian directions, R; is the volume force, p is the time averaged pressure, pl is the fluctuating pressure, p

is the density, v is the kinematic viscosity,V = g/p , and u is the dynamic viscosity. Using the Boussinesq

approximation, the Reynolds stress tensor pu;u']- can be written as:
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where &; is Kronecker delta and k is the turbulent kinetic energy. The new averaged equations result in:

aaHRlapzakaHa GD o
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where v is the effective kinematic viscosity. The Reynolds stresses are related to the mean rate of strain

through an isotropic eddy viscosity, v, calculated using Menters combination of k-@ and k-£ turbulence models:
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Here ﬁ*,y, 0.0, are the modeling coefficients for k-@equations and F; is the switching function for handling

the change between the w and € equations. Since the standard k-£ model often does not produce satisfactory
results, the k-@ model may be chosen, because in some ways can perform better then the k-€ model. Menter [1]
proposed a new shear stress transport k-@ model, with remarkable advantages when compared with k-& and
previous k-@ models. The model is based on the assumption that the principal shear stress is proportional to the
turbulent kinetic energy, which is introduced into the definition of the eddy-viscosity. In the k- SST model the
k- model is used near the wall and the k-£ model, transformed to resemble the k-@ model, is used outside of this
region. With these approaches, it is possible to solve all equations without the use of wall functions, and this is
itself a significant improvement. It is well known that the k-@ model performs very well close to walls in
boundary layer flows, particularly under strong adverse pressure gradients [2]. However it is very sensitive to the
free stream value of @ and unless great care is taken in setting this value, unrealistic results are obtained. The k-
£ model is less sensitive to free stream values but generally inadequate in adverse pressure gradients and so
Menter proposed this model that retains the properties of k- close to the wall and gradually blends into the k-&
model away from the wall. The model has been shown to eliminate the free stream sensitivity problem without
sacrificing the k- @ near wall performance [3].

Boundary conditions

The boundary conditions for the flow
inside the computational domain shown in
Figure 3 are requiring the no-slip conditions
on the hull surface for the velocity, an exact
formulation of the Neumann-type condition
for the pressure whereas the Dirichlet
conditions are imposed for k and @ . Zero-
gradient conditions are imposed for all the
variables in the symmetry plane of the i N
domain. At the upstream, k , @ and the l '.',' =
velocity are supposed to be constant, '
whereas the pressure is extrapolated from II '% _
inside with zero-gradient. At the down- 5 | 'f,"r"};:;;
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lated with zero-gradient, while the dynamic I I[Il//f;}f
pressure is set to zero and kept unchanged /I,//////
during the computation. The bottom of the /
domain is placed far enough from the free
surface such that zero-gradient extrapolation
is used for all variables there. Figure 3. Boundary conditions

The free-surface has its geometry imported from the non-linear potential solution and is thought as a
slippery wall during the viscous computation.
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Results and discussions

One of the most important issues of each numerical simulation output is the detailed analysis of the physical
parameters that describe the flow [4], [5]. A set of simulations was performed for a speed range between 14 and
16 knots for a better understanding on how the velocity affects the wave patterns on the hull. As expected, the
more the speed increases, the higher the stern wave crest becomes. One of the key parameters in such a
numerical simulation concerns not only the shape and the free-surface in the immediate proximity of the hull, but
also the wave crests and troughs magnitudes since the ship resistance is the pressure integral over the wetted area
of the hull. Figures 4 and 5 show comparatively the free-surface profile computed and measured for a speed of
15 knots. It is worth mentioning the good resemblance between the two topologies. Figure 6 depicts the wave
profile non-linearly computed for the service speed. As it may be seen in the figure, the free-surface displays a
rather large wave crest in the bow region that measures about 1.6 meters, a fact that proves a fairy poor geometry
of the bulb. Things look better at the aft, where the crest magnitude is around 1.2 meters.

Figure 4. Computed free-surface profile for v= 15 knots

Figure 5. Measured free-surface profile for v= 15 knots

For validation purposes, a comparison between the computed total resistance and the measured one in the
towing tank is further brought into focus in Figure 7. A rather large departure of the computed total resistance is
seen for lower values of the Froude number, a fact that may suggest the insufficient resolution of the
discretization grid for the low speed computations. That is, for an accurate representation of the wave profile, a
minimum number of 50 nodes should be distributed over a wave-length, as proven previously in [8]. This
condition is hard to fulfill for lower Froude numbers unless the available computer resources are powerful
enough to host such computations.
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Figure 6. Wave profile non-linearly computed for a Figure 7. Comparison between the computed and
speed of 15 knots measured total resistances
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The viscous flow around the bare hull is computed at first and then, the acting propeller is taken into account.
The propeller model calculates the body-forces based on the effective wake field, which means that the propeller
solver, which is implemented in the CFD code, is running interactively with the RANS solver. The viscous
module specifies the body forces in the cells of an additional cylindrical grid that covers the location of the
propeller. The body forces are distributed between the hub and the maximum propeller diameter and also in the
axial direction to avoid abrupt changes and concentration of introduced forces. Usually, the pattern of the iso-
lines of the mean longitudinal velocity in the nominal wake reflects the frame shape of the aft body, but it is also
clearly correlated with the structure of the transverse flow field: often the longitudinal velocity component
exhibits a local minimum near the core of a longitudinal vortex.

The smallest axial velocity is usually found in the symmetry plane of the wake near the free surface, with
some exceptions. When strong side vortices are produced, the minima occur near their cores, or directly below
the free surface. For the present case, the iso-lines of the axial velocity component for some arbitrary slices are
depicted in Figure 8. The wake of a ship with a running propeller is rather different from that of the
corresponding towed hull (nominal wake). The differences are not only related to the diminished momentum
deficit but also to the interaction between the propeller-induced flow and the bare hull wake. A propeller in a
uniform onset flow tends to accelerate the flow ahead as well as in the jet behind, and to weakly decelerate the
flow outside these regions. Obviously, in front of the propeller and just outside of the jet there is no propeller-
induced rotation.

Figure 8. Nominal wake contours at x/L.=0.99, x/L.=0.995, x/L=0.997 and x/L=1, respectively

For a qualitative analysis of the interaction between the propeller and the nominal wake, one must recall that
vorticity, once generated, is carried with the flow and is spread by diffusion, on the understanding that at a high
Reynolds number the convection dominates the diffusion. Apparently the viscous diffusion effects are so strong
as to more than neutralize the acceleration effect. The enhancement of the vortex strength by stretching effects is
also responsible for the acceleration of the flow in the central region near the free surface. As bilge vortices in a
nominal wake are effective in reducing the wake peak in the top sector of the propeller disk, the stronger vortices
in the propelled-hull wake have a proportional effect on the flow in the central region near the free surface. The
presence of a propulsion unit has a strong influence on the axial velocity distribution also. Of course the
propeller jet appears as a dominant feature, but there are strong additional effects caused by the interaction
between the propeller-induced flow and the longitudinal hull-vortices.

Usually the bilge vortex and the propeller jet are nearly coaxial. If, in addition, they are co-rotating an
accumulation effect will occur. Such a completely three-dimensional viscous flow often leads to a non-uniform
pressure field in the propeller, a fact that should be avoided for vibration reasons. The longitudinal velocity
contours should indicate the characteristic “hook” shape in the central part of the wake correlated with the core
of the longitudinal vortex. This small region is characterized by a nearly uniform streamwise velocity component,
a linear variation of the vertical component preceding a maximum and again a hook shape of the pressure
contours. These features confirm the existence of an intense longitudinal bilge vortex emerging from the hull.
Figure 9 depicts the effective wake contours computed for the present study.

Figure 9. Wake contours at x/L.=0.99, x/.=0.995 x/L=0.997 and x/L=1, respectively

The contours of the computed turbulent kinetic energy (TKE) and pressure distribution in the propeller plane are
shown in Figure 10. The calculations proved that the TKE is higher in the boundary layer near the water-plane
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and in the neighborhood of the free vortex-sheet where either the TKE is more vigorously generated due to the
large velocity gradient, or high TKE is determined from the upstream boundary layer, or both.

Figure 10. Turbulent kinetic energy distribution computed at x=0.99 station (left) and at x=0.995 station (right)

Concluding remarks

Summarizing the results, viscous flow around a chemical tanker hull was successfully computed and the
flow features were determined through the numerical simulations. Based on the RANSE integration various
simulations were carried out to compute the flow around the ship hull with and without an operating propeller
(applying the body force method). The method appears to be useful in connection with studies of propeller-hull
related flow problems. In general, rather accurate propeller characteristics were obtained. In the prediction of the
wake details, turbulence modeling was the key issue. The results show that the k —@ SST model, due to its
improved capacity of predicting the separation, is able to provide a realistic wake distribution with reasonable
accuracy, therefore the propeller design may be done without any problem. It this respect, it is worth mentioning
that the viscous flow calculation can be a very useful tool in initial design process of hull forms.
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Introduction

Shallow water flows feature often stronger non-linearities than deep-water flows making them in turn more
difficult to solve numerically. Nevertheless, the CFD may be used since it helps in capturing more of the actual
physics and thus reducing some of the inherent uncertainties introduced by assuming, e.g. that the form factor is
not affected by the water depth. Basically, we are witnessing a "Bernoulli" effect, where the water velocity
around the hull must be accelerated due to the restriction of shallow water. This increase in velocity results in a
higher drag. In addition to this, the accelerating water can pull the vessel down (known as sinkage), causing the
ship the act as if it had a larger displacement. It will therefore important to find out when the shallow water
causes a measurable loss of speed. Shallow water increases friction resistance and also wave resistance. Near the
unity depth Froude number the resistance is significantly increased. According to the Schlichting hypothesis, the
wave resistance is the same if the wave lengths of the transversal waves are the same. For strong shallow water
influence however, a simple correction is impossible as wave breaking, squat and deformation of the free-surface
introduce complex physical interactions. In this case, only model tests or CFD may help. In the numerical
simulation, the inclusion of shallow water is relatively simple. Boundary element methods based on Rankine
elements use mirror images of the elements with respect to the water bottom. The image elements have the same
strength as the original elements. This automatically yields zero normal velocity on the water bottom due to
symmetry.

The relationship between speed and water depth is therefore encapsulated in the Froude depth number. In
deep water, or at low speeds, the value of the Froude depth number is small or negligible and vessels behave
benignly. However, when speed increases so that FnH approaches unity (the so-called critical speed) resistance
increases markedly and wave wash can reach significant proportions. At speeds yielding FrnH values in excess of
unity (super-critical speeds) the wave pattern will have lost its transverse wave system and consist simply of
diverging waves. Because modern powered commercial and leisure vessels are now able to reach high speeds,
they will be able to enter, and pass, the critical regime for waters whose depths were once considered to be
“deep”. Such waters, for such ships, are now, in effect, shallow. As a result of this, the so-called wash nuisance
has become a feature on the coastlines, beaches and river banks where ships operate. Such a feature is not a
consequence just of commercial ship operation; it can, to a greater or lesser degree, produce excessive wash,
aggravated by limited water depth. Moreover, the critical speed regime may bring with it difficulties in passing
through the resistance “hump” in this region. It is not unknown for some vessels to show no apparent change in
speed with increasing propeller, only to accelerate rapidly up to speed, with no apparent warning, after a final
engine movement. All these topics have been the subject of some active research programs in recent years. Much
of the early work has been aimed at increasing our understanding, by measurement and theory; more recently,
the intriguing possibility of reducing the problems by suitable hull design has been investigated. Although
scarce, the literature reports measured residuary resistance coefficients for a model in two water depths (the
water was quite shallow, with depth/length (H/L) ratios of 0.047 and 0.125, whereas the speed range was large,
starting just below the critical regime and ending well above it) have proven the following:

— around the critical speed (FnH=1.0) a marked increase in residuary resistance coefficient occurs. This

has a higher peak value in the shallower of the two water depths;

— in the supercritical speed range, the residuary resistance coefficient is constant, implying that it varies

simply as the speed square.

The overall ship resistance is an important parameter that has been thoroughly studied by naval architects
since this determines the power required to propel a ship. A ship-like body moving through a fluid is a
fundamental concept in understanding resistance. Ideal potential flow fluid theory shows that positive pressure is
produced on each end of the body with negative pressures along the ship middle body. Because of viscous
effects from real fluids on the body surface, a boundary layer is generated along the body causing body frictional
resistance. Flow separation will occur at the ship stern, causing increased resistance from eddy drag. The sum
total viscous and eddy resistance of the ship is called the wetted surface drag and can be readily calculated or
obtained from tabulated towing tank data. The ideal pressure distribution on the moving ship in deep water
causes a system of waves on the free surface moving with the ship. The fact that a ship sailing in deep water at
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constant speed generates a wave system is well known by any sailor or casual observer. These waves are
composed of both divergent and transverse waves and are generated at the bow and the stern of the ship as well
as at various positions along the ship length. The waves at the free surface waterline are generated by the
pressure distribution around the ship and cause significant resistance to the ship. More important to the
navigation planner and designer is that the ship also sinks and trims with respect to the static ship. Thus, the ship
will sink in the water and trim because of the wave train caused by the ship. While this occurs in deep water, the
waves and ship sinkage become much more prominent in shallow water. The wave making by the ship,
therefore, has an important impact on the design of the channel.

At very low speeds, most of the ship’s resistance is the result of wetted surface drag; as the speed is
increased, wave-making drag grows higher. The ship length Froude number (Fn) has been an important
parameter in determining wave effects. This may be given as the ratio of ship’s speed to the square root of the
acceleration because of gravity and the ship’s length. The normal value of this dimensionless parameter is
usually very small for commercial ships — perhaps varying from near 0.04 for tankers at slow ship speeds near 5
knots to near 0.40 for fine-line containerships at 25 knots. Wave drag becomes increasingly important at Froude
numbers of about 0.2 or higher and can become two or three times the ship’s surface resistance at Froude
numbers of 0.4. The total drag on a ship determines the selection of the ship thrust and power required to operate
the ship at the design speed. On the other hand, the engine power is crucially important in the maneuverability of
the ship, especially at the typical moderate harbor speeds, when engine acceleration effects are used to provide
kick turns. The ratio of installed engine shaft horsepower to the ship deadweight tonnage may be called specific
power and used to relate the relative ship powered maneuverability. A hull form design procedure accompanied
by flow computations around a self propelled inland tanker have been employed not only to define the hull
forms, but also to estimate the wave and total resistance. The main particulars of the ship are tabulated in Table
1. Because of the limitations imposed by the customer (given main dimensions, prescribed range for the speed,
twin-tunnel aft, etc.) the initial forms led to a large block coefficient and significant geometric gradients of the
waterlines at extremities. This was a consequence of the fact that the brief technical specification was only based
on a scarce basic design estimation of the ship performances. Obviously, although a large block coefficient
means a sufficient cargo space, it always leads to a high ship resistance. Consequently, an improved form had to
be obtained from a successive adjustment process. A view of the hull forms is shown in Fig.1, which depicts the
transversal projection of the lines plan drawn for the initial hull.

Table 1. Main particulars of the ship

—_— LOA Approx. 96.00 mtr.
EEEER Breadth Approx. 9.60 mtr.
Depth Approx. 4.40 mtr.
Draught Approx. 2.80 mm
Speed 14-15 Km/h
Total Volume ~ 2257.8267 m’
LCB from AP 51.42% of LBP
) KMT 42830 m from the BL
T VCB 1.4452 m from the BL
WA WSA 1322.2039 m’
Cy 0.9977
Cp 0.8810
Fig.1 Hull forms C, 0.8800

Ship Resistance Computations

A full set of numerical simulations were performed for the free-surface flow around the inland tanker. The
unrestricted water case, as well as the shallow water computation was carried out. CFD computations were
carried out using the Shipflow software. Both trim and sinkage were taken into account. Computational domain
was extended a ship length in front of bow and away from ship side, and one and a half length and behind stern.
The grid for the viscous computation consisted of 1.5 million nodes, and was generated to capture the flow
features close to hull surface. In order to account for the effect of free water surface around the ship, both
potential and the viscous volume of fluid models were used in computations. Two different draughts were
considered: 2.0 and 2.8m respectively. The non-linear solutions were computed by employing a potential-based
method. Computations were performed for the unrestricted water case as well as for two different limited
draughts at 3.5 and 4.5 meters. All the numerical data were validated through comparisons with the experimental
data obtained in the towing tank.

In the following, the output data of the numerical simulations will be given. Although the Shipflow code
may compute the total resistance based on the friction component determined either by using the ITTC78
method, or by integrating the boundary layer equations, we have chosen the first method since it was the one
employed at the towing tank measurements. The ship resistance was computed for speeds ranging from 10 to 20

Lungu A., Pacuraru F., Wave Resistance Minimization for Ships Running under the Restricted Water Condition



Km/h. However, only the solutions computed for 15 Km/h will be discussed in the following. The choice is
motivated by the foreseen operational speed for the ship. Several hull forms were successively considered in an
attempt of reducing the overall ship resistance. Figures 2...5 show the free-surface profiles computed for the
initial and final hull forms computed for the unrestricted, 4.5m and 3.5m water depth cases, draughts of 2.8 and
2.0m, respectively. Figures 2 and 3 show comparisons between the free-surface profiles computed for the initial
hull forms and for the improved ones, in both navigation conditions, i.e., unrestricted water and 4.5m depth,
respectively. The numerical simulations were performed for a draught of 2.8m. The shallow water solutions
reveal a significant increase of the wave heights as well as a decrease of the wave length, as expected. Those
modifications obviously lead to a ship resistance augmentation, as it will be discussed later.

speed=15 Knv/h speed=15 Km/h

Unrestricted water Unrestricted water

Fig.2 Comparison between the free-surface profiles on  Fig.3 Comparison between the free-surface profiles on
the initial hull forms computed for the unrestricted and  the final hull forms computed for the unrestricted and
4.5m water depth cases. Draught of 2.8m. 4.5m water depth cases. Draught of 2.8m.

Same conclusions may be withdrawn from Figures 4 and 5, which show comparisons between the free-surface

profiles computed for the initial hull forms and for the improved ones, in both navigation conditions, i.e., unre-

stricted water and 3.5m depth, respectively. The numerical simulations were performed for a draught of 2.8m.
Initial hull, d=2.8m, speed=15 Km/h Optimum hull, d=2.8m, speed=15 Km/h

Unrestricted water

Unrestricted water

Fig.4 Comparison between the free-surface profiles on  Fig.5 Comparison between the free-surface profiles on
the initial hull forms computed for the unrestricted and  the final hull forms computed for the unrestricted and
3.5m water depth cases. Draught of 2m. 3.5m water depth cases. Draught of 2m.

The increased frictional resistance and wave patterns in shallow water both modify the sinkage and running
trim of the ship and required under keel clearance. For most merchant ships, which travel at moderate and low
speeds, this effect becomes important when water depth-to-ship draft ratios (H/d) are less than 4.0. Since most
ship navigation channels operate at very small depth to draft ratios (typically H/d less than 1.5), shallow-water
effects have major impacts on ship navigation. The key parameter that governs ship waves in shallow water is
the depth Froude number. As the ship speed increases, the shallow-water effects will increase up to the value of
depth Froude number equal to unity, where critical open channel flow would occur. In practice, wave effects and
ship resistance become very high at FnH values well below FnH = 1.0, so that normally a self-propelled
merchant ship would not exceed FnH of about 0.6. This indicates that at "displacement" speeds, the vessel will
slow down as water depth gets shallower.

Table 3. Speed loss with the minimum water depth

Table 2. Speed loss with the Froude depth number S%ied Minimum depth for
[Kis] No loss | 1% loss | 4% loss | 14% loss
FnH 0.0-04 0.6 0.8 1.0 5 14+ ft 6 ft _ _
Speed loss  No loss 1% 4% 14% 10 55+ ft 24 ft 14 ft 9 ft
15 124+ ft 551t 31 ft 20 ft
20 220+ ft 98 ft 55 ft 35 ft
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These are typical values only and each ship is somewhat different. One widely-used analysis of speed loss in
shallow water is the Schlichting method. It can give us a general sense of the potential speed loss. He found that
there is typically no measurable speed loss as long as FnH is less than about 0.4. As FnH increases, however, the
speed loss begins to take effect. As a correlation line, the ITTC 1957 line already contains some allowance for
three-dimensional effects, and two recent ITTC Committees have recommended that additional corrections not
be made in routine resistance predictions of high speed craft. However, including a form factor specific to the
hull form under consideration can often give better estimates of the viscous drag. This factor is difficult to
estimate and may vary with speed because of (among other things) changes in trim and sinkage.

Table 4 gives the total resistance computed for a set of 16 velocities between 5 and 20 Km/h, not only for
the unrestricted water case, but also for the two depths of the shallow water case. The solutions computed in
Table 4 for the 2.0 draught are plotted in Fig. 6. The resistance augmentation produced by the finite depth varies
from 4.95% that corresponds to the H=4.5m depth case and a speed of SKm/h, to 95.89% which corresponds to
the H=3.5m depth and a speed of 20 Km/h. The variation of the average percentage of the resistance
augmentation with the water depth decrease for the hull at a draught of 2.0m is presented in Fig.7.

Table 4. Total resistances computed and measured for d=2.0m

Speed Computed Measured Rt increase [%]
[Km/h] | Unrestricted | H=4.5m | H=3.5m | H=3.5m | H=4.5m ‘ H=3.5m
10 14257 16198 19084 29000 13.61 33.85
11 17280 19903 23429 35575 15.18 35.58
12 19236 22130 26165 41275 15.04 36.02
13 24121 27925 33308 49350 15.77 38.09
14 29070 33899 41716 59700 16.61 43.50
15 34128 40356 50175 69000 18.25 47.02
16 39387 46908 61318 85000 19.10 55.68
17 44200 52799 73648 118000 19.46 66.63
18 50745 61191 89533 145000 20.58 76.44
19 63389 77963 | 116393 192000 22.99 83.62
20 77900 97003 | 152597 | 241150 24.52 95.89
R[N] %
—O— Unrestricted 140
2008405+ _ o g:;‘:gﬁ
®  Experiment 120
1.50E+05 100
80
1.00E+05
60
5.00E+04
40
0.00E+00 20
10 12 14 16 18 20 10 12 14 16 18 20
Fig.6 Ship resistance dependency on the water Fig.7 Variation of the average percentage of the
depth, computed and measured for a draught of computed resistance increase with the water depth,
2.0m d=2.0m

On the other hand, Table 5 gives the total resistance computed for the same set of 16 velocities, only for the
unrestricted water case, but also for the two depths of the shallow water computed at a draught of 2.8m. The
solutions computed in Table 5 are plotted in Fig. 7. As it may be seen, the resistance augmentation produced by
the finite depth varies from 8.41% that corresponds to the H=4.5m depth case, to 17.25% which corresponds to
the H=3.5m depth computational case.
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Table 5. Total resistances computed and measured for d=2.8m

Speed Rt Measured | Rt increase [%]
[Km/h] | Unrestricted | H=3.5m | H=3.5m | H=3.5m | H=4.5m | H=3.5m

10 17310 | 48087 24241 27907 18000 40.04 61.22
11 21125 | 64554 30147 34216 21200 42.71 61.97
12 24497 | 81662 35106 39684 27475 43.31 62.00
13 29078 | 105013 41904 47433 34975 44.11 63.12
14 34313 | 133451 50429 57409 43800 46.97 67.31
15 40526 | 168873 61113 72471 48000 50.80 78.83
16 46342 | 205980 74077 90319 64375 59.85 94.90
17 53227 | 251371 88054 | 111822 77325 65.43 | 110.08
18 61033 | 305191 | 103995 | 136816 94000 70.39 | 124.17
19 77159 | 407262 | 135339 | 182365 124200 7540 | 136.35
20 94522 | 525162 | 171556 | 231881 159975 81.50 | 145.32

R[N] %
—O— :
1 40E+405 Unrestricted
—&— H=4.5m %
1.20E+05 +— ~7 'H=3.5m
®  Experiment
1.00E+05 60
8.00E+04 5
6.00E+04 40
4.00E+04
20
2.00E+04 g= =9
0.00E+00 0
10 12 14 16 18 20 10 12 14 16 18 20
Fig.8 Ship resistance dependency on the water depth, Fig.9 Variation of the average percentage of the
computed and measured for a draught of 2.8m computed resistance increase with the water depth,
d=2.8m

The variation of the average percentage of the resistance augmentation with the water depth decrease for the
improved hull with a draught of 2.8m is presented in Fig.8. The results given above are in good agreement with
the literature in the field which is recommending for the shallow water case either percentages of resistance
increase as a function of the FnH, or critical values of the water depths at which the velocity loss produced by
the shallow water takes place. These recommendations are tabulated in Table 6 and Table 7, respectively.

Table 6 Depth Froude number Table 7. Critical water depth for loss of velocity appearance
V [ms] FnH v [m/s] Minimum depth for:
H=4.5m | H=3.5m No loss ‘ 1% loss ‘ 4% loss | 14% loss
1 2 3 1 2 3 4 5
2.50 0.376 0.427 2.50 43 m 1.8 m
2.78 0.418 0.474 2.78
3.06 0.461 0.522 3.06
3.33 0.501 0.568 3.33
3.61 0.543 3.61
4.17
No loss 4.44
1% loss 4.72
4% loss 5.00
14% loss 528 | 38.1m | 16.8 m
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Figures 10 and 11 show comparisons between the wave profiles drawn on the hull computed and measured
at a draught of 2.8m in the first figure and Of 2.0m in the second one. As shown in the two plots, the agreement
between the theoretical and experimental data is fairly good, excepting the area around the firs wave crest and
trough, where the computed solution seems to be underestimated, a fact that explains the smaller ship resistance
computed numerically and tabulated in Tables 4 and 5.

o i i i i
\ \ \ \ \
Computed Computed
0.010 { [ Measured 0.010 [ Measured
\
| /[
\ \ o
0.005 \\ 0.005 \\
[ \
/ /
- / > /
0.000F——+ /N $ 0.000—% /
\ \ \ \
\ / \ / LN
\ / 5 \ / = s
10,005 \ / = C] 0,005 \
\l./ o
-0.010 -0.010
0 02 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Fig.10 Comparison between the wave profile on the Fig.11 Comparison between the wave profile on the
hull computed and measured at a draught of 2.8m hull computed and measured at a draught of 2.0m

Concluding Remarks

1. Free-surface flow around the hull form was successfully computed. Ship resistance was determined through
the numerical simulation. Both linear and non-linear approaches were used to solve the flow problem at
different ship speeds, ranging from 10 to 20 km/h.

2. Computations proved that a decrease of the water depth may lead to an averaged increase of the total
resistance of the ship by 51.80% and 84.80%, corresponding to a draught of 2.8m and water depths of 4.5
and 3.5m, respectively for the ship speed of 15 Km/h.

3. In the 2.0m draught case, an averaged increase of the total resistance of the ship byl17.16%, and 51.09%,
corresponding to water depths of 4.5, and 3.5, respectively was found for the ship speed of 15 Km/h.
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VALIDATION AND VERIFICATION OF HULL RESISTANCE COMPONENTS
USING A COMMERCIAL CFD CODE

C.A. Perez G, University of Southampton, UK. Universidad Pontificia Bolivariana, Colombia,
M. Tan and P.A. Wilson University of Southampton, UK.

SUMMARY

A mathematically defined Wigley hull form is used to investigate the application of a
commercial CFD code in prediction of the total resistance and its components from tangential
and normal forces on the hull wetted surface. The computed resistance and wave profiles
alongside the hull were compared with experimental observations for six different Froude
numbers to validate the simulations. The effects of grids, domain size and turbulence models
were studied. A statistical hypothesis test was carried on these resistance data in order to
determine the most suitable turbulence model for the lowest and highest Froude numbers.

1. INTRODUCTION

The resistance of a hull is a consequence of air and water forces acting against movement of
the vessel. For this reason its determination is an important issue regarding the propulsion and
ways to provide it. The water will have the major contribution to the resistance of a hull,
unless there are strong winds. As a result, predictions on resistance are a good way to know
how the energy is spent.

Traditional methods to predict resistance on real hulls are based on towing tank models
running at corresponding Froude numbers and then scaling results taking into account a
friction line for the respective Reynolds number. Advantages of these methods are the
knowledge and experience acquired through the years that make results reasonably
trustworthy. Disadvantages are the associated cost and the limitation on the availability of
physical tanks and models for every single design. This has been one of the motivations of
attempting to predict hull behaviours using computational tools, for this specific case,
resistance. Although computations started in earlier 60’s solving the simplified boundary
layers equations', followed by methods based on potential flow theories and those to solve
Reynolds Navier-Stoke Equations in the last two decades®, experimental data are still required
to validate computational results.

In order to obtain accurate results even in steady state simulations, the problem needs to be
set-up carefully and this includes having sufficient nodes within the boundary layer, correct
mesh for high gradient zones and suitable time step sizes. Comprehensive efforts have been
made to the procedures to verify and validate computational data however there is still a lack
of consensus of suitable techniques’.

In the present study the commercial CFD code used is ANSYS-CFX 11.0 which adopts a
false time step or pseudo-time step to solve equations as a means of under relaxation. The
under relaxation is necessary to stabilize some iterative processes of obtaining steady state
solutions®. It could be said that smaller physical time steps are more robust than larger ones”.
Nonetheless, convergence will require more CPU time.



2. CFD SIMULATIONS

The Wigley hull was selected as a benchmark to gain understanding of free surface
simulations using CFX. The hull was generated by a three variables parametric function in
ANASYS ICEM and it is parabolic under the waterline and extends up vertically. Equation 1
describes the underwater hull shape and a sketch is given in the Figure 1.

y=2h-Corf-Gry]

In equation 1 x, y and z are the longitudinal, transverse and vertical ordinates of the hull
surface and L,B and T are the length, the breadth and the draught of the hull, respectively. For
this case L was chosen as 1m, B=0.10 m and T=0.0625m.

LW i

0078

Figure 1. Wigley Hull.

A physical domain with water and air at standard conditions was specified and a
homogeneous coupled Volume of Fluid model was selected as it is recommended for free
surface flows where the free surface is well defined over the entire domain’. An homogeneous
model allows two different phases when the interface is distinct and well defined everywhere,
as it is the case of hulls riding on a free surface without breaking waves. For this initial
simulation the k-g¢ turbulence model was used. The boundary conditions were imposed as
follows, Inflow: normal free stream, outflow: hydrostatic pressure, 7op: opening pressure,
Midplane: symmetry, Side and Bottom: free slip. The Figure 2 shows the initial computational
domain of 5m long 3m wide and 0.625m deep with 234,320 elements. Table 1 shows the
results of the longitudinal components of the tangential and normal forces acting on the hull
and experimental data from®. Also, figure 3 shows hull wave profiles in terms of non

dimensional wave height compared with the data from same source®.
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Figure 2. Initial Computational Domain.



Table 1. Computational and experimental resistance coefficients (X 10%)[6].

Froude | 550 | 0267 | 0.289 | 0.316 | 0.354 | 0.408
Number
Ctang 4.77 4.72 4.65 4.58 4.47 4.34
Cnormal . | 1.03 | 1.2 | 147 | 175 | 172 | 2.69
Ctotal 580 | 584 | 612 | 633 | 619 | 7.03
Ctotal Exp 5.92 5.84 6.16 6.32 6.12 6.91
%%Error 20% | 01% | 07% | 02% | 12% | 1.7%
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Figure 3. Computational (line) and experimental (dots) [6] wave profiles alongside the hull for six different
Froude numbers.

3. MESH STUDIES

The grid quality is fundamental for the convergence and accuracy of CFD calculations. Gird
qualities are discussed in detail by Thompson et al’ however, for this study the criteria
available in ANSYS ICEM such as, 3x3x3 Determinant, Aspect Ration and Skewness, were
used to determine the mesh quality. Although it is quite difficult to set up all those criteria



with ideal values, a right balance on them gives a good mesh quality. Generally speaking, a
value of 3x3x3 Determinant over 0.4, an Aspect Ratio between 100 and 500 and, a Mesh
Expansion Factor with a maximum 50 are good indicatives that a mesh could work properly.

Having tested the conditions on the CFX solver, with result presented on the previous section,
a new reference domain was made. The mesh strategy was to keep the same number of nodes
(306,240) reducing the domain in the three Cartesian directions in order to obtain different
levels of refinement, mainly close to the hull, Figure 4 show a sketch of the domains. Table 2
shows the dimensions of the domains in term of length and draught of the hull. In the
longitudinal direction the measures show the length ahead and behind the hull (L=1m).

Figure 4. Domain sketches.

Table 2. Dimesion domains in terms of length and draught of the hull.

Domain 1 Domain 2 Domain3 Domain 4 Domain 5
Length L/2,L,1.2L L/2,L,0.66L L/2,L,1.2L L/2,L,1.2L L/2,L,0.66L
Width L L L L2 L2
Hight L2+T L2+T L3+T L3+T L3+T

From the initial test, the highest percentage errors in total resistance coefficients were shown
on the lowest and highest Froude numbers. Also, for those values, wave profiles along side
the hull did not show good agreement with the experimental data, specially the height of the
bow wave for the highest Froude number. Thus, Froude numbers of 0.250 and 0.408 were
chosen to perform the mesh study for five domains and four different turbulence models.
Figures 4 and 5 show the results, together with experimental data for those Froude numbers

respectively.
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Figure 5. Total resistance coefficient for 5 domains and 4 turbulence models with 306,240 nodes each at
Fn=0.250
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Figure 6. Total resistance coefficient for 5 domains and 4 turbulence models with 306,240 nodes each at Fn=0.40

4. VERIFICATION AND VALIDATION

As a preliminary step of verification, the longitudinal components of the normal and
tangential forces alongside the hull can be used to give confidence on the value of the total
drag, determined as the total force on the hull in the flow direction, see Table 1. However for
specific Froude numbers the computational model could give misleading results. As a result it
was decided to carry out mesh studies over different domains and different turbulence models
at the lowest and highest Froude number, for this case 0.250 and 0.408 respectively.

From Figures 5 and 6, it could be said that domains 1 and 3 provide accurate results for
resistance coefficients in both Froude numbers studied; this was also proved with percentage
errors. The idea now is to determine which turbulence model fits better, taking the
experimental data as an accurate resistance coefficient value. As it can be seen from those
figures, the experimental data is a horizontal line with slope equals to zero and the intercept is
the total resistance coefficient. In order to determine statistically the confidence of the
conclusions for turbulence models, linear regressions were applied on the data for resistance
coefficients and the following hypothesis tests were carried out. The domain 2 was discarded
for the purpose of this analysis, as it was considered unusual since it produced a strange wave
profile thus, just the other domains were taking into account for this analysis.

The hypothesis test® was applied regarding to the slope B; and to numerical data on linear
regressions y = 1x+fo, in this case experimental data is taken as a measure of validation
pattern, hence

tO

Ho:p =0 if < {,25,—o Numerical data slope is zero

t|>t

Ha: g 20 if I, «/2°n—2  Numerical data slope is not zero

Where:
Ho: Null Hypothesis
Ha: Alternative Hypothesis.
t,2-,o The value of the t-distribution for o/2 with n-2 degree of freedom
o Significance level.
to - The test statistic value calculated as shown:

to :ﬂl/\lMSE/Sxx
Where:

M ;. : The mean square error

S_. : The sum of squares of the value minus the mean.

XX



t

Ho: g, =C, if |, <t,2s,—» the numerical estimation is C;

>t

Ha: g, #C, if [,
to:  The test statistic value calculated as shown

«/2sn— the numerical estimation is not C;

i, = (B, - C)[\[My(1/n+®7/S..)

As a result of these tests, it could be said that turbulence models with less value of ¢, produce
closer values to the experimental results than those with high ¢, values. Hence, for a Froude
number of 0.250 the numerical total resistance coefficient is in accordance with the
experimental data for the k-e model for the range of domains tested. Similarly, for the Froude
number 0.408 the k-w model followed by SST predict betters the total drag.

5. CONCLUSIONS

The main aim of this study was to verify and validate the calculated hull resistance in terms of
mesh and domain size, and to generate data to understand how many hull lengths are required
ahead and behind the hull to obtain convergence and accurate data, which is not well defined
by other authors. At least, for this case of a fixed Wigley hull, it has shown that even with
short lengths between the stern and the outflow, accurate data can be obtained.

For the same number of elements, domains 1 and 3 showed better agreement with
experimental data for total resistance coefficients. For the lowest Froude number, 0.250, the
k-e turbulence model gave better agreement while for the highest Froude number, 0.408, the
k-w model followed by SST predicted better the total resistance for those domains tested.
However, the agreement for wave profiles at those Froude numbers tested did not improve.

FURTHER WORK

Simulations for more realistic hull forms under free to heave and pitch condition will be
carried out based on the experience from the current work. Resistance data for verification
and validation will be obtained from experimental work which will also measure the

longitudinal wave cuts of the wave pattern instead of measuring the wave profile alongside
the hull.
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Numerical analysis of ship-ship interaction by a high-order
potential flow code with ship motions
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1 Introduction

This work is motivated by the desire to include a rational prediction of the interaction effects between
a maneuvering tug-boat and a steadily moving ship within a training simulator facility for tug-boat
helmsmen. To this end, we investigate the performance of the high-order boundary element code AE-
GIR with respect to robustness and efficiency by comparing numerical calculations with experimental
measurements.

The test case considered here involves a tug-boat and a tanker, both sailing at the same constant
speed, but with different relative positions of the tug-boat. A range of speeds and lateral and longitudinal
distances between the mid-points of the two ships is considered. Based on the comparison, we conclude
that it is possible to capture the correct trends in the interaction forces to an acceptable accuracy in real
time using this method.

2 Description of AEGIR

2.1 High-order boundary element method

For numerical stability, the perturbation velocity potential is decomposed into two components ¢ and 1
corresponding respectively to the impulsive and the memory effects of the ship’s motion. The impulsive
contributions are wave-less and are computed during the initial set-up, while the memory effects are held
in the free-surface wave motion history.
The Neumann-Kelvin linearization is used for free-surface ship flows. The transient free-surface Green
function is applied to the boundary integral equation and a free stream is considered as the basis flow.
The kinematic and dynamic free-surface conditions are linearized about the calm-water plane z = 0

a 9, 0% <a

ot -V .V(= 5 T 5, ) E—V V>¢=—g§ , p=0 on z=0 (1)

where ( is the free-surface elevation, V is the ship velocity.
The body boundary condition is linearized about the mean wetted-body surface Sz

0 - 0
a_:ﬁ =V-i 5 Z ( 3 n;j +§ij> on Sk (2)

where &p = (51,52,53),53 = (£4,&5,&) are the translations and rotations expressing the ship motion
0 = &r —|—§pi~ Z and (n1,ne,n3) = i, (ng,ns,ng) = & X @, (m1,ma, mg) = (i - V)V, (mg, ms,mg) =
(- V)(ZxV).

The boundary integral equation for ® = (¢, 1)) is formulated by using the Rankine source potential
G@a)=1/|2 - 7|

—»/ —»/ —
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The variable is approximated by a linear superposition of bi-quadratic spline basis function

O, 1) =Y &;(t) b(x) bly) (4)

where
r(z+ 2e)2 for —3e cgp < le
v 2
ba) =14 (- +5e) for o<l (5)
s (—x + 32)2 for L <x<

and where h, is the panel width.
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added mass, damping and restoring coefficients matrices, and F},, is the memory force computed through

the solution of the wave pattern (see [2] for the details).
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and where r is the radial distance from the wave-making source with the numerical beach starting at
r = rg and extending over a width C,, and C; is the parameter dictating the overall cooling strength.

r

(

To avoid the wave reflection at the outer boundary, the wave radiation condition is imposed by introducing
v

where [M], [C] are the inertia and restoring force coefficient matrices, [ao], [bo], [co] are the impulsive
a Newtonian cooling term v in the kinematic free-surface condition

The equations of motion for the ship can be written
2.3 Wave radiation boundaries

2.2 Ship motions

where
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The meshed free surface and wetted hull surface are

shown in Figure 1(left). The free-surface domain consists of two outer parts and an inner part between
Both ships have a transom stern under the waterline. The free surface behind the transom

stern is ignored. Due to the forward speed, the upstream free-surface length is 40m larger than the

Numerical model
downstream one.

The free-surface domain size, grid size on free surface and wetted hull surface and time-step are

Figure 1: The meshed free surface and wetted hull surface (left) and the schematic presentation of
determined to achieve a robust and stable solution based on a series of numerical tests. The free-surface

ship-ship interaction case (right)
The hull surfaces, consisting of third-order splines, are made by using the CAD software Rhinoceros, of

which the 3D geometry file is supported by AEGIR. The numerical hull models are established for the
scale. The propeller boss on the tanker and the skeg keel on the tug-boat are neglected for computational

efficiency.
domain length Ly, = 280m and width By, = 160m, grid size Az ~ 3m and time-step At = 0.01 ~ 0.02s

tanker (L,, = 186.2m, B = 31.6,7 = 10.3) and the tug-boat (L,, = 25.6,B = 11.0,T = 3.9) at full

are applied to the following numerical analysis.

3 Numerical solution

two ships.

3.1



Figure 2: « as a function of F'n

3.2 Numerical result
Ship-ship interaction case with varying d,

Both ships move with an identical forward speed of Fn ~ 0.2. Varying the lateral distance d, at
three longitudinal distances d, (See Figure 1(right)), the resistance and sway force on the tug-boat are
computed. Positive d, corresponds to placing the tug-boat towards the fore part of tanker. The force
is nondimensionalized by dividing it by 0.5pU?L,,T. The resistance coefficient C, and the sway force
coefficient C, are defined to be positive for resistance and for a repulsive force away from the tanker,
respectively. Experiments were carried out at FORCE Technology, Denmark, in their small model tank
with models at scale 1 : 25. The computational results are compared with results of those experiments,
as shown in Figure 3. The model was free to pitch and heave in the experiment, and the computations
are conducted both with and without heave and pitch motions.

To avoid unwanted starting transients in the calculations, the forward speed is increased gradually
to the specified one over 10s. The simulation is conducted for 60s. The average value of maximum and
minimum in the last 10s is taken for the resistance F, and sway force F,.

A quantitative comparison between the computed and measured resistance forces requires an accurate
assessment of the viscous forces, as well as a very accurate representation of the hull geometry, including
appendages. As the goal here is to capture the interaction effects efficiently, we simply define a factor
a = Fy comp/ Frexp, based on the open water resistance of the tug-boat without the tanker. Fy comp is
computed without ship motions and Fj s, is the total resistance including both viscous and residual
resistances. « as a function of F'n is shown in Figure 2. In the following ship-ship interaction results,
Cy,comp is compared to aC ¢zp to highlight the interaction effects. The horizontal forces are however
not modified.

While C,, C, show a relative error of € = > ((Ceomp — Ceap)/Ceap)/n = 0.1 ~ 0.3,0.1 ~ 0.4, respec-
tively, the comparison shows a good qualitative agreement except at a small lateral distance of d, >~ 1Im.
In all the cases, Cy from experiment is larger than that from numerical solution.

The converged solution is not achieved for d, < 0.7m. The numerical result does not show a high peak
in C; and a sudden drop in Cy for d, ~ 1m. It is probably due to a high aspect ratio of the elements in
a narrow free-surface area between two ships, and due to the conflict between the linearized free-surface
condition and high wave elevation in a narrow area between two ships.

The inclusion of heave and pitch brings a damping in the longitudinal motion, hence C, with heave
and pitch is smaller in all the cases. The uncertainty in viscosity makes it difficult to say whether the
inclusion of ship motions results in higher accuracy.

Ship-ship interaction case with varying F'n

Varying F'n for the case with d, = —54.475m and d, = 2.45m, C, and C} are computed. In Figure 4,
the numerical result is given with the experimental one. « is found at each different value of Fn. C,
from the experiment is multiplied by « at the corresponding F'n.

While C,, Cy have € ~ 0.3, 0.1, respectively, they have a qualitative agreement except for F'n o~ 0.42.
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Figure 3: The resistance coefficient C,, (left) and sway force coefficient C, (right) as a function of d,, for
d, = 54.625m (top), d, = —0.675m (middle), d,, = —54.475m (bottom) and Fn ~ 0.2

3.3 Computational efficiency

The numerical model applied above has 2506 elements. For a 1min simulation with At = 0.02s, the CPU
time is about 18min without ship motions and about 86min with ship motions on a 32 — bit 3.2Ghz
Pentium-4, single-processor machine.

To improve the computational efficiency, we decrease the free-surface domain size and increase the grid
size and time-step while checking the accuracy by comparing the result to the previous one. By varying the
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Figure 4: The resistance coefficient Cy, (left) and sway force coeflicient Cy, (right) as a function of Fn for
dy = —54.475 and d, = 2.45m

<SS =
NS
S RRRR=_R™
SIS
“‘:s‘:\\\\:“&ﬁ S
‘:‘3&“‘“0
RS

Figure 5: The optimized numerical model
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Figure 6: The resistance coefficient C,, (left) and sway force coefficient C, (right) as a function of d,, for
d; = —0.675 and F'n ~ 0.2 from the numerical model with a high efficiency

numerical properties, we find the optimum with a high efficiency and insignificant discrepancy from the
above result. As shown in Figure 5, the optimized numerical model with Ly, = 320m, By, = 80m, Az ~
6m, At = 0.05s has 1045 elements. The CPU time for 1min simulation is 2.5min without ship motions.



The high-efficiency model is validated by a case with varying d, for d, = —0.675m and F'n ~ 0.2.
As shown in Figure 6, the result is compared to the previous one. While the converged solution is not
achieved for d,, < 0.95m, it shows an accuracy as high as in the previous model with e < 0.1.

4 Conclusion

A high-order boundary-element model has been used to consider the interaction effects between a sail-
ing tanker and a nearby tug-boat for a range of speeds and relative positions. Although the absolute
magnitude of the tug-boat resistance predicted by the numerical model is often quite different form the
experimental measurements, the change in resistance with relative position as well as the transverse
repulsive force are both reasonably well captured with typical discrepancies of around 10%. A similar
correspondence is obtained even using a very coarse discretization which leads to calculation times which
are only about 2.5 times larger than the real-time simulation at full-scale. This shows that with some
further optimization of the numerical solution (and/or somewhat faster computers), the model can be
used for real-time inclusion in a training simulator.

Future work with this model includes allowing for a variable speed of the tug-boat in three degrees of
freedom (surge, sway and yaw) to consider more general ship-ship interaction cases in a variety of ship
maneuvering situations.
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RANS Simulation of the flow around a ship appended with rudder, ice fins and rotating propeller
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Introduction

FORCE Technology and MAN Diesel A/S in
Denmark are currently collaborating in a project under
DCMT [Danish Centre for Maritime Technology]. The
goal of the project is to test and demonstrate the
capabilities of RANS in connection with complex ship
flows. Focus is on a complete CFD model for hull,
propeller and appendages, which can account for the
mutual interaction between the components when the
flow field is calculated. In RANS, propellers can be
modeled by body-forces as in [1], but in the present work
the real propeller geometry is modeled. More details can
be found in [2]. A stepwise approach is followed, where
the appended hull and the open-water propeller are first
modeled individually. This is done by simulating the
propeller and the appended hull in an open-water and a
resistance test setup, respectively. After this the two
models are combined by means of sliding interfaces in
order to simulate the combined flow problem. This is
done by simulating a cavitation tunnel setup at
atmospheric pressure. In order to check the performance
of the CFD model, the calculated results are compared
with experimental data. All meshing and flow simulation
are conducted with StarCCM+ from CD-adapco.

Numerical method

The computations are performed with the
Reynolds Averaged Navier-Stokes (RANS) solver
StarCCM+ from CD-adapco. The code solves the RANS
and continuity equations on integral form on a
polyhedral mesh by means of the finite volume
technique. Both steady state and transient calculations
are considered. For the steady state calculations the
temporal discretization is based on a first order Euler
difference, while a second order difference is used for
transient calculations. Spatial discretization is performed
with second order schemes for both convective and
viscous terms. The pressure and the velocities are
coupled by means of the SIMPLE method. Closure of the
Reynolds stress problem is achieved by means of the iso-
tropic blended k-e/k-o SST turbulence model with an all
Y" wall treatment. The rotating propeller is treated in
different ways. For open-water calculations the propeller
inflow is uniform, so the moving reference approach is
applied, i.e. the blade velocity is set on the propeller
blades and centripetal effects are included in additional
source terms in the momentum equations. For the
propeller rotating behind ship, a rigid body approach is
applied. The free surface is modeled with the two phase
volume of fluid technique (VOF). Further details about
the code can be found in [3].

Ship condition and computational grids

The study is carried out for a model of a 70m
inspection vessel with appendages and propeller, Figure
(1) and Figure (2). The model is in scale 1:14.15. The
main particulars and propeller data are shown in Table 1.
Speeds and propeller RPM are given below in the
sections describing the results.

Model data

L,, [m] 43107
B [m] 1.0325
T [m] 0.3495
S [m?] 5.4895
Gy [-] 0.44
D, [m] 0.2332
N [blades] 4

Py, 1.2018

Table (1). Hull and propeller data.

Figure (2). Model rudder-propeller arrangement.
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Figure (3). Computational grid on propeller.

Figure (4). Computational grid on hull.

Figure (5). Computational grid on hull and propeller.

Concerning the grid, the computations are
performed with unstructured grids generated in Star-
CCM+. The propeller is modeled with a polyhedral
mesh. The open-water mesh consists of approximately 2
million cells. The ship is modeled with a trimmed mesh,
which is a hexa-dominant polyhedral mesh. The mesh
for the ship alone contains approximately 3.4 million
cells. Since the propeller is running behind the ship, both
sides are considered instead of exploiting the centre
plane symmetry. The grids are shown in Figure (3) to

Figure (5). The near wall spacing of the grids on no-slip
surfaces are in the range from y =1 to y'~30. Concerning
verification, a grid refinement study was made for the
hull alone and the propeller alone. Error estimates with
unstructured grids are not possible but the systematic
refinement has been used to check the trend of the
solution changes with the fineness of the mesh.

Results for open water propeller calculation

The open water test was carried out at the same
running conditions as used in the experimental set up at
FORCE Technology. The solution domain was chosen
to extend 10 propeller diameters in front of the propeller,
18 diameters in the radial direction and 30 diameters
behind the propeller. The flow solver was run in steady
mode and the rotation of the propeller was accounted for
by using the moving reference frame approach. This
approach works fine in open water, where the propeller
sees a completely uniform inflow field. The calculation
was carried out for advance coefficients in the range
from J=0.0 to J=1.1.

Like in the experiment the computed thrust and
torque on the propeller were converted into the

dimensionless thrust coefficient K, torque coefficient
K o and the open water coefficient 77, was calculated.

The advance ratio J and the three coefficients are defined
as

where U, is the speed of advance, n is the propeller
revolution rate and D is the propeller diameter.

T
K, = 2 4
pn-D

where T is the measured thrust and pis the water density.

X 0

0 P n: D’
where Q is the measured torque.

J K,

" Er K,
T Ro

With respect to the grid study, it showed that

the calculated K, changed with 2.7% when going from

coarse to medium grid, while the change was reduced

1.3% when going from medium to fine grid. For K 0 the

changes were 3.2% and 1.6% from coarse to medium
and medium to fine, respectively. The number of cells in



the fine mesh, which was used for the final open water
calculation, was 1,963,001.

For the results of the open water calculation, a
study of the flow field shows that the propeller, as
expected, accelerate the flow over the blades and
introduces swirl in the flow downstream of the propeller.
On the blades themselves the pressure field shows low
pressure on the suction side and high pressure on the
pressure side. Figure (6) illustrates the pressure
distribution on the suction side.

Pressure (Pa)
Y -6500.0 -4600.0 -3100.0 -1400.0 300.00 2000.0

Figure (6). Pressure distribution on suction side of
propeller.
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Figure (7). Computed and measured open-water curves.

Figure (7) shows the calculated open water curves
together with the measured curves [4]. Two sets of
measured data are shown. The first set was measured in
2005, but the test was repeated in connection with the
present project to check the repeatability of the
measurement and as seen the two data sets are in fairly
good agreement. When it comes to a comparison
between the calculated and measured data, it is seen that
fairly good agreement is achieved. Particularly in the
region around J=0.8, which is the point where the ship
usually operates. Table 2 summarizes deviations between
the two data sets. It is seen that the deviations increase as
J is reduced. Smaller J values means conditions closer to
the bollard pull condition, which again means that the

propeller loading is increasing. Higher loading means
that larger gradient have to be resolved, which again
requires more of the numerical method. The results for
small J could probably have been improved by refining
the mesh.

Deviation in percent
J Ky Kq-10

0.0 17.853  20.484
0.2 10935 6.538
04 7479 6.607
0.5 6.066 4716
0.7 6.531 2.267

0.8 3412 0.516
09 4568 -0.208
1.0 7.898 0.896

1.1 15439 1.987
Table (2). Difference between CFD and measurement.

Resistance calculation for hull with appendages

The numerical appended hull model without
propeller was tested in a resistance test setup, where the
model was positioned according to the dynamic sinkage
and trim position and locked. The model speed was
1.915 m/s, which corresponds to a Froude number equal
to 0.289 and a model Reynolds number equal to Re=7.24
million.

As mentioned above a grid stud was made for
the hull model. Grid refinement between grids was
obtained by applying a refinement factor of 2 to the
mesh reference length when generating the three grids.
The grid study showed that the calculated resistance
changed 11.4% when going from coarse to medium grid,
while the change was reduced 0.6% when going from
medium to fine grid. A comparison between the
computed fine-grid resistance and experimental data
from the towing tank [4] showed that the calculated
resistance was under predicted with 2.4%.

Figure (8). Calculated free surface elevation.

With respect to the field quantities the results
are briefly summarized as follows: 1) High pressure



occurs in the bow region where the flow is slowed down
and the bow wave is formed due to stagnation. 2) The
pressure decreases around the shoulders, where the flow
is accelerated to get around and below the hull. 3)
Further downstream the pressure recovers and basically
constant flow properties along the prismatic section of
the hull are seen. 4) At the aft shoulders, i.e. the region
where the hull form start to narrow in towards the stern
and the water starts to flow into the wake region, the
pressure decreases again. 5) The pressure increases again
in the stern region and formation of the wake field with
lower velocities is seen. The pressure field is not shown
here. Figure (8) shows the calculated wave elevations
around the ship and reveals a typical Kelvin wave
pattern. Finally, Figure (9) shows the calculated nominal
wake field behind the ship at a cross section located at
the propeller plane. Due to the relatively slender shape of
the ship, the bilge vortices, which normally are observed
in the centre plane wake, are relatively weak.

Consequently the contours appear smoother, and the
traditional hook shape is not observed.

Velocity: X-Component (m/s)
-2.0000 5500 -1.1000 -0.65000  -O.

0.25000

Figure (9). Calculated wake field.

Simulation of appended hull with rotating propeller

The goal of the present project is to simulate the
complete ship with hull, rudder and propeller including
the free surface around the ship. However, for the initial
with-propeller calculations the problem was simplified
by neglecting the free surface and using a setup similar
to what is used in a cavitation tunnel. This means that
only the underwater part of the ship was considered and
a symmetry condition was applied on the still water
surface. The model speed was 4.53 m/s, which
corresponds to a model Reynolds number equal to
Re=17.1 million. Atmospheric pressure was used in the
simulation in order not to introduce cavitation on the
propeller.

Compared to the open-water calculation, which
could be run in steady state mode, the simulation with
the propeller behind the ship must to be run in transient
mode, i.e. time accurate. However, the different time
scales of the propeller and the hull flow then become an
issue in startup phase of the computation. The problem is

that the time step is closely related to the rate of rotation
of the propeller. In the present simulations the time step
is chosen so the propeller rotates approximately three
degrees per time step. This corresponds to time steps in
the order of 3 to 5 10™ sec. If the ship has to travel a
couple of ships lengths in order for the boundary to build
up on the hull this would take maybe 10 sec, so with the
small time step this would take a very long time to
calculate. In order to speed the calculation the model was
first run in steady mode with moving reference frame for
the propeller. After the hull boundary layer then had
developed, the transient solution was initiated and the
propeller was rotated by means of a rigid body motion
and sliding interfaces.

Velocity: X—Cnmpéheﬂf (m/s) /
-8.0000 -6.3000 -4.6000 -2.9000 -1.2000 / 0.50000
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Figure (10). Calculated pressure and wake fields. Line
contours represent the axial wake velocity.

A study of the field quantities, i.e. velocities
and pressure in the stern region shows a time varying,
but periodic flow field, which to a high degree is related
to the blade frequency of the rotating propeller. Figure
(10) and Figure (11) give an example of the pressure
field in the stern region and the axial velocity contours in
a cross section at the rudder position. With respect to the
velocity field, it shows that the propeller accelerates the
flow and introduces swirl in the flow downstream of the
propeller. Consequently, the rudder sees an accelerated
rotating flow field, which results in varying angles of
attack along the span of the rudder. The pressure field on
the propeller blades themselves varies with the blade
position due to the non-uniform inflow field in the wake
field. When the blade passes the centre plane wake
around the twelve or six o’clock positions the low axial
inflow velocity to the blade in these regions results in
higher loading on the blade compared to when the blade
is in the three o’clock position for instance. Also the
loading depends on whether the blades move upwards in
the wake (starboard side) or downward (port side). The
reason is that the cross flow, which has an upwards
direction on both sides results in different angles of



attack for the blades which consequently experience
different loadings. The highest loading occurs on port
side where the cross flow and propeller motion have
opposite directions.

Pressure (Pa)
000.0 3000.

Figure (11). Calculated pressure on the suction side of
the propeller.

As seen the wake deficit of the hull strongly
influences the propeller, but the propeller also influences
the hull flow. The influence is most clearly seen in the
pressure field. Upstream of the propeller the hull
experiences suction, which reduces the pressure and
increases the resistance. The effect is usually expressed
as the thrust deduction. Another region of the hull that
feels the presence of the propeller is the region above the
propeller. In this region the passing blades will introduce
pressure pulses on the hull, which in critical cases can
lead to noise or vibration problems in the structure.
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Figure (12). Time series for the calculated thrust.

Concerning the integral quantities for the
present hull-propeller configuration, focus was placed on
the propeller thrust and torque, since measured data for
comparison was available from a previous cavitation test
[5]. Four different propeller loading conditions were
calculated, but detailed results will only be discussed for
one condition here. In this condition, the propeller was
rotating with 22.57 rps. The time history of the

calculated thrust and torque are shown in Figure (12) and
Figure (13), respectively.
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Figure (13). Time series for the calculated torque.

From the two figures it is seen that the time
series consist of a slowly varying signal overlaid with
high frequency oscillations. In order to determine the
dominant frequencies in the signals FFT analysis was
used. Figure (14) shows the frequency spectrum for the
thrust. Having a blade frequency of 90.3Hz it is seen that
the dominant frequencies are multiples of the blade
frequency. However, in addition to these frequencies
there is also a peak at a very low frequency around 1Hz,
but this should also be the case since Figure (12) and
Figure (13) showed a slowly global variation in the
signals. It is difficult to say exactly what causes this low
frequency behavior, but it is believed to come from the
hull wake, which easily can be a little unsteady behind
the ship.
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Figure (14). Frequency spectrum from FFT analysis of
thrust signal.

After studying the detailed behavior of the time
series for the propeller quantities the mean values from
the four calculations were compared with measured data
from the cavitation tunnel. Figure (15) shows the
calculated propeller thrust, torque and efficiency together
with the measured values. Figure (16) shows the
deviations in %. It is seen that CFD slightly under
predicts the quantities, but also the fairly good agreement
is achieved. For the considered J values, the deviations



seem to be slightly smaller compared to the open water
calculation. It is difficult to say why this is the case,
because the inflow field is somewhat more complicated
than the uniform open-water inflow. One reason could be
that the propeller mesh used behind the ship is slightly
finer than the open-water mesh and another could be that
the computed wake field is a little different from the real
inflow field which may cancel out some of the propeller
errors. However, without measured velocity date for
comparison this is not possible to say for sure.
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Figure (15). Comparison of measured and calculated
propeller quantities.

Deviation in percent

Run Ky FRy-10 ETA
N
1 .24 2231  0.24
2 2.37 2.35 .18
3 1.08 1.88 0.5
4 229 2.40 .18

Figure (16). Deviations between calculation and
measurement for propeller behind ship condition.

Concluding remarks

In the present work RANS simulations have
been conducted for: a propeller in open water, an
appended ship in a resistance test setup and a combined
ship-propeller configuration in a cavitation tunnel setup
at atmospheric pressure. The open water and resistance
calculations were steady state computations, while the
combined case was run time accurate.
Grid studies were made for the open water propeller and
the appended hull calculation. A formal verification was

not conducted, so the grid uncertainty was not estimated.
Only changes in solutions between grids were
considered. For the medium and fine grid solutions the
two studies showed changes in integral quantities
between grids of 1.6% and 0.6%, respectively.

Concerning the results of the calculation all the
three considered configurations showed promising
results. The open-water calculation showed that thrust
and torque could be predicted within 3.5% and 0.5% of
measured data, respectively, at the point where the
propeller works when behind the ship. At higher
propeller loadings, i.e. lower J, larger deviations were
observed. However, it is believed that the grid was not
fine enough to resolve this condition. For the resistance
test setup, the simulation showed a typical ship flow field
and the resistance was predicted within 2.4% of
measured data. Finally, the simulation of the cavitation
tunnel setup at atmospheric pressure, showed a complex
time varying flow field and mutual interaction between
hull, rudder and propeller. When compared to measured
data it was found that CFD predicted both thrust and
torque within 2.4% of the measured data.

Future activities

Within the present project two more tasks will
be covered. One is to run the model in the cavitation
tunnel setup used above, but at low pressure with
inclusion of a cavitation model in order to study the
propeller cavitation. The second is to run a ship-propeller
simulation which includes the free surface at the self-
propulsion point and compare the results with towing
tank test data.
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1 Introduction

Adaptive grid refinement is a technique to increase the accuracy and efficiency of numerical simulations for flows
with localised flow phenomena. To obtain acceptable numerical errors near these structures, fine grids are needed
there; for efficiency, coarse grids are desired in the rest of the domain. Adaptive grid refinement creates these grids
by locally dividing the cells of an initial coarse grid into smaller cells.

The water flow around a ship contains many local features. For a Volume-of-Fluid (VoF) discretisation, the
water surface appears as a numerically smeared discontinuity in the volume fraction; to capture the surface sharply,
very fine cells are needed around this discontinuity. Also the orbital velocity field of the ship’s waves is local. It
appears below the weater surface, in the wave train. And lastly, the bilge vortices, that play an essential role in the
velocity field encountered by the propeller, consist of local very strong gradients.

Thus, to efficiently obtain highly accurate simulations of ship flow, adaptive grid refinement is an excellent
choice. This is even more evident for unsteady ship flow, where the position of the local features changes in time.
To be successful for ship flow, the adaptive refinement technique must work for different types of flow features.

An adaptive grid technique has recently been developed for the ISIS-CFD flow solver developed by EMN (Equipe
Modélisation Numérique, i.e. CFD Department of the Fluid Mechanics Laboratory). The technique is inspired
partially by the earlier Ph.D. work of A. Hay in this group [2, 3]. In order to work together smoothly with ISIS-
CFD and to efficiently handle different flow conditions, the method is based on the following principles:

1. Flexibility of the refinement criterion (which defines where to refine the grid). It is easy to choose between
different refinement criteria for different problems and to develop and include new criteria.

2. Generality in the types of grid and refinement. Directional refinement (refining cells in one direction only)
has been included from the beginning. And while the present method only refines unstructured hexahedral
meshes, it is constructed such that other cell types can be easily included.

3. Parallel implementation. To function together with the parallelised code ISIS-CFD, the grid refinement must
be performed in parallel, on distributed grids. Any work on a single processor would slow the refinement
down unacceptably.

To be effective for unsteady flow, the method features derefinement: it can undo the refinements made in earlier
steps, to arrive at the original coarse mesh again. Thus, flow features can be followed without leaving behind
unnecessarily refined cells.

In this paper, after a short description of the ISIS-CFD solver in section 2, an overview of the refinement procedure
is given in section 3. Then section 4 presents a first refinement criterion: refinement around the water surface. With
this criterion, the method is tested in section 5 on the calculation of steady wave patterns for two ships, the Series
60 and the VIRTUE Container Ship. Section 6 concludes the paper and outlines further developments that are
planned for the method.

2 The ISIS-CFD flow solver

ISIS-CFD, available as a part of the FINE™/Marine computing suite, is an incompressible unsteady Reynolds-
averaged Navier-Stokes (RANSE) method [1, 6]. The solver is based on the finite volume method to build the
spatial discretisation of the transport equations. The unstructured discretisation is face-based, which means that
cells with an arbitrary number of arbitrarily shaped faces are accepted.

The velocity field is obtained from the momentum conservation equations and the pressure field is extracted
from the mass conservation constraint, or continuity equation, transformed into a pressure equation. In the case of
turbulent flows, transport equations for the variables in the turbulence model are added to the discretisation. Free-
surface flow is simulated with a multi-phase flow (VoF) approach: the water surface is captured with a conservation
equation for the volume fraction of water, discretised with specific compressive discretisation schemes [6].

The method features sophisticated turbulence models, 6 DOF motion for simulated ships [4], and the possibility
of modelling more than two phases. For brevity, these options are not further described here.



3 Refinement method

This section describes the technical basis of the refinement method: the grids that are created and the procedure
that is followed.

Globally, the method works as follows: the flow solver is run on the initial grid for a limited number of time
steps. Then the refinement procedure is called. If the refinement criterion, based on the current flow solution,
decides that parts of the grid are not fine enough, the cells there are refined and the solution is copied to the refined
grid. On this new grid, the flow solver is started again. Then the refinement procedure is called again, to further
refine or to derefine the mesh. This cycle is repeated several times. For steady flow, the procedure eventually
converges: when the refinement procedure is called, it no longer changes the grids.

3.1 Grids and data structure

Our refined meshes consist of simple geometrical cell types (currently only hexahedra, but prisms, pyramids,
and tetrahedra can be added without problems). But we allow the faces of these cells to be divided into smaller
faces. Thus, cells can be refined into smaller cells, while their neighbour cells remain the same (see figure 1 for a
hexahedron divided in four and the resulting divided face of its neighbour cell). Even the original grid may have
these divided faces: the HEXPRESS™ grid generator of FINE™/Marine generates such meshes. ISIS-CFD does
not care, as its face-based discretisation can handle any type of cell.

<

Face divided
in four

Four small
cells

One large
cell

Figure 1: Two hexahedra, one of which is refined in four cells. The other has a divided face.

To store the refined grids, the normal ISIS-CFD data structure is used. This data structure contains the locations
of the nodes and connectivity pointers between cells, faces, and nodes. For refinement, only a few extra pointers
are added. These include an indicator of the basic type of each cell (hexahedron etc.) and pointers to indicate those
faces that form one divided face.

The most important addition are the cell family ties. These store the history of the refinement, so refined cells
can be derefined again to recover the original grid. When a cell is refined, all the new small cells get a ‘mother’
pointer to the old big cell and ‘sister’ pointers to each other. Thus, the group can be found again later and changed
back into the single large cell. The large cell is saved as a ‘dead’ cell, that has no faces nor a state vector, only
family ties. Thus, it remembers its own sisters and mother (probably ‘dead’ as well), in case it has to be derefined
itself, after being restored.

3.2 Refinement procedure
Each time the grid is to be adapted, the refinement procedure is called. To ensure maximum flexibility, the proce-
dure is divided into three distinct parts that exchange only minimal information. These parts are:

Refinement criterion. The criterion determines which cells will be refined or derefined. It could be based on any-
thing: gradients of the solution, distance to the water surface (see section 4 for an example), or sophisticated error
estimators. In our implementation, the refinement criterion is a scalar or vector field, like the state variables. Cells
are refined where the criterion is high and derefined where it is low. The important thing is, that the criterion in a
cell may not depend on the cell type, nor on its orientation (or at least not more than, for example, the pressure).
This makes it easy to change criteria, as it is never necessary to write a separate criterion for each cell type. For
different refinement criteria, this part is the only one that changes.

Refinement decision. In the second part, the refinement criterion is transformed into the refinement decision: a list
of flags indicating which cells will be refined and in which direction. This decision depends on the cell type, but
not on the way the refinement criterion was computed. It is simply an evaluation of the criterion field.



Step one of the decision is the evaluation of the refinement criterion in each cell. A cell will be refined if the
criterion in that cell exceeds a certain threshold and derefined if it is below another, lower threshold. Vector criteria
are used for directional refinement. A hexahedron can be refined in three different directions; in each, it is refined
if the criterion component in that direction is high enough (see figure 3).

Step two is the adaptation of the decision in each cell to its neighbour cells. To produce good solutions, the
adapted grid must satisfy certain quality criteria. The most important are given in figure 2. A face of a cell may not
be divided two times, which would cause too great differences in the sizes of its neighbour cells. And the angle
between face normals an lines cell centre - face centre may not be too great: this reduces the quality of the state
reconstruction at the faces [6].
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Figure 2: Grid quality criteria. Forbidden are: (a) twice divided faces, (b) too large angles between face normals and lines cell
centre - face centre. 2D examples.

Thus, refining a cell may require the refinement of its neighbour cells or may prevent them from being dere-
fined. So in an iterative process, refinement decisions are added and derefinement decisions are removed. The
decision process for the whole grid is completed before a single cell is refined, which gives great advantages. For
example, it is much easier to remove a decision to derefine a cell than to undo an already completed derefinement.

Refinement. The last step is the actual refinement of the grid. First, all cells selected for derefinement are derefined,
then all cells to be refined are refined. During refinement, new small cells are created, faces and nodes are added
between them, and the cell family ties are adjusted; for derefinement, small cells are merged into their original
large cells, unnecessary faces are removed, and the original family ties are restored. In parallel, once the refinement
decisions are taken, the grid in each block can be refined without any communication with the other blocks.

Both refinement and derefinement are done cell by cell, to ensure maximum generality and robustness of the
code. After the treatment of each single cell, a correct grid with all its pointers is left, even if some pointers have
to be changed again later when a neighbour cell is refined. This way, a cell to be refined can treat all its faces
and neighbours the same, no distinction is needed between cells that are already refined, cells that still have to be
refined, and cells that are not refined at all.

To further increase the generality of the code, the parts that refine cells and faces are completely decoupled.
Thus, for example, all directional refinements of hexahedral cells can be performed with only the capacity to split
a quadrilateral face in two or in four.

4 Water surface refinement criterion

A logical refinement criterion for two-phase flow is refinement around the free surface. For the tests in the following
section, the refinement criterion gets a nonzero value in those cells where the volume fraction is between 0.1 and
0.9. To be safe, a few layers of refined cells are added around these cells.

Figure 3: Directional refinement at the free surface. The curves represent volume fraction isolines.

A vector criterion is used to get directional refinement: the criterion vectors are placed normal to the water



surface. Thus, isotropic refinement is used where the surface is diagonal to the grid and directional refinement
where it is parallel to a grid direction (figure 3). Compared with isotropic refinement everywhere, the directional
refinement greatly reduces the number of refined cells.

5 'Test cases

Our grid refinement method with the criterion from section 4 is tested on two cases of steady ship flow, the Series
60 and the VIRTUE Container Ship. Both are at model scale with fixed trim and sinkage.

5.1 Series 60
The first test case is the Series 60 (C;, = 0.6) ship at Fr = 0.316 and Re = 5.3 - 10%. Measurements for this case
have been performed at ITHR [5].

The grids for this test case are based on a grid that is rather coarse (550k cells), but still has the Az = 0.001L grid
spacing round the free surface that is advised for ISIS-CFD. From this grid, another grid is derived that is identical,
except it has Az = 0.002L at the surface. This (330k cells) grid is used as the initial grid for the refinement. The
first grid, unrefined, is used as a reference. All flows are calculated on four processors.
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Figure 4: Cross-sections of the refined grid for the Series 60, d = 0.001L refinement threshold.

Solutions are calculated with two settings of the refinement threshold d: one that gives a grid size, at the free
surface, equivalent to the original grid and one that gives a twice finer grid. The grid for the first setting is given in
figure 4. The x-cross section at the bow (4a) shows isotropic refinement at the bow wave and directional refinement
around the undisturbed water plane. The grid at the free surface (4b) shows refinement in x- and y-direction in the
wave regions only: the directional refinement is clearly effective.

(b) BRICS, original grid
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Figure 5: Series 60, wave profiles.

Compared with the original grid, both refined grids give better wave patterns (figures 5 and 6a). This is due to
the refinement in x- and y-direction in steep waves. Especially the coarsest refined grid (figure 5a) is spectacular,
as it has fewer cells (506k) than the original grid in figure 5b, so the solution is computed faster. The finer refined
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Figure 6: Series 60, x = const. wave cuts for two refinement thresholds (a) and for non-compressive (GDS) versus compressive
(BRICS) volume fraction discretisations (b).

grid offers only a small extra improvement, despite its 1.30M cells.

As a final experiment, the compressive BRICS discretisation used so far for the volume fraction, is replaced
by the non-compressive GDS scheme. This scheme is less accurate than BRICS, but it allows much larger time
steps, so it gives faster computation times. And accuracy can be provided with local refinement; GDS with the fine
threshold (1.15M cells) produces about the same result as BRICS with the large threshold (see figure 6b), yet the
solution was about four times faster.

5.2 VIRTUE Container Ship

The second test is the VIRTUE Container Ship at Fr = 0.272, Re = 1.84 - 107, and draft 0.388m (full-scale
11.3m). This ship is a test case for the European project VIRTUE, in which EMN participates. Measurements have
been performed by HSVA in Hamburg. The flow is more challenging than the Series 60, as the ship has a bulb, a
breaking bow wave, and a (dry) transom.

A fine grid (3.07M cells) is used as the basis for refinement. By setting d = 0.0005L, about one level of
refinement is added. The original grid is already quite fine in x- and y-direction, so most cells are refined in z-
direction only. Thus, the refined grid is not much larger (3.68M cells) than the original grid. The compressive
BRICS scheme is used. The flow is solved on 18 processors; as it was started from the converged original grid
solution, the refined grid computation takes only about 40% extra computation time.

The improvement in the solution is spectacular. Waves are steeper and the wave pattern has more detail (figure
7). Agreement with the experiments is much better than for the original grid: figure 8a shows that the waves are
diffused less and that even the small wave details are resolved well. Also near the stern (figure 8b) the general
shape of the waves has greatly improved and the breaking part of the rooster tail is captured well.
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Figure 7: VIRTUE Container Ship, wave profiles on refined and original grid.
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between x/L = —1 and x/L = 0, the stern is at x/L = 0.

6 Conclusions and perspectives

We presented an adaptive grid refinement method for a parallelised unstructured finite-volume code. The method
currently provides directional refinement for unstructured hexahedral meshes. To get a flexible and general method,
the refinement criterion, the decision whether or not to refine each cell, and the actual refinement are strictly
separated. Also, the refinement of cells and faces is decoupled. Results for a free-surface refinement criterion on
two steady ship test cases show significant increases in accuracy and efficiency, compared to non-refined grids.

Work in progress includes dynamic load balancing (the redistribution of the cells over the processors after
each refinement) and unsteady problems; due to its derefinement capability, the method is suitable for those. The
main long-term goal is the development of more sophisticated refinement criteria. These can go from combinations
of the present criterion with a gradient-based criterion refining in the zones below the waves, to error estimators
and adjoint-based methods. Finally, the current method is three-dimensional, but extension to two dimensions is
straightforward.
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1 Introduction

The Lattice Boltzmann methods (LBM) were developed for the lattice gas automata (LGA)
(see [1], [2]), more recently they have been used to study a variety of fluid dynamic problems.
Differently from the classical CFD methods that solve the macroscopic variables u and p in the
Navier Stokes equations, the LBE approaches solves the kinetic equation for the particle velocity
distribution function f(x,§,t) in which & is the particle velocity vector, x is the spatial position
vector and t is the time. The macroscopic function p and pu are obtained from the evaluation
of the hydrodynamic moments of the distribution function. This approach was first proposed
by Qian et al. [3], Chen et al. [4], and dHumieres [5] and it is becoming more common because
of the flexibility of the method to deal with compressible and incompressible flows and because
it does not need any iterative solver for the pressure equations. More recently it has also been
adapted to problems with a free surface, even though these applications are still limited. This
work aims to study to application of this method to naval problems, through the analysis of
classical test cases in 2D.

2 General LBM algorithm D2Q9 BGK model

A popularly adopted kinetic model for the solution of the Lattice Boltzmann equation is
the single-relaxation-time (SRT) approximation, the so called Bhatnagar-Gross-Krook (BGK)
model [6]:

aof

1 e
E*‘fvf: _X(f_f 7) (1)

where \ is the relaxation time and f¢¢ is the equilibrium distribution function (the Maxwell-

Boltzmann distribution function).

In the discrete form of the LBM method, the distribution function is represented on a lattice
unit, that is a cell with a number of nodes on which f is distributed. The number of nodes can
vary according to used representation. The most classical one for the 2D problems is the D2Q9
lattice cell shown in figure 1, with nine nodes, one in the centre, four in the centre of the each
side and four on each corner.

The macroscopic variables are then linked to the distribution function through the equations:

S filwt) = pla,t) (2)

i=0,8

Z eifi(z,t) = p(z,t)u(x,1) (3)

i=0,8

where e; are the velocity vectors in the lattice unit (see figure 1). In the discrete form the BGK
equations become:

Fi(m + edt t + 6t) — fil(m,) = —%(fi(ac, 0 — f(a, 1)) (@)
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Figure 1: Left: Definition of the lattice cell and of its velocities. Right: Details of the collision process
for velocities close to the boundaries.

with 7 = A/dt, they are solved using the two steps:
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where the equilibrium distribution is of the form

e 3 9 3
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and w; are the weighting factors given by

4/9, i=0,
wi=14 1/9, i=1,234 (7)
1/36, i=5,6,7,8

The Navier-Stokes equations are obtained through a multi-scale expansion, the Chapman-
Enskog expansion, with time and space rescaled as

t1 = et, to = 62t, T = €x,

9_.92 ,00 0 _ 9
8t N 8t1 8752’ ax N 8901

fi= ] +efi + €17+ 0(€)

In the incompressible limit of |u|/cs << 1, where the speed of sound ¢, = 1/1/3, the mass and
momentum conservation equation are recovered from equation (4) when v = (7 — 1/2)c26t.

3 Boundary conditions

Solid boundaries To deal with solid boundaries, several schemes have been proposed. The
earliest one is the bounce-back condition [7] that reflects the outgoing weights inside the field.
This model is easily applied to boundaries parallel to one of the directions of the lattice cell but



q | BB| ULI DLI
1/2 1 [0,1/2] | [1/2,400]
X1 1 2q 1/2q
Yo | 0 | 1-2q 0
x-1 O 0 (29-1)/2q
wy || 2 2 1/q

Table 1: Coefficient of different boundary conditions and their range of validity: bounce back (BB),
upwind and downwind linear interpolation (ULI ad DLI).

it fails to describe properly curved boundaries. So Bouzidi et al. [8] proposed a description of
the boundary according to its distance from the wall ¢q. Altering the post collision distortions
(see right side of figure 1), the new distribution function in the boundary cells are written as:

fu@,t 4 0t) = x1fy(x,t) + xofi(® — €;0t,t) + X1 fo (2, ) — Gwawij; (9)

where e;; = —e; and j; is the the ¢ — th component of the momentum. The coefficients y are
given in table 1. In the following, the linear upwind and downwind interpolation will be used
for all the cases that have been tested.

Free surface When a free surface delimits the fluid domain, the cell are subdivided into three
categories: 1) fluid cells (completely filled with liquid), 2) gaseous cells (empty) and 3) interface
cells (partially filled with liquid). The solution is calculated only in the cells of types 1 and
3, while the dynamic of the gas is neglected and its density is assumed uniform and equal to
pa = 1 so that the air pressure (or reference pressure) is equal to pg = c2. The free surface
is tracked through a volume fraction m(x,t) as in the fashion of the VOF (Volume of fluid)
methods and it is advected with the fluid velocity:

om(x,t)
ot

During the flow evolution, cells can change their state from 1 to 2 and to 3. When a cell initially
empty (type 2) is partially filled (type 3), the distribution function has to be initialized in it.
Some node ¢ are initialized by the propagation step, in their complements this is done trough
the following algorithm [9]:

fi/(xat + 5t) = fieq(pAau) + fﬁq(pAvu) - fi(xat) (11)

where u is the velocity at the cell position x at the time t.

= —u-Vm(x,t) (10)

4 Test cases

Couette flow The classical Couette flow has been used to test the boundary conditions and
their convergence. A constant body force is applied to an otherwise still channel flow. When
the flow has reached steady state conditions, the horizontal velocity has a parabolic profile in
the y direction and its maximum is equal to a,/(8v) where a, is the acceleration associated to
the body force. The boundary conditions along the x direction are assumed periodic, i.e. the
flow outgoing the section x = L is the incoming flow in the section x = 0 and wiceversa. Figure
2 shows the horizontal velocity profiles for different discretizations. Comparing the numerical
results to the analytical solution, it is possible to obtain an order of convergence of 1.58 for
g = 1/2. If the distance is either increased or diminished, the order of accuracy reaches 2.
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Figure 2: Horizontal velocity profiles along the y direction for different discretizetions.

Re 10 20 40
0 142 | 134 | 127
L/D| 04 | 1.05 | 2.25

Table 2: Angle of separation, and length of the wake for low Reynolds number flows behind a circular
cylinder (D/éx = 20).

Flow behind a circular cylinder The second test case deals with a curved boundary, i.e. a
cylinder immersed in a uniform flow. Velocity boundary conditions are given at the boundaries
of the domain. They are assumed far away enough from the cylinder to avoid any blockage effect
on it. These conditions are enforced as if the boundaries of the domain where solid boundaries
with given velocities. Figure 3 shows the flow around the cylinder for three different Reynolds
numbers respectively Re=10,20,40. For each of these numbers, the flow is in the stationary
regime. In it, it is possible to measure the following quantities: the angle of separation and the
length of the wake, reported in table 2. Numerical data agree quite well with the experimental
data by Wu et al. [10] and Taneda [11] for all the values even though the mesh is coarse
(D/éx = 20).

For Reynolds numbers higher then 45, the flow becomes non-stationary and it is possible to
calculate a Strouhal number St = D/TU, where T is the period of vorticity released behind
the cylinder (see figure 4). Its value as a function of the Re is reported in table 3. The results
are again in good agreement with the numerical and experimental results presented in table I
by He and Doolen [12].

Re || 50 | 100 | 150 | 200
St || 0.13 | 0.16 | 0.18 | 0.186

Table 3: Srouhal number for high Reynolds number flows behind a circular cylinder (D/dx = 20).
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Figure 3: Flow around a circular cylinder at low Reynolds numbers (D/dx = 20).
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Figure 4: Vorticity released behind a cylinder at Re=200 (D/dx = 20).

Dam break problem The last test case deals with the violent deformation of the free surface.
One of the vertical wall delimiting a rectangular reservoir (1000x x 80dx) of water is suddenly
released. The water flows on the open side along the bottom. If a wall is positioned downstream,
the water impacts on it and rises upward. Figure 5 shows the flow evolution form the release
of the dam to the impact on the downstream wall. The solver is able to handle the evolution
of the free surface, but the coarse mesh used enlarges the boundary layer creating a sub-layer
with almost zero velocity that influences the evolution of the free surface. A further study is
necessary to introduce an adaptable mesh whose size fits the details of the locally described flow.
Moreover an algorithm for the wetting and drying of the solid walls is necessary to describe the
local features that have not been completely captured with the described algorithm. In fact, a
thin layer of water is left attached on the left wall, while the bottom, along which, the water
flows is never completely wetted. This I due to the no slip condition described above, a zero
velocity on the solid boundaries prevents the water either to detach or to be attached to the
walls.

5 Conclusions

Even though the LBM method has been implemented in a simple way, it has shown its ability
to describe complex flow conditions with solid and free surface boundaries of curved shapes.
The lack of an adaptive mesh and of a proper wetting and drying algorithm has made the
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Figure 5: Evolution of the flow field in the dam break case.

description of the free surface pour, nonetheless it has shown its potentialities as a quick and
easily parallelizable solver.

The present research activity is supported by the within the framework of the 'Programma di Ricerca
di Idrodinamica Navale 2007-2009’ and of the "Programma Sicurezza 2006-2008’ funded by Ministero
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1.Introduction

Recently, computational fluid dynamics are employed in various engineering problems. While the
Reynolds averaged Navier-Stokes(RANS) simulation results show useful accuracy in mild flow sepa-
rations, unsteady RANS(URANS) predictions of highly separated flows have been unreliable. The
relatively poor performance of URANS has motivated the increased applications of large eddy simu-
lation(LES). The cost arises when applied LES to complex configurations at high Reynolds numbers
because of the resolution required in the boundary layers and wakes. Detached eddy simulation(DES)
is a hybrid method which has RANS behavior near the wall and becomes a large eddy simulation in
the regions away from solid boundary. DES is considered to require much less computational resources
than LES and easy to implement to a RANS solver through the modification of the turbulence models.

DES has the problem which is known as modeled stress depletion(MSD) when applied to the am-
biguous grid. DES uses a limiter which is based on the grid spacing like sub-grid-scale model of LES.
It usually works well, however the limiter reduces the eddy viscosity and modeled Reynolds stress,
without any sizeable resolved stress to restore the balance in ’ambiguous grid’. A new version of DES
which is named Delayed DES(DDES) is proposed. DDES keeps the RANS behavior in boundary layer
to prevent MSD.

Numerical study of DES, DDES and URANS for a simple geometry are carried out in this paper.
Flows around a circular cylinder of DES, DDES and URANS are shown, and the pressure distributions
on the cylinder are compared with measurement result. Capability of DES and DDES is examined in
the present study.

2.Numerical Method
2.1 Navier Stokes Solver SURF

The flow solver used in this study is called SURF (“Solution algorithm for Unstructured RaNS with
FVM”) which is under development at National Maritime Research Institute[1][2]. The governing
equations are the unsteady 3D Reynolds averaged Navier-Stokes equations for incompressible flows.
Coupling between pressure and a velocity field is made by artificial compressibility approach. Dual
time integration method is used for a unsteady simulation.

The final form can be written as follows:

Oq"  0q Oe—e') O(f—-f') I(g—g¥)

o Tar T e ey T a: Y

and

T

a=[p v v wl]T, q+=[0 u v w]T

In the above, all variables are nondimensionalized using the reference density pg, velocity Uy and
length Lg. The velocity components in the (x,y, z) direction is expressed as (u,v,w). Physical time
(t) and pseudo-time (7) derivative terms are required for a unsteady simulation.



The inviscid fluxes e, f and g and the viscous fluxes e¥, f¥ and g¥ are defined as:

Bu Bu Bw
. u? + p - VU - wu
o ey T v 4p | &= wo ’
uw vw w?+p
0 0 0
eV — Txx ’ v — Txy , gv _ Tzx
Tey Tyy Tyz
Tzx Tyz Tzz

where (3 is a parameter for artificial compressibility and 7;; = (% + Vt) (g;] + g—;j). R is the Reynolds
number defined as UpLg/v where v is the kinematic viscosity. 14 is the non-dimensional kinematic
eddy viscosity.

Since a basic numerical procedure for the Navier-Stokes equations are described in references[1][2],
only the brief outline is given here.

Spatial discretization is based on a cell-centered finite-volume method. A computational domain is
divided into unstructured polyhedral cells and flow variables (pressure, velocity and eddy viscosity)
are stored in the center of each cell. Cells whose shape are hexahedra, tetrahedra, prisms or pyramids
can be used and the combinations of these cells give greater flexibility for handling complex geometry.

For the inviscid fluxes (convection terms and pressure gradient terms), the second order upwind
scheme based on the flux-differencing splitting of Roe with the MUSCL approach is employed. The
viscous fluxes are evaluated by the second order central scheme. Thus, the overall accuracy in space
is the second order.

The backward Euler scheme is used for the pseudo-time integration. The physical time derivative
term is evaluated in second order scheme.

Local time stepping method is used in pseudo-time, in which time increment is determined for each
cell in such a way that the CFL number is globally constant. The linear equations derived from the
pseudo-time linearization of the fluxes are solved by the Gauss-Seidel iteration. The pseudo-time
iteration continues until the averaged residual is less than a threshold value or the iteration number
reaches its pre-set value. As a threshold value and maximum number of iteration, the values of
1.0 x 103 and 60 are given in present study.

2.2 Turbulence Model

DES and DDES are based on the Spalart-Allmaras[3] one equation turbulence model. In the S-A
model, the working variable v is used to form the eddy viscosity and its transport equation takes the

forml[4],
V- { (}% + D) va} + cbg(v;;)2]
+

) fnAU?

ov ov ov ov 5. 1
tu—+v—+w— = cp[l— fio I/—l—;

ot ox Jy 0z
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- |:Cw1.fw - ?ft2:| (

The eddy viscosity v4 is obtained from

—
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The production term is expressed as as



Yoo for = (14 2278

e
lwl + K2d? Co2

where |w| is the vorticity magnitude. The function f,, is defined as
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where d is the distance from the closest wall.
The function f;2 is defined as

feo = Ct3€$P(—Ct4X2)

The trip function f; is specified in terms of the distance d; form filed point to the trip, the wall
vorticity w at the trip, and AU, which is the difference between the velocity at the field point and
that at the trip

wy

fun = cagrexp <—Ct2A—U[d2 + 9§d§]>

where g; =min(0.1, AU/w;Az), where Az is the grid spacing along the wall at the trip. The model
parameters are given the same values as reference[3].

2.3 Detached-Eddy Simulation(DES) formulation[4]

The DES formulation is obtained by replacing the distance to the nearest wall in all terms, d, by d,
where d is defined as

d= min(d, CDESA)

A is the largest grid spacing among all directions. The model constant Cpgps = 0.65 was set for a
homogeneous turbulence flow and is used in the present work.

In addition, the trip term f;; AU? is neglected in DES and DDES in view of the numerical results
with an unrealistic phenomenon that v; is observed in front of the cylinder.

2.4 Delayed DES(DDES)[5]

"Ambiguous grid’ is used in DES, the DES limiter reduces the eddy viscosity and modeled Reynolds
stress. This is referred as modeled stress depletion(MSD). The remedy is proposed as Delayed
DES(DDES). In DDES the length of scale d is redefined as,

147 + ]./R

where U; ; is velocity gradients. The new version of the model keeps the RANS mode in boundary

d~: d— fdma’x(oa d— CDESA)a fd =1- tanh([S’f’d]B),Td =

layer.



3. Simulation Model

A circular cylinder is used for present study. The length scale is non-dimensionalized by the diameter
of cylinder. The computational grids are shown Figures 1 and 2. All grids consist from hexahedra
cells. Spanwise extent is 2.0 which means twice of a diameter and the distance from cylinder to outer
boundary is set as 15.0 in all other directions.

Three grids are generated in the manner of circumferential direction(N,) and spanwise direction
division number(N,). Table 1 shows the detail of computational grids. Coarse grid is consisted from
1.23 million cells, spanwise refinement grid is consisted form 2.02 million cells and 1.62 million cells
for fine grids. Computational grids are concentrated in the field behind the cylinder to capture the
separated flow structure.

Table 1 Detail of Computational Grid

N. N Cells
Coarse Grid(CS) 129 37  1.23 million
CS+Spanwaise Refinement(CS+SF) 129 73 2.02 million
Fine(F) 257 37 1.62 million

As the boundary conditions, the side boundary is set as symmetric condition and the outer boundary
is set as outflow that pressure is zero and Neuman condition for velocities.
Reynolds number is set as 5.0 x 10%. The nondimensional physical time step size is At = 0.033.

Figure

Coarse Grid(CS) CS+Spanwise Refinement Fine Grid

Figure 2: Computational Grid(Near Cylinder)

3.Results and Discussions
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Figure 4: RANS and LES Regions for DDES in two snapshots

Figures 3 and 4 show the RANS and LES regions of DES and DDES. It is obviously shown in DES
formulation, the RANS regions of DES is unchanged to physical time. On the other hand, RANS
regions of DDES is varied with time due to the velocity gradient and v;. From Figure 4, the RANS
regions especially just behind the cylinder are changed in two snap shots. This “gray area” has a
possibility of accelerating growth of natural instabilities in regions where modeled Reynolds stress
should dominate the total stress[5]. However, these instabilities can not be observed in the present
study.

Figure 5 shows the iso-surfaces flow structure of v = 7.5 x 10~% in snapshot. URANS shows two-
dimensional structure of v;. Both DES and DDES results show three dimensional flow structure. DES
and DDES results are considered as the realistic phenomenon in highly separated flow.

Table 2 shows the comparisons of time averaged drag coefficient C'p and Strouhal number St.
Strouhal number is computed by a frequency analysis of lift coefficient.

DES and DDES results show the drastic improvement of prediction. Cp and St of DDES shows
little grid dependence in the present study, although the study for other simple and complex geometry
should be carried out. Also Cp of DES and DDES results still show a slightly higher than measured
results. The reason for the difference is considered as below.

Table 2 Comparisons of Cp and Str

Cp St
Meas."¢/-7 0.68-0.74 0.27
URANS(F) 0.34 0.12
DES(F) 0.83 0.30
DDES(CS) 0.83 0.30
DDES(CS+SF) 0.83 0.30
DDES(F) 0.85 0.30

Figure 6 shows the time averaged pressure distributions on the half cylinder surface. 8 is the angle
measured from the stagnation point.
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Figure 5: Instantaneous v; = 7.5 x 10™4 iso-surfaces

URANS result deviates from the measured result from the point of # = 100 deg. DES and DDES
show the improvement of accuracy in separated flow region but still have the difference in the region
where 6 is greater than 150 deg. The reversed flows are observed in these regions(Figure 7). The
pressure distributions of cylinder surface becomes lower due to these reversed flows and C'p becomes
higher than measured results. The reversed flows may be resulted in the narrow spanwise extension
although the verification is not yet made.

4. Conclusion and Acknowledgment

Numerical study of DES and DDES for the simple geometry, a circular cylinder, is carried out.
Both of DES and DDES results show the improvement of prediction of drag coefficient and Strouhal
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Figure 7: Reversed Flows behind Cylinder(DDES)

number. Also DES and DDES results show the complex flow structure behind the cylinder. Thus,
present results demonstrate the effectiveness of DES and DDES in highly separated flow.

Finally, the authors acknowledge the valuable discussions with the members of Center for CFD
Research of NMRI regarding numerics of DES and DDES.
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Introduction and Background

The hydrodynamics of ships, submarines, and other underwater vehicles are often rather
complicated and fully three-dimensional (3D). The phenomena of 3D open flow separation,
which is one of many features exhibited by the 6:1 prolate spheroid case, is of importance in
many fluid dynamic applications, such as the flow over cars, high-speed trains, ships and subma-
rines, and puts up a challenge for all Computational Fluid Dynamic (CFD) models. When it
comes to engineering applications are Reynolds Average Navier-Stokes (RANS) models, [1],
quickly becoming possible, considering both computational resources and solution accuracy. But
it has been reported, [2], that RANS in some applications can be insufficient. For example where
small-scale flow phenomena, physical processes beyond the incompressible Navier Stokes
model and unsteadiness are of interest and when new designs are to be developed. These prob-
lems can be diminished using Detached Eddy Simulation (DES), [4], or Large Eddy Simulation
(LES), [5-8] models, this approach however result in an increased computation time and a need
for more detailed boundary condition and geometrical data, [3]. For internal flows and combus-
tion applications are DES and LES already widely used. But for flows like those past a ship hull,
an aircraft fuselage or past a high-speed train, all of which is external and comes with a high Re
number, is the cost-effective use of LES as a design tool yet not clear. Consequently, more de-
tailed studies concerning RANS, DES and LES are needed to outline the optimal combined use
of these methods.

This paper aims at comparing RANS, DES and LES predictions of the flow about a prolate
spheroid, with a 6:1 major-minor semi-axis ratio, at =10 and 20 degrees angles of attack.
There have previously been a variety of RANS, DES and LES simulations performed, [9-12],
thus this case is fairly well known. However in this study the same code and grids will be used
for all simulations, which results in a reduction of the model uncertainties. The simulations are
compared with experimental data from previous experimental investigations made by Chesnakas
& Simpson, [13], and Wetzel et al., [14], and also with the experimentally-based visualization
studies of Han & Patel, [15], and Goody et al., [16], providing a detailed understanding of the
surface flow pattern. The observed flow field is well-defined and relatively simple but exhibits
all the fundamental transition and separation phenomena of a 3D flow. The flow separating from
the lee-side rolls up into a strong vortex on each side of the body, figure 1. In the 20 degrees of



attack case a second smaller vortex, associated with a separation and reattachment line, accom-
panies the primary vortex. The accuracy of the different RANS, DES and LES models is esti-
mated through agreement with the experimental data available for the boundary layer profiles
and vortex systems, [13-14, 16]. The boundary layer velocities, being strongly affected by the
separation pattern, the vortex systems and highly sensitive to minute changes in the flow over the
body, constitutes good quantities when it comes to validation.

Figure 1. Perspective views of the flow in terms of streamlines, friction velocity on the hull and con-
tours of vorticity at x/L=0.600 and 0.772, respectively, for the 20 degree angle of attack case.

Governing Equations

The governing equations of an incompressible flow consist of the equations relating mass
and momentum for a linear viscous (or Newtonian) fluid, [25],

V-v=0, 0
d(V)+V-(v®v)=-Vp+V- -5+ f,

where v is the velocity, p the pressure, S =2vD the viscous stress tensor with v the kinematic
viscosity and D =1/2(Vv + Vv") the rate-of-strain tensor and f the external forces. To close the
equations initial and boundary conditions needs to be added.

Turbulence Modelling Approaches

A turbulent flow consists of a large span of turbulent scales, the largest ones being nearly
as large as the characteristic width of the flow and the smallest ones in theory in size of the Kol-
~!2 '[26]. It’s without turbulence modelling, due to time
limitation and insufficient computational resources, in almost all hydrodynamic/aerodynamic
applications not possible to numerically resolve this wide range of scales.

mogorov length scale decreasing as Re

In this section is a short summary of Reynolds Averaged Navier Stokes (RANS), Detached
Eddy Simulation (DES) and Large Eddy Simulation (LES) models presented.

Reynolds Averaged Navier Stokes (RANS) models

In RANS models the flow is assumed to fluctuate about a stationary solution which make it
possible to decompose the velocity v into its mean (v) and fluctuation v', so that v =(v)+v',



[26]. Using this representation and the proper mathematical operations the Navier-Stokes equa-

tions (NSE, [Ekv.1]) can be transformed into the RANS equations [Ekv.2],
\% <V> =0 )
3,(v)+V-(v)®(v)) ==-V(p)+ V- ((S)-R) +(f)

To solve these equations the Reynolds stress tensor R = <V' ®V'> needs to be modeled using a tur-

bulent closure model. In this study we have employ the Launder Sharma model, [17], capable of

handling both separated flows and boundary layer flows.

Large Eddy Simulations (LES)

In LES, [5-8], as well as in DES, [4], all turbulent motions larger than the characteristic
grid spacing, A, are resolved using a space and time accurate scheme and by modeling the influ-
ence of the unresolved subgrid scales. The flow and geometry dependency of the larger scales
makes both LES and DES more reliable than RANS, [18], especially in cases where large-scale
unsteadiness is significant. Far from walls, the details of the subgrid models are of less impor-
tance, as long as it provides sufficient dissipation to emulate the subgrid turbulence. Used in this
study is the One Equation Eddy Viscosity (OEEVM) model, [19], the Mixed Model (MM), [20],
and the Wall Adaptive Localized Eddy viscosity model (WALE), [21].

The LES equations are derived from (Ekv.l) by low pass filtering, using a kernel
G = G(x,A), such that,
{V ‘v=m’,

- e < . 3)
d(VM)+V-(V®V)=-Vp+V-(S-B)+f+m"

Compared to the original NSE (Ekv.1) three new terms is introduced. The unresolved transport
term V-B, where B = (@— vV ® V) is the subgrid stress tensor, the commutation error terms
m’ =[G*V]v and m’ = [G*,V](v ®v + pI-S) where [G*,V]f = Vf-Vf is the commutation
operator.

Detached Eddy Simulation (DES)

The primary practical difference between DES and LES is the treatment of walls; in DES
the subgrid model is designed to switch to a RANS model (e.g. the Spalart-Almares model, [22],
as will be employed here) close to the wall, whereas in LES either a sufficiently fine grid is re-
quired to resolve the near-wall structures (wall-resolved LES), or a separate wall model (wall-
modeled LES) is required, [23]. There is insufficient understanding of how RANS, DES and
LES behave when applied to complex wall-bounded flows and with the current work we hope to
shed some new light on how different models behave and which features to be particularly con-
cerned with. One such issue is the boundary layer tripping employed in the experiments at 20%
of the hull length in order to increase the experimental repeatability. Due to the physical size of a
typical trip device and the flow structures generated by it we believe that it either has to be a part
of the geometrical model or the physical model. In the first case the grid needs to be fine enough
to resolve the trip-induced structures and their evolution and in the latter, a separate trip model
has to be developed and employed.



Numerical Approach

A finite volume method for arbitrary cell-shapes and a segregated approach described in
[24] is used to discretize the flow equations. The space discretization uses linear reconstruction
of the convective fluxes and central differencing of the viscous flux terms with compact 2" order
stencils and time integration is performed by explicit 2" order backward differencing which thus
guarantees overall 2" order accuracy and low numerical diffusion. The pressure-velocity coupl-
ing is handled with a PISO procedure based on a modified Rhie & Chow interpolation for the
cell-centered data storage structure. The equations are solved sequentially, with iteration over the
explicit source terms, with a Courant number limitation of about 0.3.

Results and Discussion

Presented in figure 2 are results from different LES, DES and RANS models. In figure 2a
and 2b is the predicted and measured velocity components represented in the body surface coor-
dinate system at the azimuthal angle of y=120° and at x/L=0.600 and 0.772. With U tangent to
the hull surface in the body axial direction pointing toward the tail, V in the hull surface’s out-
ward normal direction and W tangent to the hull surface in completing a right-handed coordinate
system. The angle, y=120°, was chosen to catch the complexity of the flow directly underneath
the primary vortex. Both OEEVM+VM and the MM+WM, where +VM indicates the use of a
wall model, [23], show reasonable agreement with experimental data. The WALE model pre-
dicts a too thin boundary layer, even though it theoretically has a better near wall scaling then the
OEEVM. The RANS model simulation gives a result close to the experimental data, but doesn’t
capture its characteristic shape. The DES, in this case benefitting from the RANS wall model,
gives surprisingly good result for x/L.=0.772. Figure 2c¢ show the secondary streamlines superim-
posed on the local mean velocity magnitude, U|/th, to the right and on the turbulent kinetic
energy to the left, with the data taken in a plane perpendicular to the body axis at x/L.=0.772. The

lowest velocities are observed just beneath the separation lines. For both angles of attack a
groove of low-velocity fluid is found between the two separation lines, corresponding to regions
with large pressure and velocity fluctuations, since the primary vortices sweep up the low mo-
mentum fluid near the wall and that this fluid then accumulates between the primary vortex itself
and the separation line. In figure 2d we compare the friction velocity, u,, between the different
simulations and the experimental data. Surprisingly good agreement is found for the
OEEVM+WM and MM+WM, whereas the WALE model under-predicts u, by a factor of about
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----- LES-MM+WM
---- LES-WALE
-{{—nDEs
RANS
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Figure 2. Comparison of selected statistical quantities between the simulations. (a) u/u,, v/u, and w/u,
at 9=120° and x/L=0.600, (b) u/u,, v/u, and w/u, at Y=120° and x/L=0.772, (c) secondary streamlines
superimposed on contours of the local mean velocity magnitude to the right and the turbulent kinetic
energy to the left, and (d) friction velocity at x/L=0,729.

Concluding Remarks

In this study the flow about a 6:1 prolate spheroid is simulated using a set of RANS, DES and
LES models. The results are to draw conclusions of the predictive capabilities compared to the
experimental data of Simpson et al. [13-14, 16], in which a circumferential trip was placed at
x/L=0.2 to improve the repeatability of the experiments. The employed RANS model is the
Launder Sharma model, [17]. For LES three different models were used: the Wall Adaptive
Localized Eddy viscosity model (WALE), [21] and together with a wall model (+VM), [23], the
One Equation Eddy Viscosity Model (OEEVM), [19] and the Mixed Model (MM), [20]. The
RANS model in the DES case was the Spalart-Almares model.

The OEEVM+VM, the MM and the DES models give reasonable agreement in a compari-
son with experimental data. When it comes to the RANS and the WALE model it’s clear that
they doesn’t provide the correct flow field. For the latter model however we suspect, due to the
thin boundary layer in the prediction, that a trip model might improve the result. In the future
work the impact of the trip needs to be examined and simulations performed on a sequence of
grids to further document the predictive capabilities.
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1 Introduction

Nowadays, progress in mesh generation tech-
niques and solver performance has been such
that it is now possible to compute any trajec-
tory of an object moving in free motion within
a fluid. Nevertheless, a complete model of the
maneuverability is necessary to predict sub-
merged body trajectories. In classical models,
hydrodynamics forces are globally introduced,
by the mean of coefficient identified with exper-
imental data, in the equations of motion. Un-
steady forces are neglected for large object such
as ship or submarine but must be taken into ac-
count for smaller object such as AUV, torpedos
or countermeasure. The present study consists
of coupling the equations of motion with a flow
solver. To validate the model, the construction
of a 2D hydrodynamic channel is in progress.
To solve the equations of Euler-Newton of a
solid in void, in air or in water is of increasing
difficulty. In fact, the water is heavy compared
to air and its density is, in most cases, close
to the density of the solid body. Fluid iner-
tia forces are represented by an added mass in
phase with the acceleration. The corresponding
term makes the explicit scheme unstable.
Soding [2001] first mentioned this problem
for most naval applications. Since, Leroux et al.
[2007] proposed to overcome this difficulty by
using a Crank-Nicholson scheme. This scheme
is presented in this study. First, a Navier-
Stokes solver is used to solve the flow in order
to simulate motion of an arbitrary submerged
body. After verification, to validate the model,
a cylinder and a parallelepiped lighter or heav-
ier than water are released in a tank. Trajec-
tories and velocities are compared to numeri-

cal data obtained thanks to the Navier-Stokes
solver. Moreover, this Navier-Stokes solver has
permitted to design a 2D hydrodynamic chan-
nel with a uniform horizontal flow. Conclusions
about the design are presented in this article.
The method is also coupled with a potential
solver. The range of applications is much more
restricted since the viscosity is ignored and only
profiled bodies can be considered. Thus, it
could permit to make advances in propulsion
considering the bio-mimetism : fast fish pro-
pel themselves in water through rhythmic mo-
tion of their tail. Such motions are studied in
Guglielmini et al. [2003], Guglielmini and Blon-
deaux [2003], Triantafyllou et al. [2000], Schou-
veiler et al. [2005], Barrett et al. [1999], Pedro
et al. [2003]. These articles could be split in
two types: half of them deals with the lift due
to vortex generation and the others with the
characteristics of the motion : tail form and
the Strouhal number which ranges from 0.2 to
0.4 for fish and cetacean. Here, attention is
payed to thrust produced by forcing the heave
and the pitch.

2 Solving the Euler-Newton
equations

2.1 Numerical scheme

Hydrodynamics forces are computed from a
Navier-Stokes or a potential solver. Then, they
are introduced in the numerical scheme. As
explained in the introduction, forces contain
a term depending on the acceleration. First,
an explicit scheme is studied and its stability
criterion determined. Next a Crank-Nicholson



scheme is used to solve the stability problem.

The vector F(v) represents the total forces
and moments acting on the solid body and
—mg¥ the inertial forces depending on the ac-
celeration. f(v) = F(v)+m,0 contains no term
depending on the acceleration. The equation of
motion is then written as :

mv = F(v) = f(v) — mg0 (1)

The stability criterion of the numerical scheme
depends on the added mass. Let us consider
first a classic explicit Euler scheme :
" — ,Unfl
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But : f(v" +¢&") = f(v") + %™ + O(e™). By
considering only the first order in € and by sub-
tracting 2 to 3, the following expression is ob-

tained :
€n+1 —_ (1 o %)€n+ %gnfl + gg
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e (4)

If the added mass is zero, the scheme is stable
only if % < 0. In the following, the precedent
hypothesis is verified and the damping will be
neglected. By solving equation (4), considering
the error propagation constant, it appears that
the error is composed by a constant part and
by a part multiplying by —==. The stability
criterion sums up to :

<1

()

’ma
m

This condition is generally not respected in
naval hydrodynamics. To overcome the sta-
bility problem, a Crank-Nicholson scheme is
used. This scheme corresponds to the sum of
an implicit Euler scheme and an explicit Euler

scheme. The following scheme is then obtained

,UnJrl — " o — ,Unfl A ,UnJrl _ ,Unfl

. n
m——— = F(")+A A3 A7
(6)
In this equation, the term f has been replaced
by the expression depending on F, the total
forces acting on the solid body. The solver pro-
vides the total forces that contain a term de-
pending on the real added mass m, of the ob-
ject. To calculate the criterion stability, this
term must appear. By making the same hy-

pothesis than before, we obtain:

A A
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(7)
The stability criterion deduced from equa-
tion (7) is composed of a constant part and a

part multiplied by — ’3;%:’2‘1. The stability cri-
; ; . |A=2m,
terion is then: ‘ | <1
. . —2my,
Let us consider the function f(z) = =1

defined on [—oo;4o00] for z € [0;+00]. The
function study shows that f(x) is once equal
to —1. This value is obtained for A = m, — m.
The only limit of the stability criterion resulting
in a divergent scheme is finally A < m,—m that
means for the stability criterion :

mg — A
m

<1 (8)
It appears that the scheme is always stable
when A is over-estimated. A cube, for instance,
has an added mass superior to its displace-
ment. We first chose to test the scheme on the
case of an submerged cube falling in a straight
course. In this case, the analytical solution is
well-known. The numerical solutions obtained
with a Euler or Crank-Nicholson scheme are
compared with the analytical solution on fig-
ure 1. As expected, the simple explicit scheme
(equation(2)) diverges. Here, the forces were
included directly in the stand-alone routine.

2.2 Implementation

The scheme has been embedded in a routine
written in C. It is able to work independently
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Figure 1: Comparison between Euler and
Crank-Nicholson scheme and analytical solu-
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m

or coupled with a solver. 2D or 3D is possi-
ble. The program just needs the forces acting
at the body center of gravity to calculate its tra-
jectory. When it works in a stand-alone mode,
unless the solid is moving in void, the hydrody-
namics forces must be known. For simple cases,
the code can be used in a stand-alone mode at
least for verification.

This program has two input files: one con-
tains the characteristics of the solid body
(mass, volume, density, inertial matrix, initial
speed) and the other, the external forces. In
brief, the routine performs the following stages:

1. It reads the input files. Since the file is read
at the beginning of each time step, it is
possible for instance, to simulate ballasting
and/or propulsion.

2. Then it reads the file containing the saved
velocities of the two previous time steps
and Euler angles.

3. It gets hydrodynamics forces, moments as
computed by the flow solver.

4. These data are converted into the local sys-
tem of coordinates.

5. Total forces are computed.

6. Accelerations are computed in the local
system of coordinates.

7. The new velocities are computed using
the Crank-Nicholson scheme described in
equation (6.)

8. Velocities are written as such for the next
time step and converted to the global sys-
tem of coordinates before they are passed
to the flow solver which performs the
hydrodynamic simulation for the current
time step.

The total forces of stage 5 contain of course
the weight and inertia forces and moments but
also any other non-hydrodynamic forces to be
considered such as ballast or propulsion.

3 Coupling with a RANSE
solver

The scheme is embedded in the commercial
Navier-Stokes solver Fluent. This solver ad-
mits user defined functions (UDF) which must
be written in C.

3.1 Simulation results

In Koutsavdis [2002], results of a user de-
fined functions called Six Degrees Of Freedom
(6DOF) were presented for a bomb leaving a
bomber. Although this presentation was a ma-
jor stage, for the reasons discussed in the in-
troduction, it could not be applied for under-
water vehicles. Inspired by the work of Kout-
savdis [2002], the user defined function has
been rewritten to include the Crank-Nicholson
scheme written in equation (6).

The simple case considered afterwards is the
falling cylinder with a mass of 1.3 kg. The
cylinder is represented with a large mesh. This
representation enables, thanks to an in-house
code, to calculate the added mass matrix and
the inertia matrix of the solid body. We find
an added mass equal to 1.26 kg and a dimen-
sionless inertial matrix:

I =
6.73x 1071  —6.45x10"% —1.62x 107!
—6.45x 1072  6.73x 107! —1.62x 107!
—162x 107" —162x10"* 151 x1073



It appears that a 2D simulation is a good ap-
proximation of the motion.

Concerning the Navier-Stokes solver, a rep-
resentation of the 2D problem is necessary. A
particular attention is brought to the mesh. In
fact, because of the motion of the body, the
remeshing of the domain is important during
the simulation. That test shows that the nu-
merical scheme is stable and that the Navier-
Stokes solver coupled with the routine presents
some realistic results (see figure 2). Then, se-
ries of simulation were performed with a par-
allelepiped lighter and heavier than water with
an initial pitch angle non equal to zero. As ex-
pected, in a static fluid and for a Archimedes
number
_ Apgrd,
=
big enough , the motion of the submerged body
not showing a preferential direction is chaotic,
Jenny et al. [2003]. Here, req stems from
%m‘gq = V with V the volume of the submerged
body, Fernandes et al. [2005]. Hence, a param-
eters study should be performed to identify the
limit of such behavior. To validate our model,
the trajectory should not be chaotic. A zero
flow velocity stabilizes the trajectory and thus
could permit to validate the model. Moreover,
because the three-dimensional simulations re-
quire too much computing time, it has been
decided to examine the feasibility of an experi-
mental device to validate the model in 2D.

A

3.2 Experimental validation

First of all, a bidimensional tank was built in
order to check the bidimensionality of the mo-
tion : cylinders with different thicknesses, cho-
sen to allow for a minimal looseness between
the body and the inner wall without disturbing
its motion, were released and their trajectories
and velocities recorded (see figure 2). The in-
ner tank is 0.8 m height, 0.4 m wide and 0.02
m thick. The cylinder which reached the ana-
lytical limit speed has a looseness of 0.2 mm.
However, since the motion is chaotic in a static
fluid, an hydrodynamic channel is necessary to
validate the model. The design is in progress.
The aim is a velocity range [20 cm/s : 40 cm/s],
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Figure 2: Comparison between experimen-
tal (dashed lines), numerical and analytical
(straight line) velocity of a falling cylinder in
a two-dimensional hydrodynamic channel

test section dimension 0.8 x 0.8 x 0.02 and a
system to release object from the top or the
bottom. These parameters contribute to the
uniformity of the flow.

4 Coupling with a potential
flow solver

The routine was also coupled to a potential
solver. It is a Boundary Element Method
(BEM) code. This belongs to what Hoeij-
makers [1992] refers to as "second generation"
panel methods involving the Dirichlet condi-
tion. Body surfaces are discretised into first or-
der panels carrying constant source and doublet
distributions. The wake developing behind the
wing is formed with a sheet of first order pan-
els carrying constant doublet distributions and
it is generated with time in a Lagrangian man-
ner. To verify our method, a NACA 23012 with
an angle of attack of 6° and an initial speed of
4 m/s is placed in an invert flow of 2 m/s. From
there, we simulate natural decreasing speed due
to drag. The theoretical speed is calculated by
solving the fundamental principle of dynamics:

ov 1
(m+mg) o = 5pCpS(u(t) —Usx)®  (9)
ot 2
with m, the mass of the profile in kg; m,, its
added mass in kg; S its lift area; Cp, its drag

coefficient and p, the fluid density in kg/m3.
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with 8 = 52205,
equal to —4 m/s — and Uy the flow velocity.
The drag coefficient is in Abbott and von Doen-
hoff [1949] : for a NACA 23012 with an attack
angle 6° and a Reynolds number close to one
million, the coefficient C; is 0.75. the profile

2
% = 3. According to

o(t) + Uso (10)

v0 the initial speed — taken

aspect ratio is A =
the Hembold formula :

A

CL C'l * \/m 1o
Considering a 3D problem : Cp = Cp/(7A),
thus Cp is 0.04. In order to obtain the added
mass, simulations of a motion with a constant
acceleration have been performed. Therefore,
from the forces provided by the potential flow
code, it is possible to calculate m, depending
on the flow.

absolute speed (m/s)

analytical speed ----numerical speed

Figure 3: Comparison between theoretical and
coupling codes results

On figure 3, it appears that numerical and
theoretical results are similar.

As mentioned in the introduction, the cou-
pling with a potential solver offers the oppor-
tunity to make progress in propulsion consid-
ering the bio-mimetism. By forcing pitch and
heave as sinusoidal functions §-dephased (see
figure 4), thrust is produced. A limit speed is
reached. Its value depends on the characteris-
tics of the motion like the amplitude of heave
Zo, the amplitude of pitch «g, the motion fre-
quency fo, the wing length L and chord c¢. Let

us apply the buckingham theorem.

f(‘/lzma 20, Q, vaLa C) =0

These variables are expressible in terms of two
independent fundamental physical quantities :
meter and second. Considering six variables,
the f—expression is equivalent to an equation
involving a set of four dimensionless variables.

Viim 20 L
F , 5 Qp, —
cfo’ ¢ c

Two known dimensionless numbers appear : the

Strouhal number St = ‘Zi and the wing as-

pect ratio A = £. Then :
(&3

) =0

F(St, A, %O,ao) =0 (11)
Then, a series of simulation has been launched.
Strouhal number appears to be similar to those
of cetacean i.e. about 0.2 which could be under-
stood considering that cetacean have a rigid tail
like in our simulations.The possibility opens a
wide range of applications and further studies.
Furthermore, for additional verification, the
added mass matrix computed from a potential
solver is directly introduced in the stand-alone
routine. The speed limit obtained this way is
lower than our simulation by about 30%.

ma, = [ [ i as
S n

The discrepancy is to be blamed on equa-
tion (12). This equation, although standard
to compute the added masses, is only valid for
non-lifting bodies.

(12)

5 Conclusion

A numerical method has been developed to sim-
ulate the free motion of a submerged body. The
method involves a Navier-Stokes or a potential
solver coupled with a routine solving the equa-
tions of motions. The model has been verified
and the simulations performed so far indicate
that the numerical scheme is stable and pro-
duces realistic results. The design of the ex-
perimental device to validate the Navier-Stokes
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Figure 4: (a) Kinematical parameters of the foil motion and (b) efinition of the angle of attack

a(t), from Guglielmini et al. [2003]

model is in progress. The coupling with the
potential flow solver provides a motion with a
Strouhal number similar to those of cetacean.
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Numerical predictions and experimental verifications for the hydrodynamic
performance of horizontal axis marine current turbine

Ruijun Fan ?, Zhou Zhou ?
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Abstract

This paper presents the numerical predictions of 3D CFD rotor computations of an 800mm diameter model
of marine current turbine (MCT). In the paper CFD is applied to a rotor at stationary hydrodynamic
conditions, using the commercial multi-purpose CFD solvers ICEMCFD 11.0 and ANSYS CFX 11.0.
Consequently, numerical predictions need to be verified. Simulations from the numerical prediction are
compared with experimental measurements of the model of MCT which is experimented on in a cavitation
tunnel and a towing tank. The experimental data includes measurements of power and thrust generated by the
turbine, in both a cavitation tunnel and a towing tank, for a series of blade pitch settings and speeds. The
numerical predictions show similar results and provide a satisfactory representation of the experimental
turbine performance. Such results provide confidence in using the CFD computation tools to develop the

forthcoming design of marine current turbines.

Keywords: CFD, marine current turbine (MCT), ANSY S CFX, cavitation tunnel

1 Introduction

Marine currents are increasingly being
recognized as a resource to be exploited for
sustainable generation of electrical power.
Many devices are being studied for marine
current energy conversion although most are
designed around horizontal axis turbines,
known as a marine current turbine (MCT). The
success of using MCT to tap the ocean currents
is partly dependent on predicting their
hydrodynamic performance.

It is therefore important to be able to predict
energy vields for this technology which will
alow appropriate designs to be qualified and
validated. To this end, Methodologies need to
be established which will describe the physical
and operational performance of the turbines in
this paper.

The rotor hydrodynamics of a MCT is
influenced by rotational wake effects
downstream of the turbine and effects of wind
blockage upstream of the turbine. Closer to the
turbine, three-dimensional effects originating
from a combination of radial flow and coriolis
forces play an important role on the inboard
part of the blades. In genera the three-
dimensional effects on this part of the turbine
have a positive effect on the lifting
performance of the inboard blade sections as
compared to 2D airfoils characteristics. This
phenomenon is often referred to as stall-delay.

Additionally, highly three-dimensional flow
is occurring at the blade tips due to the

formation of tip vortices. Several variable
external factors such as blade surface
roughness and turbulence generated from
nearby and located on the turbine complicate
the hydrodynamics of MCT even further.
Finally, a MCT is a dynamic structure that
constantly undergoes structural deformations
which in turn influence the hydrodynamics.

The experimental results from cavitation
tunnel tests and towing tank tests, discussed
and used for the verification of the numerical
methods used within this paper are taken from
a large set of tests. This included cavitation
inception observations, the effect of yaw, the
effect of tip emersion and dua rotor
interactions. The corrected results from these
experiments are used to verify and compare
with the simulation result of CFX based upon
the Reynolds Averaged Navier-Stokes (RANS)
equations.

2 Methodology for CFD

First study in this paper is computation of
the 3D MCT model in laboratory scale using
ANSY S CFX.

All the computations are performed by the
commercial CFD software package (ANSYS
CEX™ 11.0) which utilizes a finite-volume
method based structured multigrid. The
structured grids were generated by ICEM CFD
11.0 around a digital turbine model of the
experiment (Figure 1). The computations have
been performed with the incompressible
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version of the Reynolds Averaged Navier-
Stokes (RANS) equations and the SST
turbulence models.

Figure 1. Rotation domain of digital turbine
model.

Due to the long computational times and
hardware restrictions simulation has selected
one blade of MCT to be applied the periodic
boundaries on in the circumferential direction.
The whole flow area is divided to two parts:
one is rotational domain and one is far field
domain. GGl (Genera Grid Interface)
connections are applied to connect between
these two domains. (Figure 2~4)

The simulation is used to determine the lift
and drag forces on the blade. The integration
of these values across the blade allows the
derivation of thrust and power coefficients for
a range of rpm and flow speed on the
turbine.

Figure 2. Computational mesh: rotation
domain.
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3 Experiment verification
3.1 Models

A rotor diameter of 800mm was chosen as a
compromise between maximizing Reynolds
number and not incurring excessive tunnel
blockage correction. The boss diameter to suit
the test rig was 100mm. The blades were
developed from the profile shape of a NACA
63-8xx and appropriate chord, thickness and
pitch distribution.

The model blades were manufactured from
3D modd drawings derived from 2D section
coordinates interpolated from coordinate-based
data for NACA 63-812, 63-815, 63-818, 63-
821 and 638-24 for 17 stations along the blade.
The blades were machined from T6082-T6
auminum aloy on a b5-axis computer
numerical control (CNC) machine at the
University of Southampton to an order of
accuracy of +0.05mm. They are then brought
to a smooth hydrodynamic finish and anodized
for protection. (Figure 5~6)



Figure 6. Photograph of the assembled test
rig in the cavitation tunnel.

3.2 Cavitation Tunnel and Towing Tank

Measurements of the torque and thrust
characteristics of the 800mm marine current
turbine are carried out in a cavitation tunnel at
Qinetig, Hadar and a towing tank at
Southampton Solent University. The tunnel has
working section of 24m x 1.2m and a
maximum flow speed of 8m/s. The rotor was
centered in the tunnel. This provides a
controlled environment for the principal
measurements. The towing tank has alength of
60m, breadth of 3.7m and depth of 1.8m. The
rotor was close to being centered at 0.84m
below the free surface of water.

We can get the reliable set of MCT
performance characteristics under controlled
conditions in the mentioned experiment. This
would entail the measurement of power and
thrust performance characteristics over a range
of flow speed, rotor revolutions and rotor blade
pitch settings.

3.3 Date reduction and presentation

For a given tunnel flow speed and rotational
speed, the torque and the thrust were acquired
from the dynamometer. The averaged
excitation voltages from the torque and thrust
bridge circuits were corrected for zero offset
and then multiplied by the calibration factor to
resolve the torque (Q) and thrust (T). The TSR,
power (CP) and thrust (CT) coefficients were
non-dimensionalised in the following:

Tip Speed Ratio: TSR = Q—R
0
Power coefficient: C, = qus
@/2)pUsA
Thrust coefficient: C; = ;2
@/2)puU A

Where Q) is rotation speed, U is speed, R is
the rotor radius and A = 7R?.

4 Results and Analysis

The results of the CFD simulation are
compared with a set of experimental tests
and the computation of SERG-Tidal(atidal
turbine prediction program developed at
the University of Southampton is based on
a BEM program) for MCT at set angles from
0° to 13° as shown in Figure 7 to 10. A
comparison with the towing tank experiments
at set angles of 5° and 10° is presented in
Figure 8 and 9 as well. The results show good
agreement, which gives confidence in both the
results corrections and the appropriateness of
using the towing tank. The towing tank data
has a larger scatter in results, mainly due to the
brief time window to take measurements
caused by the short tank length.

The predictions from ANSYS CFX and
SERG-Tidd CFD progran demonstrate
general agreement for TSR = 4-7 for all cases.
The closest agreement was found for the
design case with a set angle of 5° and TSR = 6.
For TSR > 7 both CFD simulations tend to
over predict the power coefficients for set
angles 5°-13°. For these cases the thrust
coefficients of the experiment are higher. At 0°
set angle in Figure 7 both CFD programs fail
to predict the sharp drop in power and thrust
coefficientswith TSR > 7.

There is a general trend when comparing the
results of CFX simulation at TSR higher than
the design case. CFX has a general tendency to
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dightly overestimate the power whilst it to
some extent underestimates the thrust. This is
evident for set angles of 5°-13° in Figure 8 to
10. Either reason may be, due to errors in the
large blockage corrections applied to the
experimental data or possible different
turbulent model used in CFX computations. As
a high TSR the turbulent wake correction
becomes more important in CFX model.
Consequently, this correction may need some
adaptation.

The relevance of the results is examined for
full scale deployment of marine current
turbine. The accuracy of the predictions will be
analyzed to determine the satisfactory for using
the CFD numerical tools for parametric
studies. The limitations of the CFD modeling
will also be examined, and opportunities for
refinement will be noted.
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Figure 7. Comparisons between experiments
and numerical simulations at 0° set angle.
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experiments in cavitation tunnel and a towing
L . tank.
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Prognosis of Rudder Cavitation Risk in Ship Operation
Lars Greitsch, TUHH, Hamburg/Germany, lars.greitsch@tu-harburg.de

1 Introduction

In the course of increase of the requirements, the necessity of more precise rudder cavitation forecasts
becomes obvious. Especially for vessels with alternating operation conditions (e.g. short sea shipping)
the design conditions are not easy to define. The practice of performing model tests is not able to cover the
influence of the occurring operation conditions. Therefore the following approach gives an opportunity
to benchmark different rudder designs regarding cavitation in the expected operation conditions. The
rudder design itself can be improved by optimising the shape of the rudder sections. Therefore a method
of determining similar flow conditions for the different rudder sections is presented. The following work
identifies with three different design stages the opportunities of modern rudder design.

2 Rudder in Ship’s Operation

For determining the occurring conditions for the rudder the measurements of six months of ship’s ope-
ration have been analysed. This led to about 12.000 data points, each of them representing the average
value of 30 minutes of measurement. For estimating the operation conditions of the rudder the measured
rudder angles and ship speeds have been transferred to frequency distributions and cumulative density
distributions as seen in figure 1 and figure 2.
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Fig.1: Frequency Distribution and Cumulative Density of Rudder Angles

0.36
0.30 /r— 1.0
0.24 / 0.8

" 018 / 0.6 =

) / >

SN— —

I

£ 012 / 0.4 [,

(ANOGES NUUUNS NS SRR SN WO 0 — = 0.2
0 _hn# 0
0 5 10 15 20 25 0 5 10 15 2 25

Ship Speed v, [kn]
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Considering the frequency distributions of rudder angles and vessel speeds it is noticable that the rudder
angles are Gaussian distributed as expected. On the other hand the vessel sails most of the time with av-
erage speed values about 5 knots below design speed. In addition there is a small cumulation of occurred
vessel speeds in the range of 7,5 knots, which indicates slow speed manoeuvring.

In this first development status of this rudder design procedure the frequency distribution and cumulative
density function of rudder angles or vessel speeds result from the measurements. In our further work
the values of rudder angles and ship speeds indicating the operation conditions will result from course
keeping calculations based on the cumulative density function for specific parameters regarding shipping
routes and vessel types (e.g. sea state, wind, draft, etc.). The relation between frequency and cumulative
density distribution is given in equation (1).

F(6) = Z 11,(6) (1)

0;<0

In the following work the focus is put on a new rudder design procedure and the calculation of the
cavitation risk for different rudder versions based on the described measurements.

3 Hydrodynamic Calculations

The cavitation prognosis is carried out with a panel code based on the potential flow theory. This allows
very fast calculations and therefore the analysis of the large number of observed operation cases in a finite
time period. The used CFD code takes in account the wake field of the observed vessel and the propeller
slipstream calculated with the lifting line method. An example of a calculated pressure distribution on the
rudder geometry is given in figure 3. The cavitation is calculated by comparing the local pressure with the
vapour pressure of the passing water at the observed location. There is no difference made between higher
and lower pressure gradients. The interpretation of the results is carried out by a cavitation coefficient
Ccav s a saltus function which has the value O for non-cavitating situations of this panel and the value 1
in case of cavitation on the observed panel.

In order to benchmark the cavitation risk for different regions on the rudder the cavitation occurrence
on each panel is weighted by the frequency of the operation situation. This leads to a safety against
cavitation S, for each panel:

Seaw =1- Z(Ccav,i h,(6;) - hn(Vs,i)) ()
i=1

A value of S, = 1 specifies a 100 percent safety against cavitation for the observed panel in the range
of operation situations. Resulting from the saltus function there can be be no safety greater than 1. In
the same manner a value of S, = 0 indicates, that the observed panel would cavitate in all operation
situations.

4 Rudder Shape Optimisation

The technical description of rudder geometries is carried out by defining constructional sections for
certain rudder heights. The conventional rudder design is characterised by constant symmetric profile
shapes for all rudder sections. Regarding the inhomogeneous propeller wake more modern rudder designs
use asymmetric profiles for avoiding high flow velocities at the leading edge. This can be achieved
by an alignment of the profiles along the streamlines to obtain an almost shock free flow around the
leading edge of the profile. The inclination toward the streamlines is fulfilled either by using profiles
with cambered mean lines or by inclining only the leading edge of the profile up to a certain ratio of the



chord length. In the case of the twisted rudder design versions presented in 5 the inclination is optimised
by diversifying the twist angle and the length of cambered mean line. The pressure distribution of the
optimised profile should lead to a smaller value of the pressure minimum c,,;, according to the amount.

The optimising of the profiles for the different constructional sections is based on pressure distributions
calculated by the airfoil theory. The section-wise analysis of flow conditions and design of new pro-
file shapes is valid by reason that the flow around the rudder even in the propeller slipstream has only
insignificant velocity components in direction of the span as seen in figure 3.

o
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Fig.3: Paint flow test and calculated pressure distribution

In case of optimising the shape of foils with the aid of the profile theory, there is to keep in mind that the
flow around the two-dimensional profile differs from the flow around a section of the three-dimensional
rudder geometry. In contrast to the 3D-calculations, the calculation in terms of the profile theory does
not cover either the finite span or the influence of hull, wake field and propeller slipstream. So there is
to define an equivalent flow. Our approach defines the equivalent flow on base of equivalent pressure
distributions.
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Fig.4: Equivalent Flow

The task is to find a combination of reference speed and angle of attack where the two-dimensional
calculation leads to equivalent pressure coefficients as the three-dimensional calculation at the considered
rudder section. The criterion for equivalent flow conditions is found by the method of least squares. An
example for the comparison of the pressure coefficients of two-dimensional and three-dimensional case
is shown in figure 4.



With the identified pairs of angle of attacks and inflow speeds for the equivalent flow the inflow conditions
for the profiles of each constructional section now consider even three-dimensional effects like span and
hull influence. A comparison of the angle of attack a along the rudder height is given in figure 5. The
difference between the distributions of « affect the inclination of the rudder design.
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5 Results

According to the rudder shape optimisation procedure three different rudder designs have been investi-
gated (figure 6). The first design is a non-twisted rudder with Costa propulsion bulb in agreement with
the classification rules. The second design step is a twisted rudder where the inclination of the profile
sections is optimised for inflow conditions calculated by the lifting line method. The third and final rud-
der design is a twisted rudder as well, but the optimisation of the inclination of the leading edge is based
on the inflow conditions gained by the method of equivalent flow.
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Fig.6: Observed Rudder Designs



The profiles for the design sections of all rudder versions are derived from the profile type HSVA MP-73
of the Hamburg Ship Model Basin. The profile type and the maximum relative thickness #,,,,/c = 25%
for the different sections is the same for all design versions. Only the inclination angle and the length of
the uncambered meanline differ.

The calculation of the cavitation risk for the different rudder versions was carried out by determining the
cavitating panels for 625 different combinations of rudder angles and ship speeds. The results shown in
figures 7 to 9 are based on the definition of the cavitation risk described above (see:3).

Fig.7: Cavitation risk for non-twisted rudder

In the case of the non-twisted rudder, the influence of the rotation of the propeller slipstream on the
pressure distribution is obvious. At the leading edge both below and above the Costa bulb there are
regions with a high cavitation risk. Because of the lower static pressure the risk of cavitation at the head
is increased. This critical rudder zone cavitates in 80 percent of the operation situations.
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Fig.8: Cavitation risk for twisted rudder - initial design

The second design version with the twisted sections shows a lower cavitation risk at the critical zone, but
even in this case the region cavitates in about 40 percent of the calculated situations.
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Fig.9: Cavitation risk for the modified twisted rudder

After optimising the profiles corresponding to the inflow conditions of the equivalent flow, the risk of
cavitation is reduced to 20 percent of the operation cases. This is quite acceptable, in particular due to
the conservative cavitation criterion based on the comparison with the vapour pressure.

6 Conclusion

A route based rudder design procedure has been developed. Therefore a criterion for benchmarking
different rudders for a set of operation conditions has been introduced. Based on measured data three
different rudder designs have been compared.

For optimising the profiles a new method allows the determining of the occurring inflow conditions based
on equivalent pressure distributions. This leads to changed inflow conditions compared with the conven-
tional procedure with the lifting line method. The optimisation based on these new inflow conditions
leads to a rudder shape with much more safety against cavitation.
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1. Introduction

Cavitation is defined as the phenomenon of
formation of vapour bubbles of a flowing liquid in a
region where the pressure of the liquid falls below
its vapour pressure. It often has negative effects
such as performance degradation in
turbomachinery, hydroturbines and propulsion
systems, noise and vibration, and cavitation
erosion. Therefore, research on cavitation is of
particular interest in marine and hydropower
industries. Although cavitation tunnel experiments
can offer straight-forward visualizations of the
occurring phenomena, measurable quantities are
quite limited. Benefited from the development of
powerful computers, more physics can be
incorporated into the models, making it possible to
model cavitation behavior in a physically more
realistic manner. Comparing with non-cavitating
flow, extra consideration should be given to two
main problems when computing the cavitating
flow, the phase interface and the mass transfer from
one phase to the other.

Available computational tools at hand are open
source solver OpenFOAM and commercial codes
FLUENT. Hence, a verification exercise with
respect to the examination of cavitation modeling
rises up by itself. In the work presented hereafter,
both non-cavitating and cavitating flow conditions
are compared between the two codes. In FLUENT,
Reynolds Averaged Navier Stokes approach was
carried out for modeling the flow where a RNG k-¢€
model with standard wall function was applied,
cavitating flow modeling was taken care by Singhal
model. Results from OpenFOAM are obtained by
implementing Large Eddy Simulation (LES)
methodology and cavitation was modeled by Kunz’
mass transfer model.

The test case performed is the flow around a two
dimensional (2D) NACAO0015 hydrofoil at 6° angle
of attack. Reynolds number is 1.2x10° and
cavitation number is 1. It is a simple geometry and
simple flow thereby limiting effects of complex
flow phenomena etc. Although experiments using

this foil is planned, validation against experimental
data is out of the working scope since comparison
between different solvers is more of interest at this
stage and 2D LES is on the other hand quite
questionable. However, since 2D computations are
very fast and the parameters of the models can be
varied for better understanding of their effects,
compromise is made.

2. Flow Modelling

The governing equations of an incompressible flow
consist of the balance equations of mass and
momentum for a linear viscous (or Newtonian)
fluid,

8,(v)+V-(v®v)=—%+V~S,V~v=0 (D

where v is the velocity, p the pressure, S =2vD the
. 1
viscous stress tensor, D = E(Vv + VvT)the rate-of

strain tensor and v the kinematic viscosity.
2.1 Reynolds Averaged Navier Stokes

The most commonly used turbulence modeling
approach in industry today is based on Reynolds-
Averaged Navier Stokes (RANS) equtions, which
sorts out the fluctuations of the instantaneous flow
by introducing a statistically modeled Reynolds
stress into the time-averaged equations.

V-<v>=0
(2)
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where (o) denotes the time-average and
R=—(v®v)is the Reynolds stress tensor giving
the effect of the fluctuations on the mean flow. To
close the RANS equations (2) and to describe the
Reynolds stresses, a statistical turbulence model is
used. This model is often a combination of
algebraic and transport equations relating the
turbulence parameters to the flow variables. To this
end, R is often modeled using the Boussinesq
hypothesis R = 2v,(D) ,, where v, =v,(k.¢) is the
turbulent eddy-viscosity and (D) the mean rate-of-
strain tensor, k is the turbulent kinetic energy and €
is its dissipation rate. From dimensional analysis,
v, =cyk2 /e, with ¢, as a model coefficient that
may be a function of the flow. There are also a
number of models based on other quantities, such
as k and the specific dissipation rate ®. In this
work, a RNG k-& model with standard wall function
is used.



2.2 Large Eddy Simulation

Although RANS correctly predicts the mean flow
in many cases, it is less precise when facing more
complex flows, or when applied to flows dominated
by unsteady effects. Large Eddy Simulation (LES)
is an alternative approach to RANS under the
demand of more accurate and detailed flow
information. The basic idea of LES is to filter the
Navier Stokes equations (NSE) using an anisotropic
kernel, G, which is usually based on the grid size.
This kernel splits the flow into two regimes,
resolved large grid scales and modeled small
subgrid-scales. Large energy containing eddies are
computed directly since they are flow and geometry
dependent, therefore it gives LES more generality
than RANS although at the expense of higher
computational resources. Subgrid-scale details, on
the other hand, are of less importance as long as
sufficient dissipation is produced to emulate the
subgrid turbulence and to stabilize the simulation.

By applying low-pass filtering to NSE, using a pre-
defined filter kernel function G = G(x,A), the LES
equations are derived as:

V;:m1 3
0,(0)+V 5@ = VPV (5-B)am O

where the over-bar denotes the low-pass filtered
dependent variables. B = (v ®v-—v® v) is the
subgrid stress tensor, representing the influence of
the small, unresolved eddy scales on the larger,
resolved ﬂow scales. The commutation error terms,
m=V-v-V.y and
my=V-(v®v)-V-(v®v)+Vp-Vp-V .5+V.S
are expected to be significantly smaller than the

subgrid terms therefore these terms will be set to
Zero.

Present approaches to model the unclosed subgrid
stress tensor B can broadly be classified as
functional or structural models. Functional models
try to reproduce the effects of the small, unresolved
scales on the resolved ones. Structual models, on
the other hand, aim at predicting the subgrid flow
(or the subgrid stress tensor) directly and mimic the
kinetic energy cascade from large to small scales,
rather than only recovering their effects on the
resolved scales. Another way of dealing with the
energy cascade from large scales is to use implicit
diffusion where it is considered that the action of
the subgrid scale is equivalent to a strictly
dissipative action. This is achieved by letting the
leading order truncation error in the discretization
of the fluxes emulate the energy dissipation. [2] In
this work the One Equation Eddy Viscosity Model
(OEEVM) [1] is implemented.

3. Modelling of Cavitating Flow
3.1 Singhal Model in FLUENT

The cavitation model of FLUENT is based on the
so-called “full cavitation model” developed by
Singhal et al but unlike the original approach
assuming single-phase, the cavitation model in
FLUENT involves two phases (liquid and vapour)
and a certain fraction of separately modeled non-
condensable gases, whose mass fraction is known
in advance. Both bubble formation (evaporation)
and collapse (condensation) are taken into account
in the model.

The continuity equation and momentum equation
for the mixture of the three are

2,(p)+ V(P 7m) =0 (4)

3, (Pvm) + V(P vmvm) :—Vp+V-[um(V;m +V§Zﬂ

n
+pmg+F+V'[2akpkvd’»kvdhk] )
k=1
where v, is the mass-averaged velocity
n -
- poy FkPKVE ) .
Vm=—"T-——— and p, is the mixture
Pm

n

density p,, = Zakpk, o, is the volume fraction
k=1

of phase k, n is the number of phases, and L, is the

n
viscosity of the mixture i, = Zak,uk. Vark 18 the
k=1

drift velocity for secondary phase

Kvark =vi—vm.

A vapour transport equation governs the vapor
mass fraction f, given by

9,(pf)+V(pvef) =V(Wf) + R, R, 6)

p=a,p,+0,p, +(1 -, —ag)p, is the mixture
density where p; p, and p, are the densities of
the liquid , the vapor and the non-condensable
gases. v, is the velocity vector of the vapor phase,
vy is the effective exchange coefficient, and R, and
R. are the vapor generation and condensation rate

terms (or phase change rates). The rates are
functions of the instantaneous, local static pressure.

[3]
3.2 Kunz’ Mass Transfer Model in OpenFOAM

In OpenFOAM, the phase interface is taken care of
using a Volume of Fluid (VOF) approach, where



the interface is tracked using a volume fraction
equation. The mass transfer process is modeled by
some mass transfer model which is incorporated in
the Navier-Stokes equations (NSE) as a source
terms in the continuity equation and the volume
fraction equation since the mass transfer occurs at
length scales that are not supported by the
continuum assumption.

By incorporating the transport equation for the
volume fraction into the filtered equations of
continuity and momentum,

V.v=0
8,(p;)+V»(p\_z®;) :—V;+V-p(§—3) @)
dy+V-vy=0

where y=volume liquid/total volume 1is the liquid
volume equation fraction, with y=1 corresponding
to pure water. It is defined as

= lim ——Lt—
756V, + v,

®)
and is used to scale the physical properties of
vapour and liquid as

{p =, +(1-7)p, o)

w=ny +(1-7)u,

Alternatively, the vapour volume fraction
a=volume vapour/total volume, defined as

o = lim

§-0 6Vv + 6‘/1 ( )
can be used, where now o=1 corresponds to pure
vapour, and solved with an identical transport
equationd,a +V - vor = 0,yielding

{p =ap, +(1-a)p, an

p=op, +(1-o)yy

When the flow starts to cavitate a source term is
needed in equation (7) to account for production
and destruction of vapour. Moreover, the flow will
no longer be divergence free, and consequently a
source term, S,, is needed also in the continuity
equation. To find an expression for this source
term, the transport equation for the volume fraction
can be used. The source term in the volume fraction
equation will be equal to the phase transfer rate

0 +V vor = ——-
Py (12)

[7’,}/+V~1_»)/:ﬂ
1

where m is the specific mass transfer rate. Using
that y+o=1, we can sum equation (12;) and (12,)
which gives the source term

S, =(pi" =p;" )i (13)

The bulk density for liquid and vapour, p;and p,,
are kept constant throughout the computation. Now
all that is needed to finalize the mass transfer
modeling is to find an expression for the mass
transfer rate m. The mass transfer model used in the
present work is primarily inspired by the work of
Kunz (Kunz, 2000).

Kunz’ mass transfer model for cavitating liquid

The mass transfer in this model is based on two
different strategies, as compared to most similar
models which only rely on a single strategy for both
creation and destruction of vapour. The destruction
of liquid, or creation of vapour, m", is modeled to
be proportional to the amount by which the pressure
is below the vapour pressure and the destruction of
vapour m~ is based on a third order polynomial
function of the volume fraction y=volume
liquid/total volume

1" =(C o 1U21)p, 19y -y min[0,p = p,

i (14)
m = (Cdest /too)pv Y [1 _}/]

where the specific mass transfer rate is computed

asm=m" +m", p is the filtered pressure, p,is the

vaporization pressure and C,,;, Cgpy» Ue, and 1,

are empirical constants based on the mean flow. As
all properties within the parenthesis in equation
(11) are constants and combining them into a single
constant gives the mass transfer terms as

mt=A%p,/p, ~ymin[0,1_7—pv]

(15)
o =ATp, v[1-7]
Now A" and A~are the only two constants of the
model. This shows that vaporization occurs when
the pressure is below the vapour pressure and there
exist some liquid to vaporize, while condensation is
restricted to the surface of the cavity with a
maximum at y=2/3. [2]



4. Computational Configuration
4.1 Geometry and numerical grid

With the chord length ¢=200mm. the NACAO0015
profile is rotated 6° around the center of gravity and
set in the domain of 1400 x 570 mm, extending 2
chord lengths ahead of the leading edge, ending 4
chord lengths behind the trailing edge (in relation to
0° angle of attack) and with a vertical extent
reflecting the size of the cavitation tunnel where the
foil will be tested. The grid is a C-grid type
consisting in 41923 cells. Figure I shows a close-
up view of the grid around the foil.

Figure 1 Grid around the wing

The boundary conditions were set as follow: a fixed
value velocity, 6m/s was implemented at the inlet, a
pressure outlet at the downstream boundary, and
symmetry conditions for the upper and lower
boundaries of the domain.

5. Computational Results

In this section, results of the wetted flow and
cavitating flow calculations with a cavitation
number 6=1 are presented. The aim of these
computations is to compare the computed cavitation
patterns (cavity size, shedding frequency) and the
general behavior of re-entrant jet. Cavitating flow
simulations were started from fully wetted flow.

In OpenFOAM, One Equation Eddy Viscosity
Model (OEEVM) is employed for the LES subgrid
model. Values of all the nodes are resolved to the
wall. Time step was set to be 1e-05s. The outlet
pressure was 0 Pa and vaporization pressure was
-18000 Pa. In Kunz’ cavitation model, the
vaporization constantA* was set to be 1e+07, and
the condensation constant A” to be le+02. The
cavitation source was implied on the NSE in 100
time steps.

In FLUENT, a RNG k-& model with standard wall
function was  applied.  Unsteady = RANS
computations were carried out and time step was set
to be le-04s. The RNG k-¢ model with standard
wall functions is used. The amount of non-
condensable gas (NCG) mass fraction was set to 2e-
06. [4] The outlet pressure was 20335.4Pa and
vaporization pressure to be 2367.8Pa.

5.1 Non-cavitating flow

Figure 2 presents the pressure coefficient
distributions  obtained by OpenFOAM and
FLUENT along the wing before the flow starts to
cavitate. The two curves show consistency with
each other.
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Figure 2 Pressure coefficient distribution for wetted flow

5.2 Cavitating flow

5.2.1 General behavior

Many interesting features of cavitating flow are
captured by the computations, such as re-entrant
jets and periodic shedding. A sequence of
instantaneous vapour volume fraction illustrating
the periodic shedding of cavitation is presented in
Figure 3 and Figure 4. The minimum threshold of
the vapour volume fraction is set to 0.1.

t=0.777s t=0.788s

t=0.817s t=0.822

Figure 3: Development of cavities simulated by OpenFOAM

A sheet cavity starts at the leading edge, whereby
the cavity is transported along the surface of the foil
and when it exceeds a certain size, it becomes
unstable and sheds periodically. This process is
controlled by a re-entrant jet which is forming
downstream of the cavity and travels in the opposite



direction to the outer flow towards the leading
edge. The re-entrant jet cuts the cavity resulting in a
shedding of cloud cavitation which is transported
with the free stream towards the trailing edge.

Results from OpenFOAM show that for some
cycles, the re-entrant jet seems to appear before the
cavity has reached its maximum length, an example
illustrating this behavior is shown in Figure 3: at
t=0.788s, a sheet cavity has already developed at
the leading edge. In the next time frame t=0.795s,
the cavity has grown and the re-entrant jet is
already visible at the rear end of the cavity. The
cavity continues to extend in the following time
frame while the re-entrant jet keeps its motion in
the opposite direction until it finally cuts the cavity
at t=0.817s. It is noticeable that the shape and
development of the sheet cavity from OpenFOAM
is quite different from one cycle to another.

The early development of the re-entrant jet before
the cavity reaches its maximum length has not been
observed in FLUENT simulation as it is the case in
OpenFOAM. Another observation is that the
cavities are bigger in shape generally for all cycles
than OpenFOAM predicted result. Figure 4
illustrates the development of the cavity in one
cycle.

3.00e-01

2.00e-01

t=6.317s t=6.348s
Figure 4: Development of cavities simulated by FLUENT
5.2.2 Cavitating flow patterns

The values of cavity length L., and shedding
frequency f.,, presented in the below table are the
averaged values of 10 cycles.

Cavity Patterns OpenFOAM FLUENT
L.../C 0.436 0.515
f.. (Hz) 21.73 16.75

Table I Cavity Patterns computed by OpenFOAM and FLUENT

The model constants are crucial in terms of the
shape and development of cavities. Although
comparisons between cavity patterns obtained by
different model constants were not shown in this
report, visual comparison shows that the cavity
shape is quite sensible to the constant values.

6. Conclusions and Discussions

In non-cavitating conditions, the calculated flow
fields are in good consistency between the two
codes which is expected since LES and RANS
should have less difference when dealing with
stable flows. For cavitating flow, the cavities
obtained by OpenFOAM are rather sharply defined
compared to those predicted in FLUENT. Re-
entrant jet has a tendency of earlier development in
OpenFOAM before the cavity has reached its
maximum length and that might be the reason why
the shedding frequency is higher and cavity length
is smaller in OpenFOAM.

However, since the cavitating flow field is largely
dominated by the model constants, production and
destruction terms of vapour in OpenFOAM, and the
non-condensable gas mass fraction in FLUENT.
The comparison between the two codes needs to be
further investigated by implementing different
combinations of the constants.
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1 Introduction

This work was performed in the framework of a numerical study aiming at modeling the ventilation phenomenon,
which has been recognized to be important for marine screws, rudders and submerged hydrofoils (see experiments
by Nishiyama, 1961; Shiba, 1953; Koushan, 2006). The present analysis focuses on the validation and verification
of the solver adopted in the case of a two-dimensional hydrofoil close to the free surface.

This problem has caught much attention after the experiments carried out by Duncan (1983), who observed break-
ing and non-breaking waves over a hydrofoil model and measured the free-surface profile. Several authors have
attempted to reproduce Duncan’s experiments using different numerical approaches. Among them, the inviscid
BEMs by Landrini et al. (1999) and Faltinsen and Semenov (2008) have reproduced accurately the experimental
results until breaking occurs. The following flow evolution can not be handled by potential flow solvers. RANS
simulations capture the correct form of the wave and are intrinsically able to handle breaking waves, but tend to
under-predict the wave amplitude. Some authors have better captured spilling breakers (Rhee and Stern, 2002;
Muscari and Di Mascio, 2003) implementing a breaking-wave model based on empirical data (Cointe and Tulin,
1994).

Two cases are studied here, chosen among those tested by Duncan (1983), corresponding to a breaking and a
non-breaking wave condition. As depicted in Figure 1, a NACAO0012 foil at incidence of 5 deg with a chord length
¢=0.203 m is fixed in water at a submergence # =0.261 m and 0.185 m, subject to an incident current U = 0.8 m/s.
The bottom of the tank is located 0.175 m below the foil, as in the experiments.

top

undisturbed free surface

h/c =1.286 and 0.911

) h Y Re = 161623 )
£y Fn = 0.567 e
i 5]
7”""”"; X
—c_

bottom

Figure 1: Numerical domain and definition of main parameters

2 Numerical method

The described problem is solved assuming a viscous, incompressible, two-phase (air and water) flow. The com-
mercial RANS code Fluent (2006) has been used for the computations.

The momentum equation and those for the turbulence closure are solved with a second order upwind scheme.
The Body Force Weighted discretization algorithm is used to interpolate the node values of the pressure from the
cell values, as required by the solver. The pressure-velocity coupling is achieved using a SIMPLE algorithm. In
order to capture possible unsteadiness of the flow, a time-dependent approach is chosen using a first order implicit
scheme. The free surface evolution is handled using an implicit formulation of the Volume Of Fluid method with
a modified High Resolution Interface Capturing scheme.



Further details about the solver can be found in the Fluent manual (Fluent, 2006).

Boundary conditions The undisturbed free surface elevation is assigned both at the inlet and outlet boundaries.
At the inlet the free stream velocity is also specified. A zero flux of all quantities is enforced across the top and
bottom boundaries. Unless otherwise specified, a no-slip condition on the hydrofoil is set.

Grid The domain is divided in blocks allowing refinements in the near wall region, around the wake and across
the free surface, as depicted in Figure 2a. A close up of the near wall mesh region is shown in Figure 2b.

(a) Multiblock domain (b) Near wall mesh

Figure 2: Multiblock domain and near wall mesh

A convergence analysis has been carried out in three manners, refining the grid (i) in the whole domain but in
the near wall region, (ii) locally near the free surface and (iii) in the near wall region of the hydrofoil shown in
Figure 2b. The results from (i) and (ii) did not show any significant change in the amplitude of the free surface
waves, whereas the results from (iii) highlighted an effect on the solution, as discussed in Section 3. For this last
case (iii) four levels of grid refinement were used, as given in Table 1. The first wall cell of the coarse grid lies
within the log layer of the boundary layer, whereas all the three fine meshes are within the sub-viscous layer.

grid y/c (-1E-04) yt

coarse 1414 50
fine 58 4
2fine 2.7 075
3fine 1.4 035

Table 1: Near wall region grid refinement

Turbulence model The near-wall region is modelled with Standard Wall Function for the coarse grid, whereas
for the three fine grids the viscosity-affected region is resolved with a mesh all the way to the wall, including the
viscous sub-layer.

Two models have been employed for the turbulence closure, the realizable k-¢ (Shih et al., 1995) and the SST
k-w (Menter, 1994) model. The k-e¢ model is robust and widely used in different kinds of fluid flows. The SST
k-w model is a variation of the standard k-w model (Wilcox, 2004) incorporating modifications for low-Reynolds-
number effects, compressibility, and shear flow spreading. It is widely used in lifting surfaces such as foils and
propellers.

In order to assess the numerical damping in the field solver an inviscid simulation was attempted. A stable
solution for the very fine wall refinement could not be achieved so, as an approximation of inviscid conditions, the
flow was assumed laminar with a fictitious molecular viscosity in water jir;.; small relative to the physical one
(W pice/p = TE-04). This was combined with a free-slip condition at the foil, in order to approach the inviscid
behavior. In the following this solution will be recalled as ’inviscid’.

In order to check the influence of the wall boundary condition on the turbulence model, two simulations were
performed using free-slip condition on the wall, (a) with the SST k-w model and (b) with laminar flow.

3 Results

The results obtained for the submergence ratios h/c = 1.286 and h/c = 0.911 are discussed in the following section.



h/c = 1.286 Figure 3a shows the free-surface deformation along the free-stream direction, as predicted by the
present solver with a SST k-w turbulence model. The wave behavior is captured already by the coarse mesh, but
the wave amplitude is underestimated. The under-predicted wave amplitude was widely found in other RANS
simulations (Mori and Shin, 1988; Hino, 1997; Rhee and Stern, 2002; Muscari and Di Mascio, 2003) and could be
attributed to the under-prediction of the suction side pressure. Using a finer near wall mesh improves the accuracy
up to the 2fine mesh, for which a mesh independent solution is achieved. Figure 4b shows the comparison between
the converged results and the experiments by Duncan (1983). The solutions of the BEM by Landrini et al. (1999)
and the RANS solver by Rhee and Stern (2002) are also reported, the latter being performed using a SST k-w
turbulence model. The improvement of the present solution in terms of wave-height with respect to the RANS
simulation by Rhee and Stern (2002) could be ascribed to a greater refinement in the near wall region, but no
sufficient details are given in Rhee and Stern to assess it. Among the three numerical solvers, the BEM by Landrini
et al. (1999) gives the best results and reproduces correctly the experiments.
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Figure 3: Free-surface deformation (h/c = 1.286, SST k-w turbulence model)

Figure 4 gives the same variable, but present results have been obtained with the realizable k-e turbulence

model. Figure 4b shows a larger under-prediction of the wave amplitude, which suggests that the k-e model is
more diffusive than the k-w model.
From Figure 4a, using a fine near wall mesh improves the accuracy, but further refinements confirm a mesh inde-
pendent solution. Tzabiras (1997) has simulated an experiment by Duncan (1983) with submergence 7 = 0.193 m
using a standard k-e model with wall functions. The corresponding prediction of the free-surface characteristics are
in satisfactory agreement with the measured data; the tested ranges of y™, from 20 to 40, did not affect practically
the results. Present analysis highlighted an effect of the near wall mesh size when resolving directly the boundary
layer.
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Figure 4: Free-surface deformation (h/c = 1.286, realizable k-¢ turbulence model)

Figure 5 gives the results of the ’inviscid’ solution and the SST k-w simulation using a free-slip condition
on the wall. Removing the no-slip condition from the turbulent flow improves the accuracy with respect to the



corresponding simulation with no-slip condition. The free-slip laminar solution coincides with the free-slip SST
k-w one, and thus has not be plotted. The ’inviscid’ solution is the closest to the BEM results, which in turn match

the corresponding experiments.
Adopting a turbulent formulation for the present problem, where the influence of the viscosity is negligible, affects

significantly the accuracy of the results, by introducing diffusion terms.
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Figure 5: Free-surface deformation (h/c = 1.286, 3fine mesh)

Table 2 summarizes the present results obtained for the first trough amplitude (Table 2a) and the lift coefficient
(Table 2b), in terms of relative error with respect to the experiments and the BEM solution by Landrini et al. (1999),
respectively. An increasing lift coefficient corresponds to a more accurate representation of the free surface. The
advantages of using a SST k-w turbulence model with a fine grid and the effect of different wall conditions are

confirmed.

k-€ k-w k-wslip ’inviscid’ k-€ k-w  k-wslip ’inviscid’
coarse -23.1% -31.1% coarse -25.71% -38.1%
fine -13.4%  -11.0% fine -127%  -11.4%
2fine  -13.4%  -5.4% 2fine  -12.0%  -4.5%
3fine -12.6% -5.4% -1.4% 1.0% 3fine -11.7% -2.3% 2.3% 5.6%

(a) First trough amplitude (b) Lift coefficient

Table 2: Relative error of the present solution with respect to the experiments (a) and the BEM solution (b)

h/c =0.911 For this shallower submergence the experiments by Duncan (1983) show a clear spilling breaking-
wave condition. Here it is not attempted to capture the fine details of spilling breakers described by Duncan (2001)
and investigated by some authors (Muscari and Di Mascio, 2003; Rhee and Stern, 2002) also including an empirical
breaking wave model. No breaking-wave model is adopted, while this more complex case is used to further test
the adopted solver as it is.

The present converged unsteady simulation for the 2fine mesh shows small oscillations of the forces on the
hydrofoil and of the free surface, more pronounced around the breaking region, with a period 3.87, where T is the
period of a linear wave with the same phase speed as the breaker. A more accurate explicit simulation in time was
performed obtaining the same oscillating behavior, whose maximum double amplitude could be quantified in 9%
for the lift coefficient and 18% for the first trough amplitude, with respect to their corresponding mean values.

No oscillatory behavior is mentioned by Duncan (1983) in the case object of this study. However, Duncan
(1981) observed small oscillation in the length of the breaking region while testing the same configuration, but



with a free-stream velocity slightly different, U = 0.82 m/s. The experiments showed an oscillation period of 3.9T
and Duncan (1981) argued that the oscillations are due to wave components generated when the foil is started from
rest. Qualitative observations showed that the amplitude of the oscillation decreased as the wave progressed.

The small amplitude of the oscillation recorded numerically in the present study is deemed as not affecting the
speculation on the near wall treatment, but the performed analysis is not sufficient to state whether the oscillation
detected by the code is physical or numerical, despite the consistency with observations by Duncan (1981).

Two extremes of these oscillations are shown in Figure 6, as representative of the minimum and maximum
wave height detected. The present solution is compared with the experiments by Duncan (1983) and the RANS
simulations by Muscari and Di Mascio (2003) and by Rhee and Stern (2002), the last two taken without the
inclusion of a breaking wave modeling.
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Figure 6: Free-surface deformation (h/c =0.911, SST k-w turbulence model)

All numerical results show a large deviation from the experimental data with respect to the non-breaking
wave case, both in terms of wave amplitude and phase. The present study captures more accurately the first trough
amplitude above the hydrofoil, embracing the corresponding experimental value between its two extremes. Despite
this apparent improvement, the following wavetrain is under-predicted, and a thorough sensitivity analysis would
be required to assess the influence of the main numerical parameters, as performed for the submergence ratio
h/c = 1.286.

4 Concluding remarks

A two-dimensional hydrofoil close to the free surface has been simulated using the commercial RANS code Fluent
(2006). Two submergences were considered, corresponding to a breaking and non-breaking condition of the wave
behind the hydrofoil. The obtained results have been compared with experiments by Duncan (1983) and with three
different numerical solvers.

The present converged viscous analysis of the non-breaking wave case shows a satisfactory agreement with the
experimental results and the potential flow solution, both in terms of free surface deformation and lift coefficient.
A sensitivity analysis has been performed in terms of (i) turbulence modeling, (ii) near wall grid size and (iii)
boundary condition on the foil (free- and no-slip). This analysis shows that for such a problem, where viscosity is
not dominant, the diffusion introduced by the solver affects significantly the accuracy of the results and care must
be taken in treating the near wall region for a correct solution. The forces exerted by the foil are the key mechanism



driving the deformation of the free-surface. The best viscous solution was achieved using the SST k-w turbulence
model (Menter, 1994) with convergence for y™ ~ 0.75.

A more complex case corresponding to a breaking wave condition was used to further test the adopted solver,
as it is, without implementing a breaking-wave model. While the first trough amplitude is well captured for this
shallower submergence, the breaking wave and the following wavetrain are under-predicted. This study confirms
the results obtained for the non-breaking case in terms of first trough amplitude, whereas a correct evaluation of
the following waves would require an accurate modeling of the breaker.
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INTRODUCTION

The load prediction of lifting bodies such as rudders,
stabilizers or marine propellers in forced motion of large
amplitude is fundamental in the context of marine design.
It requires a good understanding of phenomena such as
transition, turbulence and stall ( [1]). The knowledge of
the pressure field distribution on the body and its evolution
in time can then bring new elements in the understanding
of the phenomena of dynamic loading. It includes the
boundary layer study in forced unsteady regime which
has always been the object of many researches, including
its prediction in RANSE based codes in the context of
industrial applications. [2] has shown the accuracy of
RANSE codes to predict hydrodynamic loading in cases
of low angles of incidence, and highlighted the turbulence
model dependency when separation becomes high. This has
been studied by [3] on a NACAO015 and a NACAO0012.
The influence of pitching velocities can be also of primary
importance on loading prediction. This has been studied
numerically by [4] in the case of low Reynlods numbers.
Inertia effects are increasing with pitching velocities and the
authors include non-dimensionnalized parameters useful
in transient regimes which are performed in the present
paper. An experimental study is presented in [5] for an
oscillating airfoil at various reduced frequency and at
Re = 1.35 x 10°. For small values of reduced frequencies,
boundary layer events produce variations in lift, drag and
moment coefficient. As well, it has some influence on
boundary layer transition caused by laminar separation
which is delayed and promoted when reduced frequency
increase. The lift coefficient and lift-curve slope has also
slight improvement but it has been shown that the laminar
bubble length is insensitive to reduced frequency. Recent
works focus on the impact of transition modeling in RANSE
based codes( [6], [7], [8]). It appears to have impact on stall
and loading prediction. [9] show that fully turbulent com-
putations over predict lift and drag. [6] include transition
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model and show the impact on hydrodynamic coefficient.

The present paper focuses on the spatio-temporal evo-

lution of the wall pressure field of an hydrofoil arising from
transient pitching motion at Re = 0.75 x 10°. Both experi-
mental and numerical approaches has been developed. The
experiment is based on the wall pressure measured by trans-
ducers on several points at the suction side of an hydrofoil.
Computations are led with the CFD RANSE based code
CFX.
The first aim of this study is a better understanding of hydro-
dynamic loading responses on flow phenomena like transi-
tion and of laminar separation induced transition. Another
challenging task is to verify the accuracy of the RANS sim-
ulation to predict them, and to evaluate their limitations.

The flow is first studied in the case of a slow rotation
velocity based on wall pressure near the leading edge and
the trailing edge and numerical separation and transition
localization on the hydrofoil. Then the influence of the 4
rotation velocities on the boundary layer events is analyzed
with CFD results. Then Local wall pressures are integrated
in order to define a suction side loading which will allow
to compare measurement and calculation on the basis of a
reconstructed hydrodynamic loading. The global numerical
coefficient can then be analyzed and dynamic contribution
of the pitching velocity is highlighted.

EXPERIMENTAL SET UP

Measurements are carried out in the cavitation tunnel
at IRENav. The test section is 1 m long and has a 0.192m
square section. It allows to control the velocity range be-
tween 0 and 15m/s and pressure range from 30 mbar to 3
bars.The hydrofoil is mounted horizontally in the tunnel test
section. The chord is ¢=0.150 m and the span is b=0.191
m. The camber is about 2% to 50% from the leading edge(
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Pressure measurements are carried out using seventeen
piezo-resistive transducers (Keller AG 2 MI PAA100-075-
010) of 10 bars maximum pressure. The pressure transduc-
ers are mounted into small cavities with a 0.5 mm diameter
pinhole at the hydrofoil surface. The wall pressure spectrum
measured by the transducer is attenuated from the theoreti-
cal cut off frequency fe =9152Hz. Experiments are led with
a sample frequency of f=20kHz.

The transducer locations are given in Figure 1. As
shown, one set of ten transducers is aligned along the chord
of length on the suction side, starting from the leading edge
at reduced coordinate x/c=0.05 up to the trailing edge at co-
ordinate x/c=0.90 with a step of 0.10 ¢ from x/c=0.10.

Two sets of three transducers are arranged in parallel to
this line in order to analyze three-dimensional effects. The
transducers responses are found to be linear and the coef-
ficients of the linear regression are used to convert Volts in
Pascals. To control any deviation during the experiments,
the calibration procedure is performed systematically be-
fore and after each series of measurements. Signals from
the wall-pressure transducers are amplified and collected
through a simultaneous sampling 16 channel, 16 bit A/D
digitizer VXI HPE1432A, having maximum available sam-
pling frequency of 51.2 kHz.

The nominal free stream velocity U., was 5 m/s, cor-
responding to a Reynolds number based on the foil chord
length of Re = 0.75 x 10°. The hydrofoil rotated about an
axis located at 25% from the leading edge. The angle of in-
cidence vary from 0° to 15° then come back to 0°, with at
least 2 periods of accelerations and 2 periods of deceleration.

As shown in figure ??, four rotation velocities are de-

fined, from a considered slow rotation velocity to a high ro-
tation velocity.

The average rotation velocity is defined as:

with t¢ the total time of transient motion. Let’s introduce
a similarity parameter based on the chord length ¢ and the
upstream velocity Ue:

=9 ®

FLOW MODELING AND NUMERICAL RESOLUTION

The fluid problem is solved with the finite volume tech-
nique ( [11]), using the CFD code CFX. Equations of mass
and momentum are integrated over a control volume Qg of
boundary dQF , using the Leibnitz rule and the Gauss the-
orem. It is then discretized using a finite volume method.
The fluid domain is divided into elementary fluid cells, for
which an integrated conservation equation is written. The
time dependent terms are approximated by an Euler scheme,
and convective and diffusive terms are calculated using finite
difference approximations. Nodal values are computed with
a high resolution upwind scheme.

Turbulence and transition modeling

The calculations are led with the CFD RANSE based
code CFX. The k — wSST model appears to be an accurate
turbulence model for boundary layer detachment prediction
([12], [13], [14D.
The k — @SST turbulence model is coupled with a transition
model y— Reg which uses experimental correlations based
on local variables( [15], [16], [17]). The model is based on
two transport equations. The first one is for intermittency 7y
which triggers the transition process:
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where Py and E; are the transition sources based on empirical
correlations. Jt is the friction velocity.

The transport equation for the transition momentum
thickness Reynolds number Re8 is given by:
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with Pg; a source term which force Reg; to match the local
value of Reg; based empirical correlation. Gg; is a source
term diffusion control.

In this formulation, only local information is used to acti-
vate the production term in the intermittency equation. This
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model allows to capture major transition effects and is accu-
rate in the case of separation induced transition. The inter-
mittency is modified to accept values larger that 1 at sepa-
ration in order to have a correct transition length. Complete
transition formulation is given in [17].

Boundary conditions and Discretization

The domain dimensions corresponds to the tunnel test
section at IRENav. The ratio between the square section h
and the chord length ¢ is h/c=0.7. The inlet velocity is set to
U=5m/s and the taken outlet reference pressure is set to 0.
Symmetries conditions are set on horizontal wall and a no
slip condition is imposed on the hydrofoil surface. Tran-
sients computations are initialized with a stationary con-
verged computation. As shown in figure 2, the mesh is com-
posed of 66,000 elements and 50 layers are used in the struc-
tured near wall zone. The other part of the domain is dis-
cretized with unstructured triangle elements. The boundary
layer is discretized in order to satisfies y© = yvﬁ = 1. This
ensure low Reynolds resolution. Mesh refinements is done
at the leading edge, the trailing edge and in the wake. The
hydrofoil motion is taken into account with boundary condi-
tion modification at wall. To do that, mesh coordinates are
calculated at each time step and the whole domain is then
meshed again. This technique used a diffusivity applied in
the mesh displacement equation which induced a mesh stiff-
ness( [18], [19], [20]). This one is set to be inversely propor-
tional to the wall distance in order to limit mesh distortion
near the wall region. The Navier-Stokes equations are re-
solved in an arbitrary referential with the ALE formulation

([19D.

RESULTS AND DISCUSSION

Figure 3 shows a typically evolution of the measured
pressure coefficient at x/c=0.3 during the transient motion
from 0° to 15° compared to the computed one. As shown,
there is a good agreement between the experimental and the
numerical results except high frequency fluctuations which
are not observed by the computation.

From 0° to 5°, the pressure decreases with low fluctu-
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-2 [ leading edge stall
high amplitude a;|d low frequency
fluctuations
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Figure 3. EXPERIMENTAL AND NUMERICAL PRESSURE CO-
EFFICIENT AS FUNCTION OF THE ANGLE OF INCIDENCE AT
x/c=0.3 DURING THE TRANSIENT MOTION

ations. At 5°, the pressure stops to decrease and shows an
inflection with a high level of fluctuations. Then the pressure
continues to decrease with significant fluctuations, whose
intensity increases from 6° to 13°. A more precise analy-
sis has shown that these fluctuations are quasi-periodic and
then can be related to vortex shedding downstream a laminar
separation bubble as shown later. From 13° a strong pressure
overshoot is observed, then low frequency fluctuations with
large amplitude are observed resulting of stall. The relative
complex characteristic of the wall pressure evolutions comes
from the various features of the boundary layer flow during
foil rotation.

Flow analysis

As an example, the flow is analyzed for the lowest pitch-
ing velocity &* = 0.18. At 0°, a reversed flow is located at
x/c=0.8 resulting from a Laminar Separation Bubble (LSB)
inducing a transition to turbulent flow at reattachment. The
displacement of LSB toward the leading edge zone is present
up to 5°. At 5° the trailing edge LSB is replaced by a lead-
ing edge LSB. Then stall is observed at 13.3° with leading
edge vortex shedding. A maximum under-pressure appears
at o = 13.9°. Then two contra-rotative vortices are shed
from the trailing edge. This scenario is repeated periodically
3 times. A reverse scenario is observed during downward ro-
tation of the hydrofoil.
Separation points and transition location have been located
using wall shear stress equal 0. The transition point is de-
fined as the reattachment turbulent point. Figure 4 summa-
rizes the separations and transition location from o= 0° to
12° (before stall). The vertical axis is the x/c location on
chord from leading edge (x/c=0) to trailing edge (x/c=1).
The trailing edge separation point is located very close to
the trailing edge for 0°, and moves slowly toward the leading



edge when the angle of incidence increases. For oo =0° to 5°
the two characteristics points (separation and reattachment)
are between (X/C)sep=0.85 to 0.69 and (X/C) reattach=0.74 to
0.66. As a matter of fact, global length of LSB tends to de-
crease as o, increases. At oo = 5°, the trailing edge LSB dis-
appears and a shorter LSB induced by higher pressure gra-
dient is formed at the leading edge which induces a sudden
move of the transition location from x/c=0.65 to x/c=0.08.
As well, the trailing edge separation suddenly moves from
x/c=1 to x/c=0.9.
Figure 5 shows the experimental and computed wall pres-
sure coefficient evolutions at x/c=0.8 (a) and x/c=0.3 (b).
First, wall pressure coefficient at x/c=0.8 shows a sudden
increase at o0 = 2°. According to figure 4, the LSB turbu-
lent reattachment point is just passing up to this point at
o = 2°. Measurements show an increase of pressure fluc-
tuations around this angle of incidence while a maximum
is around oo = 3°. For both computation and measurement,
there is a global pressure inflection at oo = 5° as transition is
passing near the leading edge. Figure 5 (a) and (b) show that
the pressure fluctuations measured increase highly at this an-
gle and continue to increase slowly up to oo = 12°.

At the same time, wall pressure on x/c=0.8 reaches a
maximum value at o. = 10° which corresponds to the trailing
edge separation, see figure 4.
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Dynamic effects of pitching velocity on boundary

layer events

Figure 6(a) represents the transition and the trailing
edge separation and Figure 6(b) the LSB length , for the
considered pitching velocities. It is observed that transition
is delayed when pitching velocity increases. Trailing edge
separation point is delayed which induces a higher lift coef-
ficient before stall. Pitching velocity does not have impact
on the LSB size. Few variation appears when it formed (de-
layed with transition as shown on transition point location
on chord) but from o0 = 7° to stall, bubble lengths are the
same. This correlation agrees with the idea that high pitch-
ing velocities delayed the separation induced transition phe-
nomenon whereas boundary layers thickness and separation
length are conserved. All these points influences hydrody-
namic loading of the foil.
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Figure 5. PRESSURE COEFFICIENT AT &* = 0.18, 0=0to 12°
BEFORE STALL: (a) x/c=0.8 AND (b) x/c=0.3 AS FUCTION OF
THE ANGLE OF ATTACK

Suction side loading analysis

Based on available experimental data, an analysis of
suction side loading can be done by summing pressure coef-
ficient on the suction side. The approximation can be written
as:

10 . .
G ()= 3.Col 0 AC) )

where Cp(%,t) is the pressure coefficient at location % and
A(%) is the non dimensional distance between two consecu-
tive transducers. The procedure is applied to numerical data
for comparison. Figure 7 shows the results obtained for the

4 rotation velocities. As shown, there is a good agreement
between measurements and computations. The difference is
very weak at the beginning of pitching and the inflection is
accurately predicted by the transition model which appears
at 5° for the lowest pitching velocity. It is delayed when
pitching velocity increases and disappears even completely
at the highest pitching motion for both approach. High
amplitude fluctuations at low frequency induced by leading
edge vortex shedding is over predicted by computation but
starts at an angle of incidence very close to measurement.
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Figure 6. (a): BOUNDARY LAYER SEPARATION AT LEADING
EDGE AND TRANSITION LOCATION ON CHORD DURING PITCH-
ING MOTION, (b): LSB LENGTH AT LEADING EDGE FOR VARI-
ous a*

The return to 0° shows hysteresis induced by a delay in the
reattachment. Again, computations agree well to measure-
ments even if the model tends to over predict the loading
when the pitching velocity increases.

Then it allows to analyze the influence of pitching ve-
locity on global coefficients obtained by computations.

Dynamic effects: numerical lift coefficient

Figure 8 shows the numerical lift coefficient evolution
as a function of the angle of incidence during pitching mo-
tions. Transition model appears to have a significant impact
on lift when the rotation velocity is weak. An inflection is
followed by a slope modification at 5° for &* = 0.18 and 7°
for &* = 1.05 which tends to disappear for &* = 1.89. Then
lift amplitude before stall is higher at high velocities. Stall
appear at 13.3° for the weakest velocity and is delayed at
14.4° for the highest velocity. It is shown that high lift fluc-
tuations induced by leading edge vortex shedding appears
at all pitching velocities, about three times for the weakest
pitching velocity and one time for the other ones. The reat-
tachment is also delayed with high velocities which induce
hysteresis. As a consequence, lift evolution is symmetric for
&* = 0.18 where the reattachment is located for C, = 1.33
whereas C_ = 0.16 for &* = 1.89.
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Figure 8. LIFT COEFFICIENT AS A FUNCTION OF THE ANGLE

OF INCIDENCE, 0 — 15° AND RETURN TO 0°, FOR 4 PITCHING
VELOCITIES

CONCLUSION

The spatio-temporal evolution of the wall pressure
field around an hydrofoil arising from a transient pitching
motion at a Re = 0.75 x 10° has been carried out for both
experimental and numerical approaches. Four pitching
velocities have been studied from a slow one ¢*=0.18
to a high one (*=1.89. The repartition of transducers
location along the suction side of the hydrofoil at reduced
coordinates from x/c=0.10 to x/c=0.90 with a step of 0.10 c
has led to both global and local analysis.
Local wall pressure coefficients near the trailing edge at
x/c=0.8 and near the leading edge at x/c=0.3 allow to
know the transition behaviour. There is a good agreement
between measurements and calculations. Trailing edge
separation is accurately predicted in agreement with the
lift inflection after that the boundary layer transition passes
from the trailing edge toward the the leading edge. The



author associates those fluctuations to vortex shedding of a
laminar separation bubble. Based on the good agreements
between experimental and numerical results, the influence
of pitching velocity has been studied. Higher pitching
velocities show a delay of transition and LSB length is
constant. Suction side loading shows a good agreement
between measurements and computations. Global effect
of transition are accurately predicted by the RANSE code
whereas wall pressure fluctuations are not captured. Nu-
merical lift coefficients for the various pitching velocities
highlight the impact of transition for slow motions which
induces a significant lift coefficient slope modification
at o = 5°. Higher pitching velocities has an impact on
boundary layer transition effect on hydrofoil loading which
induced a higher value before stall. During the the return
step to oo = 0°, an hysteresis effect induced by the massive
stall is very marked for the highest velocity .
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Possibly accurate determination of the propeller design velocity field is one of the most important
factors in the design of the ship propulsion systems. It is decisive in achieving high propulsive
efficiency and in making accurate propulsive prediction for the ship. Moreover, it enables the detailed
design analysis of the unsteady flow phenomena taking place on and around the propeller, resulting in
unsteady cavitation, in generation of high pressure pulsation and acoustic emission and in generation
of high amplitude unsteady bearing forces. This analysis leads to the development of the optimum
propeller design, fulfilling different contradictory criteria in the best possible compromise way.

In the traditional approach the propeller design velocity field was determined during the hydrodynamic
model experiments with the ship hull model without rudder and without operating propeller. This so
called “nominal” velocity field was corrected for the scale effect and for the effect of propeller
operation using simple semi-empirical procedures, leading to the rather approximate design velocity
field. Recently it became apparent that also the influence of thick rudders on this velocity field can not
be neglected.

In this paper a more rational and accurate method for determination of the propeller design velocity
field is presented. This method is based on numerical prediction of flow around the ship hull including
the effect of the operating propeller and (optionally) the rudder. The flow around the hull is calculated
in two stages [1, 2, 3, 4]: at first the potential flow with free surface effect is computed using first order
source panels distribution on the hull (cf. Fig. 1) and then the viscous flow in the hull boundary layer is
computed by solving the integral boundary layer equation along respective streamlines determined in
the potential flow calculation.

Fig. 1 Source panels distributed on the hull surface

The effect of propeller operation on the hull flow is computed using the unsteady lifting surface theory
[4, 5], taking into account the exact propeller geometry. The propeller induced velocity is computed in
the specially selected points C’ on the hull plane of symmetry, corresponding to the points C located
on the hull surface (cf. Fig. 2). This approach takes into account the fact that streamlines passing
through the propeller disk have different form for the open water propeller and for the hull-propeller
system.

Koronowicz T., Krzemianowski Z., Szantyr J.A.: Numerical Determination of the Propeller Design Velocity Field
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Fig. 2 Calculation of the propeller-induced velocity

The rudder is also represented by first order source panels distributed on its surface, similarly to the
ship hull. The computational procedure works in the following sequence [3]:

the flow around the ship hull in model scale without the propeller is calculated,

the flow around the ship hull in full scale with the operating propeller is calculated (and
optionally with the rudder),

the differences between the results of both above calculations in the corresponding points of the
flow field are determined,

the above differences are added to the results of model scale measurements of the “nominal”
velocity field (i.e. without propeller and rudder).

The accumulated experience with the above described computer program showed that direct
calculation of the full scale design velocity field is not always sufficiently accurate for a high quality
propeller design. Therefore it was decided to develop the above procedure as a sophisticated correction
to the results of standard model experiments. This approach has proved to produce high accuracy
results. The magnitude of the calculated corrections for the axial, tangential and radial component of
the velocity is shown in Figs 3, 4 and 5.
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Fig. 3 Differences between axial component of the nominal velocity field for the 4 [m] model and the design velocity field
for the corresponding 200 [m] Series 60 ship.

Koronowicz T., Krzemianowski Z., Szantyr J.A.: Numerical Determination of the Propeller Design Velocity Field
Including Scale Effect and Rudder Influence.



AVi\s

o.c7 \
il
o A i iE

0.0 / 4 ' - < )

% o0 120 150 18, 210385~ 270 /30030 /460
-0.005 \é / \W//
-0.01 M
-0.015 \/
-o.?z e

Fig. 4 Differences between tangential component of the nominal velocity field for the 4 [m] model and the design velocity
field for the corresponding 200 [m] Series 60 ship

AVIAN
0.0%

0.0

oo
A
M

0.01

Sl

i “emtos B
)

30 60 90 120 7

LA
L
't

=

240 270 300 330 360

Fig. 5 Differences between radial component of the nominal velocity field for the 4 [m] model and the design velocity field
for the corresponding 200 [m] Series 60 ship

The accuracy of this procedure was tested on the basis of model and full scale measurements of the
propeller design velocity field of the well-known HSVA tanker [1, 2]. The following figures show the
comparison of measured and calculated distributions of the axial velocity component on the radii
r/R=1.0, r/R=0.7 and r/R=0.5.
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Fig. 6 Comparison of the measured and calculated axial component of the design velocity field at radius r/R=1.0 for the

HSVA tanker case
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The above figures show astonishingly high accuracy of computations for radii 1.0 and 0.7. The results
for the radius 0.5 are slightly less accurate. It should be stressed that the scale effect and propeller
influence are visible not only in the local but also in the circumferentially averaged values of velocity
— see Fig. 9. This picture shows that inaccurate determination of the propeller design velocity field
may lead to serious errors in propeller design, adversely affecting propeller performance.
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Fig. 9 The scale effect and propeller influence of the circumferentially averaged axial component of the propeller design
velocity field.

The effect of ship rudder on the propeller design velocity field has been known for a long time. Its
importance has increased recently with growing application of relatively thick rudders. The effect of
the rudder was studied numerically in [1], using the above described computer system. One of the
analyzed configurations is shown in Fig. 10. Rudders of different thickness, but based on the same
outline and the same NACA profile 0018/0024, were studied. The results showed quite significant
influence of the rudder on the local (cf. Figs 11, 12 and 13) and averaged (cf. Fig. 14) values of the
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propeller design velocity field. Neglecting of this effect may lead to designing of hydrodynamically
“too heavy” propellers (i.e. with too high pitch).
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Fig. 10 Analyzed hull-rudder configuration
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Fig. 11 Axial component of the velocity field with two rudders of different thickness and without rudder.
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It may be concluded from the analysis of the above presented results of calculations that:

- the effects of the ship/model scale, propeller operation and rudder presence on the propeller
design velocity field are significant and must be accurately determined and properly included
in the design development of the ship propulsor and of the entire propulsion system,

- neglecting or inaccurate determination of these effects may lead to erroneous design of the
propulsor geometry and to unrealistic propulsive prediction for the ship,

- furthermore, it may lead to erroneous prediction of the cavitation phenomena on the designed
propeller, resulting in higher level of unsteady pressure, acoustic emission and fluctuating
bearing forces.

The presented procedure of numerical determination of the propeller design velocity field is based on
the model scale measurement of the nominal velocity field and on application of numerically
developed corrections. These corrections take into account the complete geometry of the actual hull
and propeller (optionally also rudder), together with free surface and viscous flow effects.
Consequently, they are much more accurate than the traditional semi-empirical corrections. The above
presented procedure has been demonstrated to be sufficiently accurate to become an effective design
tool for development of the ship propulsors and propulsion systems.
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Modelling of Tip Vortex behind a Blade Using Different
Turbulence Models and Different RANSE Solvers. Comparison
with LDA measurements.
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Introduction

The paper presents preliminary results of a research project related with RANSE modelling of tip
vortex induced by propeller blade. The main target of the project is to investigate which turbulence
model gives the best predictions of the tip vortex structure and what type of grid should be used in
order to obtain accurate results. The paper presents results of computation with the use of different
models of turbulence and three different RANSE solvers. In the framework of the project
experimental tests have been carried out. The model tests consisted of measurements of velocity
field behind a tip of blade with the use of Laser-Doppler Anemometer (LDA) and measurements of
lift and drag force.
RANSE methods are widely used for computations of flow around ship hull. Recent years RANSE
methods are increasingly used for computation of flow around screw propellers and for advanced
computations of flow past hull-propeller-rudder system. Flow around screw propeller is very
specific because of presence of strong vorticity which is produced by propeller blades. Numerical
modelling of tip vortex structure is usually not simple with finite volume method, because it
requires using relatively small control volumes (CV) far behind the blade. The size of CVs should
be at least two times smaller than the diameter of vortex core, which is generally relatively small,
therefore the grid density should be properly fitted to vortex structures which occur in flow.
In presented work computations were performed on two types of grid:
— 1nitial grid: block structural with about 1.2 million of CV's
- “manually” refined grid (based on the initial) — 1.7 million of CV's for selected cases
Three different solvers have been used: Fluent, Comet and Solaga and six different turbulent
models.

Tab. 1. Matrix of computations

Solvers and models of turbulence RANSE solvers:

. . . Turbul Fluent Comet | Sol
Computations has been carried out with the use of m‘:)rde';:ence e ome onsa
three different RANSE codes and 6 models of [gpafart- 12M 12M
turbulence. The table 1 shows the matrix of models | Allmaras
and solvers, which were used: 1.2M - indicates, that | k-epsilon 1.2M
computations on initial grid has been performed, lli'ePS‘lon RNG 1.2M v

: ‘s : -omega .
wl;lei .71}/([1 Iﬁlea]rols, thgt additionally computation on kcomega SST MM | 12M
refined grid has been done. RSM* T2M(1.7M) -
* There was a problem to obtain convergent solution
Geometry of the models with the Reynolds Stress Model. The problem was

. . more significant when solver Comet was used,
The computations and model tests have been carried  (perefore computations with RSM have not been

out for two models of foil. The shape of these two  completed.
foils was intentionally very similar to propeller

blade. The difference between foils occurs in distribution of angle of attack along span. The first of
these two foils was similar to blade with loaded tip “L”, the second one had a geometry of blade
with unloaded tip “U”. The span of hydrofoil is 357 mm, the mean chord is 302 mm.
Computations

The size of domain of computations was the same as the size of test section in cavitation tunnel.



The grid was hexahedral and block-structured, Fig 3 a. Number of control volumes of initial grid
was about 1.2 million elements, after refining number of CVs was about 1.7 million. The area of
refinement was cylindrical, the cylinder axis covered a core of a tip vortex and the diameter of the
cylindrical area was 60 mm. Fig 3 b. shows a domain intersection with the area of refinement.

The value of y+ was about 1.7. The following
discretization schemes have been used:
MUSCL in Fluent, CDS blended with UDS in
Comet and Solaga. During computations in
Comet the blending factor was 0.8 (80% CDS
and 20% UDS), however in Solaga 65% CDS
and 35% UDS has been used. Results of
computations are presented at Fig. 4 — 7. Fig. 4
shows maps of longitudinal velocity
component, Fig. 5 — vertical component of
velocity, finally Fig. 6 and Fig. 7 present
comparison between results for computations
performed on initial and refined grid.

Figures 4 and 5 show, that results are depended
on turbulence model, which was used for
computations. Some results, are very close to
data from LDA measurements, especially RSM
and k-omega MSST in Fluent give reliable
outcomes, however some models are not
suitable for presented issues.

Model tests

Models of foils have been made in CTO with
the use of CNC machine. Picture 1 shows both
models before painting. Model tests has been
carried out in CTO's Cavitation Tunnel. Size of
the test stand is: 0.8m x 0.8m x 3.0m. Velocity
measurements were performed with the use of
2D Laser-Doppler Anemometer. During model
tests longitudinal and vertical velocity
component was measured. The measurements
has been carried out in three planes, which were
orthogonal to flow direction and were located
10 mm, 70 mm and 330 mm behind a tip of a
blade. The area of measurements was a
rectangle 62 mm x 41 mm, the size of mesh was
Imm x Imm.

Figure 2 shows the test stand and the model
during LDA measurements.

b)
Fig. 2: models of foils a) model tests — LDA velocity
measurements, b) test stand: cavitation tunnel in CTO

Summary and conclusions:

The set of computations has been performed for two type of blade with “loaded” and “unloaded” tip
for 3 different angles of attack. Calculations have been performed with the use of 6 different models
of turbulence and 3 different RANSE Solvers. Same computations have been repeated with the use
of refined grid. For each computational case an adequate model test with LDA measurements has
been carried out. The best accuracy has been achieved with the use of Reynolds Stress Model and k-



omega MSST model (both in Fluent). Acceptable results were obtained with standard k-epsilon
model (in Comet) and Spalart-Allmaras model (Solaga and Fluent).

Models, which should not be use for modelling of tip vortex phenomenon are:

- k-epsilon RNG in Fluent,

- k-omega in Comet,

The results obtained from these two models were qualitatively different than results obtained form
LDA measurements, they are not presented in this extended abstract, because of size limitations.
For the most promising turbulent models computations on refined mesh (1.7M elements) have been
performed. Results obtained on refined grid were slightly better than the initial, but the difference
was not significant.

Computations with Reynolds Stress Model were less stable than others, it was difficult to obtain
convergent solution for initial grid in Comet, part of computational cases performed in Fluent on
refined grid were not stable.
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RANS computations for wake improving vortex generators

Daniel Schmode (daniel.schmode@gl-group.com)

Introduction

Vibration excitation caused by the propeller are an important issue for the maritime industry. Highly
non-equal wake fields in combination with a highly loaded propeller can cause serious vibration
problems. If a new vessel suffers from vibration problems, vortex generators (VG) can be a cheap
remedy. This paper presents capabilities of RANS computations to assess the effectiveness of VGs. Full
and model scale computations using several turbulence models are presented and discussed.

Vortex Generators

Flow control devices are widely used in the aviation and automotive industry. VGs are used on
surfaces where flow separation is a potential problem to delay or avoid flow separation. On aircraft
they are installed on the leading edges of the wings. They are typically triangular plates, large enough
to reach the outer part of the boundary layer. VGs are aligned to have an angle of attack with respect
to the local flow.[1]

A vortex generator creates a tip vortex that draws fast flow with high momentum from the outer part of
the boundary layer into the inner part. This re-energizing of the inner part of the the boundary layer
delays flow separation. Mounted on the suction side of a foil, a VG can avoid flow separations and thus
reduce the pressure resistance of the foil. Nevertheless, the VG itself induces a resistance. If this
resistance is larger than the resistance reduction due to avoided flow separation, the effectiveness of the
whole configuration is not improved.

Vortex Generators as Wake Improving Devices

In the maritime industry, flow control devices are used for wake equalizing purpose. An example is the
“Schneekluth® duct [1]. It was investigated thoroughly by model scale experiments. It proved its
effectiveness, but there are still doubts on the effectiveness at full scale. Other concepts were proposed,
based on fins that are located directly in front of the propeller (e.g. Grothues spoilers) [1].

Two different concepts of VG application are possible. The first concept can be applied if separation
occurs. VGs are mounted directly upstream of the propeller to minimize the separations.

A second concept is discussed here. The VGs are mounted far upstream of the propeller (~12%Lpp). Its
vertical position is chosen such, that the core of the vortex passes above the propeller tips (Figure 1). In
the diffuser-like aft ship flow the vortex diameter is widening rapidly. In the propeller plane its
diameter is approximately half the propeller diameter. In the following coordinate system, x points
bow-ward and y points to port. The port-side VG generates a vortex with negative vorticity. Below the
core of the vortex, the y-velocity component of the vortex points inward. Thus, it transports high
momentum form the outer boundary layer to the inner region (Figure 1). This concept improves the
wake even if no flow separation occurs.
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Figure 1: Principle of vortex generator as wake improving device.

Numerical Investigation

A 3500 TEU container vessel sailing at Fn=0.25 was investigated in the HSVA towing tank and in
HyCat. The model scale was A~30. Wake and pressure pulses above the propeller were measured with
and without VGs. The pressure pulses were reduced by the VG up to 50% of the plain hull
configuration.

Computations were carried out using the RANS solver STARccm+. The automatic grid generation tool
ProAM was used to create the unstructured hexahedron based grids. The model scale grid consisted of
approximately 2100k cells, while the full scale gird had 3300k cells. Wall functions were used in both
cases, and wall boundary layer resolution was adapted to y+ values of approximately 100. The free
surface was not modeled. A symmetry boundary condition was used 1m above the still water line
instead.

Three turbulence models were compared, namely the SST k-w, a k-¢ based Reynolds-Stress linear
pressure strain, and a SST k-w based detached eddy model. For detailed description of the models, see
[2].

Figure 2 shows the x-vorticity. Behind the VG, the vortex is small and strong. It progresses downstream
close to the hull surface and passes the propeller above the tips. Towards the stern, the strength of the
vortex is decreasing and the diameter increasing.

Figure 2: X-vorticity, the vortex core passes above the propeller plane (RSM).



Figure 3 plots the y-velocity component close to the hull. The configuration with VG shows a larger
inward directed y-velocity at the section 3 to 5 (from stern to stem). These are caused by the inward
velocity component below the vortex core. Above the vortex core, the y-velocities are smaller than in
the version with VG.

Figure 3: Y-Velocity, left without VG, right with VG (RSM).

Figure 4 plots the x-velocity component. The version with the VGs shows a strong wake behind the
VG. This wake passes the propeller plane above the propeller tips. Thus it does not spoil the wake. The
larger inward directed y-velocity transports large momentum flow to the inner boundary layer, which
causes a less pronounced low velocity peak in the 12 o'clock propeller position.

vx/vim

Figure 4: x-Velocity, left without VG, right with VG.

The measured wake is plotted in Figure 5. The VG increases the axial velocity by about 5% in the 12
o'clock position. The computations using RSM (Fig. 6) compare well and shows the same 5% increase.
The computations using SST k-w compare less well on the inner radii, but also reproduce the 5%
increase in the 12 o'clock position. Computation using DES model give exactly the same result as the
SST k-w. This may change on denser grids, when the LES terms are activated.
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Figure 5: Axial velocity component normalized using ship speed measurement
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Figure 7: Axial velocity component normalized using ship speed computed with SST-k- w model.



Instead of a grid refinement study, we only refined the cells between the VG and the propeller along a
cylinder that has approximately the diameter of the propeller (Fig. 8). The resulting wake looks similar
to the non refined one. We conclude that the grid resolution is sufficient to capture the effect of the
vortex on the wake.

Comparing result using SST k-w and RSM, a difference is evident in the 12 o'clock position.
Measurements and the RSM computation show Y-shaped contour lines. These are more I-shaped in the
SST computation. Nevertheless, the practical interest concentrates on the magnitude of the velocity
peak in the 12 o'clock position, and this is captured using the SST turbulence model. Thus, the model
error caused by the turbulence model was sufficiently small for industrial application here.

Figure 8: Local refinement behind VG (left), Axial velocity component normalized using ship speed on
refined grid with RSM turbulence model (right).

The results of the full scale computation are plotted in Fig. 9. The boundary layer is smaller here, and
the low-velocity-peak in the 120'clock position is also less pronounced. Consequently, the difference
between the plain hull and the VG version is also less pronounced, but still evident in the
computational results. Assuming that the conclusions drawn from the model scale validation are also
valid for the full scale computations, we believe that model and discretization errors in the full scale
computation are smaller than the error of the extrapolation methods used to approximate the full scale
wake from model scale measurements. Consequently, we believe that RANS computation are a reliable
design tool to investigate the effectiveness of wake improving vortex generators.

In addition to the full-scale prediction capability, RANS computations give a deeper insight in the local
flow topology. The trace of the vortex core can be visualized, and the optimal positioning of the vortex
can be found easily. The angle of the VG can be adjusted according to the local streamline.

Computation times for the model scale case on a current 4-core PC are less than 12h. This fact allows
application of RANS as a design tool. Different positions, angles, shapes, and sizes of the VGs can be
investigated in a reasonable project time.
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Figure 9: Axial velocity component normalized using ship speed ,full-scale computed with RSM.
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Conclusions

The effectiveness of vortex generators as wake improving devices was investigated using RANS
computation. The results gave insight into the local flow and confirm the basic principles of the
concept of a VG a as wake improving device. Wake computations compared well with model scale
measurements. The effect of the VG on the 12 o'clock pressure peak was well captured. Moderate
computation times allow industrial application for design and optimization purposes.
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In the work presented the nominal wake field of a
Series60 hull form is investigated in drift motion.
The wake is analysed with two different RANS-CFD-
codes (FreSCo and COMET). The computational
results are compared to each other and to
measurements.

1 Motivation

Today, analysis of flow field details around ships
and part of ships are part of any design process.
Investigations of different propeller designs and
propeller-rudder-hull combinations are state-of-the-
art. For manoeuvring simulations forces and
moments acting on the hull, propeller and rudder are
computed for different states of motions. Thus, a
propeller inflow not only for the steady straight
ahead run of the ship is required. Kose (see Kosk,
1982) had made a proposal how the effective wake
fraction could be corrected in dependence on the
lateral velocity in the propeller plane. Unfortunately,
this correction is based on the measurement results
of only one single screw vessel of the Series60.
Therefore, it has to be doubted that this correction is
valid for modern hull forms and especially for twin
screw vessels. However, modern RANS-CFD
methods allow the numerical estimation of a ship's
wake in the design process. Therefore, a method
shall be developed, which estimates the wake field in
manoeuvring simulations.

2 Concept of the Work

As described above RANS-CFD-codes are used
for the estimation of a ship's wake field in
manoeuvring conditions. In a first step CFD
computations are performed with two different
RANS-codes on a test case for which measurement
results are available. The results are dicussed and
compared to each other.

HEenprik VORHOLTER, STEFAN KRUGER
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The work is part of an ongoing research on the
improvement of manoeuvring simulations at the
Institute of Ship Design and Ship Safety at the
Hamburg University of Technology. Later on the
computed wake fields shall either be used as direct
input for propeller and rudder investigations or a
ships specific correction of the wake fraction
depending of the lateral motion in the propeller plan
is developed. This correction would then be applied
on the measured or computed wake field for the
straight ahead run.

3 Test Case

A Series60 hull form with ¢;=0.6 is chosen as
test case. The hull form is described by Topp (Topp,
1963). The Series60 form is chosen for two reasons.
The first one is, that Kose developed his effective
wake fraction correction on the basis of
measurements of a Series60 model also, although
this was a ¢;=0.7 model (see Kosk, 1982). But the
two hull forms are similar (see Topp, 1963). The
second reason is, that OLTMANN performed detailed
measurements of the model wake field and forces
and moments acting on the hull and propeller in drift
motions (see OLTMANN, 1974 and 1976). The model
with its principal dimensions and the experiments are
described in the following.

3.1 Model data

The model data is derived from the original
Series60 publication (Topbp, 1963). The principle
dimensions of the hull form are shown in table 1, the
section plan is shown in figure 1.

hendrik.vorhoelter@tu-harburg.de
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Fig. 1: Section Plan of Series60 with c;=0.6

Dimension Value
Length between perpendiculars [m] 121.920
Length over all [m] 126.309
Breadth moulded [m] 16.255
Draft moulded [m] 6.501
Prismatic coefficient Cg [-] 0.600
Longitudinal centre of buoyancy f. A. P.[m] 59.069
Deplacement [t] 8024

Tab. 1: Principle dimensions of Series60 model with
CBZO. 6

In the Topp report the hull form is described
without stern tube. For the experiments the model
must have been fitted with a stern tube. The
introduction of a stern tube into the model is also
described by Topa (see Topa ET AL., 1990). But the
results of the wake field measurements show that the
influence of the stern tube on the wake especially in
drift motion is small. Thus, it was decided to model
the hull form without stern tube for the present
investigations.

3.2 Oltmann's Experiments

OrtMANN investigated a model of the Series60
hull form with cg=0.6 at the Hamburg Ship Model
Basin in 1973. The major part of the experiments
was the measurement of forces and moments acting
on the hull as well as propeller torque and thrust. The
scale of the model was A=26.667 and the Froude
number Fr=0.300. This led to a model speed of
v,,=2.0Im/s . The corresponding model Reynold's

number was Re=8.06-10°.

The model was equipped with rudder and
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propeller and investigated at constant speed and
propeller revolutions with different drift and rudder
angles. The drift angles were varied from -12° to 12°
is steps of 2°. As the thrust and torque variations
depending on the drift motion were larger than
expected (see OLTMANN, 1974) 3D- measurement of
the ship's wake field were performed (see OLTMANN,
1976). The wake was measured with five-hole Pitot
probes in the propeller plane on five concentric
circles around the propeller axis. The radii varied
between 37% and 125% of the half propeller
diameter. The velocity was measured every 10°.

4 Set-up of CFD-Model

For the numerical analysis a CFD-model is set up.
The hull form is prepared in the ship design system
E4. The section plan is shown in figure 1. For the
RANS-CFD computations a finite volume mesh is
generated with HEXPRESS. The computations are
performed with the RANS-solvers FreSCo and
COMET. The post-processing was done with £4 and
ParaView.

4.1 Computational Domain and Mesh
Generation

The size of the computational domain in length,
breadth and hight is four times two times one the
ship length. The top of the domain is placed at the
free surface which is not modelled in the
computation, as the influence of the free surface on
the propeller inflow can be neglected.

The domain is meshed with the automatic mesh
generator HEXPRESS (see Numeca, 2005).
HEXPRESS generates a fully hexahedral finite
volume mesh by subdivision of an initial mesh. The
initial mesh, which covers the total domain has a
division of 40x20x10 cells. Viscous layer cells are
used on the surface of the hull. The thickness of the
first layer is adjusted to achieve a y*-value of 30 on
surface of the hull at the aft end. The final mesh has
about 1,000,000 cells. The minimum angle inside
one cell is 26.1°, whereas in 12 cells an angle is
found smaller than 30°.

4.2 Boundary conditions

The top of the domain, which represents the free
surface, is treated as symmetry plane. The plane at
the front and the port side are treated as inflow with
fixed velocity. The velocity components in x and y
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direction are adjusted to achieve the desired drift
angles. The analysis are performed only for positive
drift angles different to the model tests. The
starboard and aft plane which represent the outflow
are treated as pressure boundaries. The bottom is
treated as slip wall.

4.3 Applied RANS-CFD solvers

The first RANS-CFD solver, which is used is
COMET in the version 2.3 (see ICCM, 2001).
COMET is a validated tool for CFD-analysis in the
marine industry. In this work it is used as benchmark
for the second RANS-solver FreSCo.

FreSCo is a RANS-solver specially designed for
marine purposes and currently under development by
HSVA, MARIN and TUHH (see SCHMODE ET AL.
2007a and 2007b).

4.4 RANS-CFD solver settings

As far as possible the same settings are used for
both CFD-solvers. The pressure equation is solved
with the SIMPLE algorithm, the momentum
equations are discretised using flux-blending. The k-
w-SST model is used for the turbulence modelling.
The hull surface is treated as non-slip-walls with
High-Reynolds-Number  wall  functions.  The
computations are performed steady. The solution is
iterated until the residuals and the mean forces on the
hull are on constant level. If the development of the
residuals and forces on the hull is analysed, it can be
seen that the residuals become constant but on a
rather high level after 700 to 1000 iterations. The
friction force becomes steady also. But the pressure
force is oscillating. This is probably due to eddy
separation at the stern, which leads to a fluctuating
flow field.

4.5 Post-processing

The post-processing is done in two steps. At first
the flow field is read out at the same read out points
which were used in the experiments. Hence, it is
possible to compare the measured and computed
wake fields directly. Secondly all wake fields are
analysed in E4. The nominal wake fraction is
computed, as well as the mean velocity in the
propeller plane in the lateral and vertical direction.
The mean velocity is normalised with the model
speed. The analysis is not performed on the
measured radii, but on seven standard radii from 0.4
to 1.0 of the half propeller diameter in steps of 0.1.

HEenprik VORHOLTER, STEFAN KRUGER
Hamburg University of Technology

Wake Field Analysis of a Drifting Ship

Thus, a comparison to other ships is possible.

5 Results

In fig. 5 the wake field, both computed and the
measured, for the 0° drift angle case are shown. The
colour and contour lines indicate the axial velocity
normalised with the model speed. The arrows
indicate the velocity in the propeller plane. The
measurement is at the left, the FreSCo result in the
centre and the COMET result at the right side. It can
be seen that both codes deliver roughly the same
result. In the both computations is the boundary layer
to thick, although the FreSCo boundary layer is
thinner. At the twelve o'clock position the isolines
are contracted in the measured wake field. This can
also be seen in the COMET result. The reason for
this contraction is not the stern tube, but a vertex
which arises in the area of section three to four. The
contraction is also observed in not fully converged
FreSCo computations.

0.4000

0,3500 77

0.2000
0.2500

0.2000 ,y
“-w (FresCo)

0,1500 ¥ w (COMET)

0.1000

Mominal wake fraction [-]

0,0z00

0.0000

0 2 4 & 8 10 12
Drift angle beta [*]

Fig. 2: Nominal wake fraction from measured and
computed wake fields

In fig. 2 the nominal wake fraction is shown for
the measured and the computed wake field. Both
CFD-solvers capture the trend of decreasing wake
fraction for increasing drift angle. For drift angles
larger than 4° the fraction quite similar. COMET
over predicts the wake fraction for the zero drift
case, whereas FreSCo captures the trend of a
decreased wake fraction in the straight ahead
condition. Although the wake fraction is under
predicted.

In fig. 3 the normalised mean lateral velocity in
the wake is shown. The theoretical y-velocity is the
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lateral undisturbed velocity in y-direction. Both
solvers deliver comparable results and the trend is
captured.
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Fig. 3: Mean Velocity in y-direction

In fig. 4 the normalised mean velocity in z-
direction for the wake field is shown. Although one
would expect larger differences in the vertical
velocity due to the negligence of the free surface, the
difference  between the measurements and
computations are small. The trend is captured and
both codes deliver similar results.
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Fig. 4: Mean Velocity in z-direction

In the tables 2 to 4 the detailed results for all
computations are shown. In fig. 6 the wake field
from the measurements and the FreSCo
computations is shown for the drift angles of 0°, 2°,
6° and 10°. It can be seen that the vertex which is
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arises from the centre skeg is reproduced in the
computations. The difference of the boundary layer
thickness between the computational result and the
measurement decreases with increasing drift angle.

6 Conclusion and Further Work

CFD-results for a Series60 hull form in drift
motion were presented for two RANS-CFD solvers
(COMET and FreSCo). The correlation between the
two codes is good, although differences in details are
observed. The comparison between the CFD and
experimental results is encouraging. The main
effects, e.g. the large difference between the
theoretical and the applied lateral velocity, are
captured. But the quantitative comparison, e.g. of the
wake fraction, shows that there is a of further work
to be done. For example it has to be discussed
whether the laminar-turbulent-transition has an
influence on the boundary layer thickness and thus
the measured and computed wake fields.
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8 Annex
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Fig. 5: Comparison between measurement (left), FreSCo (centre) and COMET (right) for B=0°

B [°] 0 2 4 6 8 10 12
w 03044 03547 03162 0,2608 02165 0,1989 0,1916
WX 0,3087 03578 03187 0,2632] 0,2197, 10,2028 0,1957

meany 0,0047) -0,0238| -0,0404| -0,0452) -0,0523] -0,0603| -0,0656
mean z 0,0755] 0,0443] 0,0051| -0,0251] -0,0520 -0,08 -0,0999

Tab. 2: Nominal total wake fraction w, nominal axial wake fraction w,, mean horizontal velocity y, mean vertical
velocity z (normalized with model speed) for drift angles from f=0° to 12° from measurements

B [°] 0 2 4 6 8 10
w (FreSCo) 02640] 03101 03115 02918 02642 02319
wx (FreSCo) 02646] 03109 03125 02931 02654 02329

mean y (FreSCo) 0,0001) -0,0123] -0,0281] -0,0316, -0,0349| -0,0420
mean Z (FreSCo) 0,0521) 0,0289, 0,0116] -0,0197 -0,0591| -0,0955

Tab. 3: Nominal total wake fraction w, nominal axial wake fraction w,, mean horizontal velocity y, mean vertical
velocity z (normalized with model speed) for drift angles from f=0° to 12° from FreSCo results

B [°] 0 2 4 6 8 10 12
w (COMET) 03453 034200 03174 03017 02562 02430 02166
wx (COMET) 03459 03429 03185 03030 02590 02442 02177

mean y (COMET) 0,0010, -0,0202] -0,0362 -0,0441] -0,0461] -0,0502] -0,0537
mean z (COMET) 0,0331)  0,0227  0,0083 -0,0170 -0,0394| -0,0626/ -0,0858

Tab. 4: Nominal total wake fraction w, nominal axial wake fraction w,, mean horizontal velocity y, mean vertical
velocity z (normalized with model speed) for drift angles from =0° to 12° from COMET results
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Fig. 6: Measured (left) and computed wake field (right) for drift angles f=0°6=2°, f=6° and f=10°
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Summary

A detailed examination of the performance of a typical upwind sail rig arrangement was carried out for different
heel and yaw angles using a commercial Computational Fluid Dynamics (CFD) solver. Experimental wind
tunnel data provided by the Wolfson Unit for Marine Technology and Industrial Aerodynamics were used to
validate the calculated CFD results. The computed results demonstrate good agreement and the effect of mesh
density on the flow solution is presented. The purpose of this work is to identify the downwind position and
track of the resultant sail vortex system. The ability to model correctly this behaviour within a yacht race
simulation is critical to identifying the blanketing effect between two yachts.

1 Introduction

The traditional way of quantifying the performance of a sailing yacht is carried out by assessing how
fast a yacht will complete a course under given conditions. The Robo-Race simulator which allows both
influence of the yacht design and tactical choices of the crew has been developed to capture the behaviour of a
fleet of yachts [1, 2]. It is designed to simulate fleet races with N Americas Cup Class yachts, where M yachts
controlled by the computer and (N-M) yacht controlled by a real sailor. Different models for the yacht-crew
interaction have been designed and implemented for the helmsman and the sail tailers, as well as a ‘routing
engine’ which solves problems of a strategic and a tactical nature, such as collision avoidance and navigation in
wind shifts. The simulator Robo-Race is a MATLAB®-Simulink” based tool which is built on the module
‘Robo-Yacht” which uses a four degree of freedom ‘physics engine’ as well as behavioural models for the
automatic crew.

As part of a fleet race simulation it is important to be able to capture the interactions between multiple
yachts. The upwind sailing performance of a yacht is influenced by the presence of another yacht when the
downwind yacht sails in the wind shadow of the upwind yacht. The upwind yacht is said to ‘blanket’ or ‘cover’
the downwind yacht. The blanketing effect caused by the upwind yacht’s sails has an effect on the flow
propagating downwind reducing its magnitude and altering its direction. Existing models such as [3] represents
a simple empirical approach to the phenomenon of blanketing and is implemented in the current version of
‘Robo-Race’ [1, 2]. A potential way of developing a more sophisticated approach is through the application of
Computational Fluid Dynamics (CFD) solvers to give detailed information about the complex flow in the wake
of a typical sail rig for a range of sailing conditions. CFD flow investigations are often used as part of the
design process of high performance sailing yachts. Several methods to simulate the flow around a sailing yacht
are available for designers and flow analysts. The most common are the panel or vortex lattice grid codes or
CFD calculations based on RANS (Reynolds Averaged Navier-Stokes) equations. Due to the rapid increase in
performance and consequent decrease in cost of computers, engineers and designers are increasingly attracted to
investment in computational methods. The use of RANS-based CFD analysis of complete sail systems is
becoming a key component of elite racing yacht campaigns, such as the America’s Cup or the Volvo Ocean
Race [4, 5]. For example using a CFD tool, Yoo et al. [6] calculated the viscous flow around a sail-like rigid
wing, which is similar to main and jib sails of a 30-foot sloop. CFD investigations of full 3D RANS equation
calculations for an America’s Cup Class (ACC) yacht have been carried out by Graf and Wolf [4] to prove the
validity of optima for mast profile geometry derived from 2-D RANS equation simulation results. Collie and
Gerritsen [7] made numerous investigations into the challenging turbulent flow past downwind yacht sails and
the practical application of CFD to such sails.

The aim of this study is to develop a better method for describing the blanketing effect within a yacht
fleet race. This work examines how well CFD predicts the performance of the sails assessed against wind tunnel
data. In particular, a detail analysis of the position of the sail wake and its downstream evolution into a
concentrated vortex is carried out. The CFD results will be used to provide curve-fits for use in a simple real-
time lifting line approach within the wind environment module of ‘Robo-Race’.

2 Sloop Rig Model

The Wolfson Unit for Marine Technology and Industrial Aerodynamics evaluated a sailing yacht at the
University of Southampton in the low speed section of a wind tunnel (4.6m width by 3.7m height). The model
was mounted on a six-component balance attached to a turntable and suspended from the balance in a tank of
water [8]. Different sail setups and heel angles were tested. The experimental data obtained from these wind



tunnel tests were used to carry out a validation study into the influence of heel upon the performance of a sloop
rig (see Figure. 1).

The dimensions for the jib and mainsail surfaces are defined by five sections beginning at the foot
(0%) and increasing in steps of 25% up to the top (100%). Each sail section shape is defined by its camber,
draft, front and back percentage (see [9] for further information). The angle of the sail towards the mast angle
varies for each section to create the span-wise distribution of the sail twist in order to model more realistic
sailing conditions. The foot length of the jib and the mainsail are 774 mm and 667 mm respectively. The height
of the jib is 1618 mm and the mainsail is 2000 mm high comprising a total sail area A made up of 0.665 m” (jib)
and 0.720 m” (mainsail). Figure.1 shows the sail rig surfaces with a superimposed viscous grid of middle
density.

(a) plan view (b) side view (c) surface mesh (medium)
Figure 1: Views of experimental tests (a, b) and corresponding computational sail rig mesh (c)

The following 3D simulations with different incidence and heel angles are executed to determine the
effect of heeled sails. The comparison with the experimental data shows the level of accuracy of the CFD
calculations and gives an idea of the accuracy of the viscous wake analysis. The lift and drag coefficients of the
sail rig are used for the validation and defined further below (see Equations 1 and 2).

For the viscous sail wake analysis, the criteria of maximum vorticity [10] and minimum pressure [11]
are used for the identification of the position of the vortex cores. Six surfaces parallel to the inlet and outlet wall
of the wind tunnel are introduced downstream of sail rig beginning at the stern of the yacht and continued by
0.5, 1.5, 3.5, 6 and 9 yacht lengths behind it. On those surfaces the vorticity w is calculated and defined as the
curl of the velocity (see Equation 3):

0.50u; A

where 4 is the sail area of 1.385 m>.

Drag
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3 Initial Investigation and Setup

All meshes and simulations for this study were carried out using the software packages of ANSYS®
ICEM CFD 11.0 and ANSYS® CFX 10.0. As stated in [7], the Shear Stress Transport (SST) offers the best
performance for the available computational power and is the applied turbulence model for all calculations
within this study, whereas the fluid air is set up as an ideal gas.

Wind tunnel tests on 2D impervious sails carried out by Newman and Low [12] were used to
investigate three different mesh types (structured, unstructured and hybrid) at four different mesh densities
around typical sail sections with the effect on lift, drag, reattachment and separation locations analysed. The
similar Reynolds numbers of 1.2x10° (Newman and Low) and 1.71x10° (Wolfson Unit data) provide confidence
that the flow conditions and behaviour are similar. Further 2D investigations using a cut of the sail rig at the
height of 5% of the Iuff of the mainsail were carried out to determine an appropriate mesh technique, a time step
value for the unsteady runs and the difference of the steady and unsteady simulation approach. The structured
meshes utilised a H-block topology for each sail with features such as clustering at the leading/trailing edges,
boundary layer mesh around the sails to ensure a y'-value of 1 and an O-grid around the mast (see Fig. 2 and 3).
Detailed information about this mesh sensitivity study can be found in [9]. A structured 2D mesh of 163,900
cells was found to give an acceptable level of fidelity without requiring a too large 3D mesh. The results of the
2D slice mesh sensitivity study were used to build-a 3D mesh around the jib-mainsail-mast configuration.
Supplementary investigations into the boundary layer growth on the wind tunnel working section walls were
made to find a method whereby these could be treated with a ‘free-slip’ condition and yet any axial pressure
gradient effects could be captured.



Fig. 2: Smooth structured inesh of middle density Fig. 3: O-Grid around mast, density: middle

For the 3D simulations three structured meshes were chosen, consisting of the wind tunnel domain
including the jib, the mainsail and the mast. The applied block topology offers the opportunity to split the
blocks around the sail rig in such a way that an approximation to a rotary disc with split blocks around the rig
was created in order to adapt the mesh easily to the actual heel and wind incidence angles. The wind tunnel
domain is split in 576 blocks; 6 in x-, 8 in y- and 12 in z-direction. This high amount of blocks arises as the
computational domain has to be split 12 times in z-direction to assure that the blocks are correctly associated to
the complex twisted sail rig structure. Three structured meshes with the same features as the 2-d meshes
described above were created for the grid validation investigation (see Table 1 and Fig. 4).

Table 1: Mesh sensitivity study, individual Cp and Cy, for each component and the sum for the complete sail rig. A
practical restriction of 4 million cells limited further mesh sensitivity studies with finer meshes.

Grid Number of Jib Mainsail Mast All
Density Cells CD CL CD CL CD CL CD CL
Coarse 851,469 0.123 0.934 0.209 0.505 0.013 0.028 0.345 1.467
Middle 1,692,787 0.111 0.94 0.207 0.508 0.012 0.035 0.33 1.484

Fine 3,374,461 0.102 0.93 0.21 0.516 0.01 0.036 0.322 1.481

Figure 4: 3-d mesh of middle density with sail rig located 3 mainsail chord lengths
behind the inlet and 10 mainsail chord length in front of the outlet

The following boundary conditions are set up:
*  velocity inlet at the wind tunnel inlet, pressure outlet at the wind tunnel outlet;
. no-slip wall condition at the jib, mainsail, mast, wind tunnel bottom; and
» free slip wall condition at the wind tunnel ceiling and side walls (the wind tunnel is reduced by the
same amount of the boundary layer thickness on these walls in order to apply these saved cells around
the sail rig).
The velocity of the flow through the wind tunnel domain was 7 m/s which corresponds to a Reynolds Number
of 1.71x10°. Two different series of runs were carried out to investigate the effect of the heeling angle and the
angle of attack (AoA) on sailing performance. These were:
to investigate the influence of the angle of attack, the angle of attack varies whereas the heel angle
remains constant (AoA varies in values of 23°, 27°, 32° and the heel angle is kept constant at 0°, 30°);
2. to investigating the influence of the heel angle, the heel angle varies whereas the angle of attack
remains constant (AoA remains constant at 27° and the heel angle varies in values of 0°, 10°, 20°, 30°).




4 Results and Discussion
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Fig. 5: Cp and Cy, for experimental data and CFD results. Different heel angles are
investigated where the AoA remains constant at the value of 27deg.

Fig. 5 shows the experimental and CFD results for a varying heel angle where the AoA is kept at a
constant 27 deg. It can be seen that Cp and Cp decreases approximately linear to a heel angle of 20 deg and
increases for the 30 deg heeled sail rig. Fig. 5 illustrates the same development of the CFD and experimental
data as the heel angle increases. It can be seen that CFD is able to captures the special flow behaviour observed
during the wind tunnel tests in the Wolfson Unit. Generally, an overprediction of the drag coefficient is
observed which can be explained by either: (1) a general overprediction of drag by the SST model or (2) the use
of an insufficiently fine mesh of middle density due to the lack of computational power.

Fig. 6 below displays the CFD results with and without hull and the experimental data of the Wolfson
Unit. The presented experimental values are obtained by varying the position of the sails whereas the hull and
the wind direction remain constant. The best fit lines describe the efficiency of the sail rig height where lines of
shallow slope identify greater efficiency than the steep ones as their lift to drag ratio increases.
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Fig. 6: Experimental and CFD data for 27deg AoA including hull

The added lines in the figure above clearly show a difference between the efficiency of the 0 deg and 30 deg
heeled sails for the experimental results as the induced drag efficiency changes for the 30 deg heeled case. The
same behaviour is observed for the CFD results as the lines of best fit clearly identify a loss of efficiency for the
30 degrees heel angle compared to the 0 degree heel angle simulation. Furthermore, not only the notable change
of the shift in the lines is captured by the CFD calculation, but also the fact that the three data points for 0, 10
and 20 deg cases are comparable as can also be seen from the experimental results. The effect of the hull on the
performance of the sailing yacht is also clearly evident. The slope of the corresponding line is steeper than that
of those without the hull. This loss of efficiency can be explained considering Fig. 8, where flow ‘jump’ over

3.00



the hull is observed. This ‘jump’ makes the flow less efficient by changing the pressure distribution of the jib
and mainsail in an unfavourable way, especially at the foot.

Three main vortices are generated by the sail rig; two smaller ones at the top of the mast and at the end
of the foot of the mainsail and a big vortex around the top region of the jib and mainsail. The two smaller
vortices decrease in strength rapidly and are almost negligible after 3-4 yacht lengths downstream of the sail rig.
Therefore they are not further considered in this study. The major vortex generated from the top region of the
jib and mainsail are coalesced after 2 yacht length downstream of the sail rig and plays the dominant role in the
resultant sail vortex system (see Figures 7 and 8).

=

Fig. 7: Local pressure contour on sails and streamlines to Fig. 8: Streamlines around sailing yaht to show te
identify the vortices in the wake. 27deg AoA and 10 deg updated flow behaviour downwind as the flow has to
heeled sail rig. ‘jump’ over the hull. 27deg AoA and 0 deg heel angle.

Figure 9 below displays the development of the maximal vorticity of the major vortex downstream of
the sail rig. It can be observed that the vorticity values have different starting values and decrease exponential.
The varying starting values can be explained by the different generated lift which differs according to the actual
incidence angle. The steep decrease in vortex strength continues up to the value of 2 yacht lengths downstream
and decelerates afterwards. Furthermore, it can be seen that the exponential decrease in vortex strength
(vorticity) does not vary much for the different sail rig setups and wind conditions.

125
—— CFD 0Odeg Heel 23deg AoA
— B - CFD Odeg Heel 27deg AoA
100 7 —&— CFD 0Odeg Heel 32deg AoA
- —>%— CFD 10deg Heel 27deg AoA
2 75 —-X%= - CFD 30deg Heel 27deg AoA
z \ —-o—--CFD 0Odeg Heel 27deg AoA Symmetry
2
5 50
25 ~
. e

0 2 4 6 8 10 12 14
x-direction, normalised yacht length

Fig. 9: Development of maximum vorticity downstream of the sail rig, 0 in x-direction describes
the bow and 1 the stern of the sailing yacht, CFD results for different heel and incidence angles.

Figure 10 shows the tracks of the vortex cores at different locations downstream of the sail rig. It can
be observed that the filaments of the vortex cores start at around 70% of the mainsail height, whereas the
highest shed off value is reached at 32deg AoA. Afterwards, the vortex core filaments decrease to a minimum
that occurs at around 57% in horizontal and 13% vertical direction for all runs expect for the 30 heeled sail rig
setup (60% and 18%, respectively). Subsequently, the vortex cores gain between 3% and 5% in height, whereas
the simulation with 32deg AoA achieves the greatest increase. Furthermore, the vortex core of the 30 deg
heeled sail rig covers the greatest vertical distance of all sail rig setups. The presents of the side walls of the
wind tunnel domain are likely to have a small influence on the filament of the vortex cores that has to be
investigated in future. A first step in this direction was carried out by applying the ‘symmetric’ boundary
conditions on the wind tunnel side walls. For this simulation no effect on the vorticity and the position of the
vortex cores could be observed (see Figures 9 and 10). To investigate this influence in more detail, further
investigations with a bigger wind tunnel domain will be carried in future.
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Fig. 10: Tracks of vortex cores within the sail rig wake downstream; the line starting points at around 70% of the
normalised mainsail height describe the position of the vortex cores at the stern of the yacht and the line end points
express the vortex core position 9 yacht length downstream of the stern; the other 4 points of a vortex core track are
calculated at 0.5, 1.5, 3.5, and 6 yacht lengths downstream of the yacht’s stern, CFD results for different heel and
incidence angles.

5 Conclusion and Future Work

This study clearly demonstrates that the effect of heel angle is captured by the RANS-equations using the SST
model. The aim of showing the effect of heel on sail rig performance was achieved and the trends of the
computed results show good agreement with experimental data. Moreover, the special flow behaviour for the 30
degrees heeled sail rig is well predicted as the flow around the sails is correctly calculated and the difference
between the 20 and 30 degrees heel angle is clearly visible, as also observed by experiment. The only
disadvantage is the overprediction of the drag coefficient in the simulations. This can be solved by using more
computing power. Furthermore, for a more detailed wake analysis, a Statistical Identification Method such as
VORTFIND has to be considered for identifying the vortex cores as the used vorticity maxima and pressure
minima methods have difficulties in identifying weak vortices in the presence of a shear flow [13].
Nevertheless, the wake examination, especially the vortex analysis, led to important results that can be used for
the development of a more detailed model to capture blanketing and covering within a fleet race. Further
investigation with a bigger computational domain downwind of the sail rig have to be carried out to determine
influences of the side walls of the wind tunnel and the entire affected area by the sail rig.
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1. Introduction

Small boats are often required to operate at as high a speed as possible. The crew experience repeated
shocks and vibration, which can lead to a reduction in their physical and mental performance. Accurate
prediction of the motions of high speed craft is an essential element in understanding the response of the
crew to a particular design configuration. Previous work has been conducted using a non-linear
potential flow model and the use of computational fluid dynamics to model wedge impacts with water
(Hudson et al, 2007).

In order to model the flow around complex bodies accurately, the boundary layer must be predicted
correctly. The problem of a body impacting water and subsequent settling requires an unsteady
boundary layer to be modelled. In order to ensure that this boundary layer is being modelled correctly,
the flow along an impulsively started flat plate moving parallel to the flow is investigated. The
boundary layer on an impulsively started flat plate is well understood and is also reasonably simple to
model using CFD. A commercial Naver-Stokes equations solver is used to carry out the simulation
(ANSYS, 2008). The results are used to develop a methodology for generating a mesh capable of
boundary layer resolution in this type of flow. A bow section impacting with water is then modelled,
using the techniques developed for accurate prediction of the boundary layer.

2. Boundary Layer

A significant amount of work has been carried out on impulsively started boundary layers and the
subject is well understood. The initial stage of the development of a boundary layer with time is defined
by Rayleigh (1911) for an infinite plate. As the boundary layer reaches a steady state, it is best
described by Blasius (1908). The development of the flow from the initial to the steady state is
described by Hall (1969) and the empirical data from this model is used for comparison with the CFD
(see section 2.2). Initially, the steady state results are analysed, with the results presented in section 2.1.

The mesh has a length of 0.4m, a height of 0.05m and a width of 0.00lm. The problem is two
dimensional (2D) although the software does not have the option to solve 2D problems and so the
computational domain width is one cell thick. A check is carried out to ensure there is no flow in the
spanwise direction (i.e. parallel to the leading edge of the plate). The leading edge of the plate is
positioned 0.5m downstream from the flow inlet. Three meshes are constructed, each with a different
number of cells. Variations between each mesh are given in table I.

Table I: Parameters of each mesh

Number of cells Distance of first cell from the wall.
5000 4.0%*10° m
50000 1.8%¥10% m
90000 5.0%10°m

A timestep of 0.0001s is chosen to ensure that the Courant number remains close to 1 as desired (WS
Atkins Consultants, 2003).

" Email: sgl101@soton.ac.uk



2.1 Prediction of the steady boundary layer
The turbulent boundary layer thickness for a two dimensional infinite flat plate is defined by White
(1999) as:
o _ 0.16
x R’
where Re, is the length based Reynolds number of the flow along a flat plate. This is defined as:

Ux
Re, =—,
1%
where x is the distance from the leading edge of the plate to the point under consideration, U is the free

stream velocity and v is the kinematic viscosity. The wall shear stress is defined by White (1999) as

_1 2
v, = Y puic,,
where C;is the coefficient of skin friction, given as

0.0594
C, = R

A comparison between the theoretical boundary layer thickness and the predicted boundary layer across
the plate is presented in Figure 1. The CFD results are given for each of the meshes. Similarly, the wall
shear stress across the plate is illustrated in figure 2. The finest mesh (with 90000 cells) produces the
most accurate predictions for the boundary layer thickness. The shear stress on the plate wall is under-
predicted from the leading edge of the plate to 0.2m downstream.

Steady boundary layer growth along plate
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Figure 1: Boundary layer thickness distribution along the plate.



Wall shear stress
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Figure 2: Wall shear stress distribution along the plate.

2.2 Boundary layer on an impulsively started plate

The theory used to solve unsteady boundary layer equations can be found in Hall (1969). Figure 3
presents the unsteady boundary layer growth at two positions on the plate: 0.1m and 0.25m from the
leading edge. The boundary layer thickness is non-dimensionalised. The CFD shows a good correlation
with the theoretical results.

Transient growth of boundary layer
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Figure 3: Transient growth of boundary layer at x = 0.1 and 0.25.

Using this data, the same y+ values are used to create the mesh for the hull water entry problem
presented in section 3.



3. Ship bow section entry

A ship bow section was dropped from varied heights into a small towing tank at MARINTEK. The tank
is 30m long, has a width of 2.5m and a depth of Im. The bow section, presented in figure 4, has a
breadth of 0.32m, a draft of 0.2m and a length of 1m. Table II presents the coordinates of the geometry
of the hull section with units in mm. The highlighted coordinates represent the position of the 4 pressure

transducers. The total weight of the drop rig was 261kg.

Table II: Coordinates of the bow section

o |

0 mm

240 mm

Prassure Galls

Figure 4: Diagram of ship bow section (Aarsnes, 1996).

Measurements were taken with a sample rate of 20 kHz in most tests.

include:
¢ Force measurements

x y
0 -240
5 -240
16 -227.9
23.3 -210.6
28.9 -192.3
32.7 -170.4
35.6 -150.3
41.2 -130.2
49.5 113.8
61.3 -102.1
75 -89.5
94.1 -76.9
114.2 -64.4
139.7 -48.3
156.1 -36.6
160 0

Data collected during the tests

+  Pressure measurements using a pressure cell with a range of 0 — 1.5%¥10° N.m™. The cell

diameter 1s 3mm.

e Acceleration measured using accelerometer with a range of 0 — 10g, with a linear frequency

range of 0 — 1kHz.

*  Wetted surface measurements using wave gauge tape.

Three meshes of the bow section were created, each with a length of 0.8m and a height of 0.4m. The
finest mesh contained 30000 cells, and the first node was situated 2 * 10 m from the wall of the bow
section (see figure 5). The time step is varied from 0.5ms to 0.05ms. The details of the method for the

CFD simulation can be found in Hudson et al (2007).



3.1 Results

Figures 6 and 7 present the results of the pressures predicted at each of the pressure transducers (shown
in figure 4). The impact pressures are captured well, although are under predicted by up to 10%. It
should be noted that the bow section was decelerated by a spring mechanism after the impact occurred,
although information regarding the point at which the spring starts acting is not available. It is therefore
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Figure 5: Mesh for the ship bow section.

assumed that after 0.07 seconds, the acceleration of the wedge is affected by the spring system.

Predicted and experimental pressure (transducers P1 and P2)
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Figure 6: Pressure predictions compared with experimental data from pressure transducers P1 and P2.
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Predicted and experimental pressure (transducers P3 and P4)

30000 -
25000 -
=
< 20000 -
g
2
g 15000 -
St
m g
10000 -
P
5000 - —— P3 Pressure prediction|
—— P3 experiment
6 - —— P4 Pressure prediction
-0.02 0 0.02 0.04 0.06 —«— P4 experiment
Time (s)

Figure 7: Pressure predictions compared with experimental data from pressure transducers P3 and P4.

4. Conclusions

A computational fluid dynamics method using the Reynold’s averaged Navier-Stokes equations is
applied to solve the problem of a two-dimensional unsteady flow along a flat plate. The investigation
carried out on the unsteady boundary layer on a flat plate provides insight into the most suitable means
to model more complex CFD problems. This accurate modelling of an unsteady boundary layer allows
improvements in the prediction of a body impacting with water. The results presented demonstrate that
such a CFD approach predicts the magnitude and time history of the pressure distribution accurately as
compared to available experimental data.
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1 Introduction

Some bulbous bows are used as sonar domes and are generally made of fibre-reinforced plastic. The largest
hydrodynamic loads acting on these composite structures are due to slamming. Therefore, it is an important
criterion for the design of these structures. Although it is possible to correctly estimate such loads by
numerical models based on the finite volume method or the finite element method (FEM), the associated
high computation costs prohibit their use for optimization in a design approach. As a consequence, ship
builders are interested in the development of dedicated slamming aid design tools as a complement to
common sea keeping software.

Since the 1930s, simplified models (solutions to the Wagner problem) have been proposed for two-
dimensional (2D) flows. These models are reliable, especialy for blunt sections. In this paper, the 2D
Wagner problem isfirst presented (for an overview see[2], [8]), a semi-analytical solution is described and a
three-dimensional strip method is used for the pre-determination of the slamming loads on two different
specimens with aspect ratios of common bulbous bows. The results of the strip method are compared to
those of a Finite Element Analysis performed with Abaqus/Explicit. The strip method results differ
significantly from the 3D FEM results. A 3D analysis of the flow must be considered to study the impact of
bulbous bow type structures. As a consequence, solutions based on the 3D Wagner problem should be
devel oped.

2 A semi-analytical tool for the samming of two-dimensional arbitrary sections

Since Wagner first set down the well known “Wagner problem” that accurately describes the global flow and
rationaly estimates the slamming force for small dead rise angles, alot of studies have contributed to extend
the model to large dead rise angles, general body shapes and the description of the jet region (see [4], [5], [6],
[7]). The 2D Wagner problem is described above and a semi-analytical method to determine the wetted
surface for arbitrary body shapes is described in detail. This 2D solution is used to calculate the sslamming
loads on 3D bodies using a strip method and using the regularised pressure field solution proposed by Zhao
& Faltinsen [3].

2.1 The Wagner theory

The Wagner theory is based on a simplification of the impact problem in a coupled problem: the
instantaneous fluid flow approximation and the wetted surface evolution. For the sake of convenience, this
study is limited to the impact at constant speed V' (7>0). The cross-section is assumed to be symmetric about
its vertical centreline and is represented by function /(x), which defines the vertical distance between a point
of the surface and the section bottom.

The fluid problem is formulated assuming an idea fluid flow (incompressible, inviscid and irrotational)
described by a velocity potential ¢. The liquid isinitially at rest and gravity effects are neglected. The fluid
free surface and the solid geometry are assumed to remain close to their initial state. All the boundary
conditions are then linearized and projected on the initial free surfacez=0 (see Figure 1).

Tassin A., Jacques N., Neme A., Laurens JM., Simplified models for the estimation of slamming loads on bulbous bows



) [E: b) $ =
hix) =0 eft)
£f) L
i
X
[y I \\n..__ __/ L : %?:—V ; ﬁ¢=ﬂ

Figure 1 : Definition of the impact problem (a) and its approximation according to the Wagner theory (b).

The velocity potential has to verify the following system of equations:

Ap=0 (1)
9=0 z=0,[x>c@) @
op _ _

E__V Z—O,|x|<c(t) 3)
Vo —0 X% +z% 5w 4

This system can be solved analytically by introducing the complex velocity potential and using conformal
mapping (see [1]):

@=-VAc(t)? —x? onz=0" and IX| <c(t) )

The pressure is obtained by the linearized Bernoulli equation:

p=-poplot, (6)
where p is the fluid density. At this stage, the wetted surface width ¢(#) is unknown and has to be
determined.

2.2 Computation of the width of the wetted surface

From the analytical flow solution, the vertical relative velocity between a point on the free surface and the
body is obtai ned as a function of the wetted surface width c(z):

U, (x,1)= az @y = \/% for |x|>c(t) (7)

Thetime integration of the free surface relative speed U, givesthe free surface relative elevation 7(x,?)
M

Wi =E (8)

By using the substitution » = ¢(z) ineq. 8 and introducing function x such as

_vdr
u(y)= & 9)

n(x,1) = jU, (x,7)dr =
0

the following expression is obtained for the relative free surface elevation:
c(1)

() = ey |,U(7)
) Jxf - y?

The width of the wetted surface is the x-coordinate of the intersection point between the free surface and the
body, and thus is solution of the following equation:

(10)

cu(y)

h@:):jF

(11)
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A closed-form solution can be obtained only for a wedge or a parabola [2]. One way to deal with arbitrary
sectionsisto divide the interval of integration of the right-hand side of Eq.10 into parts as:

I cHr) Z M) —=———dy | ,wherec,=0 andcy =¢ (12)

w/cz—y \/c —y?
0

Assuming u(y) continuous over the interval [c,, cy] and linear over each subinterval [ci; , ¢, that is

1) =ty + c7 _Z (14, — 1,y for ¢,y <y <c, andwhere g, = yu(c,) , eq. 11 then leads to:
k— Yk
p 2
h(c,)
ne) = Z k) g (13)
ﬂc —7/ h(cz)
Ck h(cf) -

c]’ cZ cN‘ X

Figure 2 : Body shape discretization.
The right-hand side of eg. 13 can be estimated analytically. Therefore, the coefficient x, is obtained from

the coefficients already determined ( ;. j =0tok-1) and from A(c, ) (see Figure 2). u,is set to O for a body

with horizontal tangency at the keel and to 2A4(c;)/7c, for asharp edged body at the keel.
The integration of Eq. 9 allows usto obtain:

D, -D,_, = jﬂ(7)-d7 ) (14)

Cia

where D; denotes the penetration depth at time #; suchas c(¢,) = c, .

t

D, - _[ Vs (15)

0

2.3 Pressure computation

The classical Wagner solution for the pressure has been improved. Zhao & Faltinsen (see [3]) present a
regular solution from the Wagner solution (see [2]) and the local jet solution using matched asymptotic

expansions. Eq. 16 below presents the pressure expression for |x| <c:

p=pV c%(CZ—xZ)-W— l2e(e=) ”2+2p(d°j i |1’2[1+| u 2] (16)

Wagner term matchl ng term jet term

where 7 isrelated to x by:
x—e=2 (Ind = 4> || +5), (17)
r
and O isthejet thickness:
-2
O=nV? 20[4@]
dt
For |x| > ¢, the pressure expression is given by the jet term of eq. 16.

(18)
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Figure 3 shows the sslamming load during the impact of a cylinder of radius R. The results obtained by the
proposed semi-analytical model are compared to those of a Finite Element Analysis and to the experimental
data of Campbell and Weynberg [11]. A good agreement is observed between the different results, which
validates the proposed method. The force per unit length F is obtained by integrating the pressure from x=—

2¢ to x=2c, neglecting the pressure contribution for|x| > 2c .
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Figure 3: Load coefficient as a function of the penetration ratio for a cylinder. (+) experiments of Campbell and
Weynberg [11], (..) FEM with Abaqus/explicit, (--) Semi-analytical with 10 subintervals, (_) Semi-analytical
with 50 subintervals

3 Strip method for three-dimensional structures

In this section, a strip method is applied to estimate slamming loads on 3D bodies. The principle is trivial:
2D computations are run on cross sections orthogonal to the principal axis X; of the structure. Therefore, the
fluid flow in the X; direction is neglected (see Figure 4 below).

X; Cutting planes X;

Figure 4: Example of cross-section generation on an elliptic body.

4 Three-dimensional Finite Element Analysis

The Coupled Eulerian-Lagrangian (CEL) capability in the finite element commercia software
ABAQUS/Explicit is used to analyse the hydrodynamic impact of three-dimensional bodies. In the CEL
approach, an Eulerian multi-material formulation is used to describe the fluid flow, while the structure is
modelled within the Lagrangian framework. The Eulerian mesh is fixed in space, and the material can flow
through the elements. Besides, each element can contain a mixture of two or more different materials. The
Eulerian solver in ABAQUS/Explicit is based on the volume-of-fluid method. In this method, a new variable
is added within each element for each material included in the model: the volume fraction of this material. At
the end of each time increment, the material interfaces in the Eulerian domain are reconstructed using the
volume fraction data. A special fluid structure coupling algorithm enforces the interaction between the
Lagrangian structure and the Eulerian materials. This algorithm forces to be transmitted between the Eulerian
and Lagrangian meshes, which are superimposed (Figure 5). Therefore, there is no need to use a conforming
mesh for the Eulerian domain. However, this domain should be extended beyond the initial water surface in
order to capture the strong deformation of the free surface due to slamming (Figure 6). The size of the
Eulerian domain is about five times larger than the one of the impacting solid. For the ssimulation presented
in this paper, the meshes contain between 1.7 and 2.3 million elements. A 3 ms simulation has a run time of
about 12 hours on a single processor workstation and requires about 8 gigabytes of memory.
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Lagrangian domain
(solid)

Eulerian domain Water
Figure 5 : Schematic representation of the FE Figure 6: Deformation of the water free surface.
model (initial configuration). By symmetry, only a quarter of specimen I is
meshed.
5 Results

The strip method has been applied to two different structures with aspect ratios (Width/Length) of
common bulbous bows: a cylinder with a length of 192mm and a radius of 320 mm with two
hemispherical extremities of the same radius and a wedge with a length of 192mm and 15° angle with
two conical extremities of the same angle. Both specimens are 320mm wide and their total length is

512mm.
Figure 7: Specimen I: cylinder+sphere Figure 8: Specimen I1: wedge+con
100 : : : : 150 : : : ‘
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80f |,
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Figure 9 : Total force as a function of time for an Figure 10 : Total force as a function of time for
impact speed of 12m/s on specimen I. an impact speed of 12m/s on specimen I1.

Figure 9 and Figure 10 compare the performance of the strip method to the 3D FEM results, where 3D
FEM is considered as the reference. Significant discrepancies between the results of the strip method
and those of the FEM analyses are obtained. The loads predicted by the strip method are significantly
greater than the ones obtained with 3D FEM computations. The strip method used for slender bodies,
is clearly not reliable for large aspect ratio bodies such as specimens | and Il. Indeed, the aspect ratio
(Width/Length) of specimens | and Il is 0,625. Scolan & Korobkin [9] have studied for an elliptic
paraboloid, the influence of the aspect ratio on the Force ratio F;p/ Fip, Where Fi;p and Fop are
respectively the slamming loads obtained with a 3D Wagner solution and with a strip method based on
a 2D Wagner solution. For an aspect ratio of 0,625, F;p/ F,p isequal to 0,72.

6 Conclusion and perspectives

The aim of this work is to develop a tool for the estimation of slamming loads on combined bulbous
bows/sonar domes. For this purpose, a strip method based on the 2D Wagner theory has been
developed. 3D FEM computations have also been performed. The results obtained with these two
approaches show the limitation of the strip theory in the case of bulbous bow type structures. 3D
effects on the flow should be considered. The 3D Wagner problem is non-trivia to solve, but
analytical solutions for particular geometries show that the phenomenon is accurately described by this
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approach (see [9], [10]). Few studies examine the resolution of the 3D Wagner problem for arbitrary
body shapes. Therefore, it is an interesting approach to investigate.

Experimental impact tests are currently carried out at constant speed on a dedicated high-speed
hydraulic test machine available at ENSIETA. Impact tests on cones have aready been conducted (see
[12]). 3D specimens will be tested in order to validate the load estimations of 3D simplified models
and 3D FEM.
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Numerical Simulation of Stern Slamming and Whipping

Jan Oberhagemann, Ould EI Moctar, Michael Holtmann, Thomas Schellin, Volker Bertram,
Germanischer Lloyd, Hamburg/Germany, volker.bertram@GL-group.com
Daewoong Kim, Daewoo Shipbuilding & Marine Engineering, South Korea, dacwoong@dsme.co.kr

Our objective was to assess stern slamming for a modern LNG carrier, Table I, under two loading
conditions. Particularly the flat area between propeller shafts, Fig.1, may be subject to stern slam-
ming. Details of the procedure are found in Oberhagemann et al. (2008). We took the normal relative
velocity between hull and water surface in the stern region as criterion to identify critical situations
with respect to severe slamming. A linear GFM seakeeping analysis, based on the wave climate of the
North Atlantic according to IACS Recommendation 34, yielded maximum normal relative velocities.
Equivalent regular design waves, leading to the same relative velocities, were identified. Based on
these regular equivalent design waves, input parameters were defined for the RANSE (Reynolds-
averaged Navier Stokes equations) simulations, coupled with the computation of the nonlinear ship
motions in these waves. The computed pressures were compared with design pressures according to
classification society rules. Slamming loads obtained with the RANSE solver served as boundary
conditions for transient finite element (FE) computations.

Table I: Principal particulars
Length between perpendiculars 303.0 m

Beam at waterline 50.0 m
Design speed 19.5 kn
Draft (ballast condition) 9.4 m
Draft ( design condition) 11.7m
Metacentric height (ballast) 14.0 m
Metacentric height (design) 6.7 m
Longitudinal gyradius (ballast) 753 m
Transverse gyradius (design) 163 m

Fig. 1: Stern region of the LNG carrier

To assess effects of hull girder whipping, we performed transient coupled computations that com-
bined fluid dynamics and structural dynamics, EI Moctar et al. (2006). Only the influence of the tran-
sient phenomena of fluid flow on the structure was considered. The influence of structural deforma-
tions on the surrounding flow was assumed small and was thus neglected. The commercial RANSE
solver COMET computed fluid dynamic pressures, and the finite element software package ANSYS
performed the structural analysis. Hydrodynamic forces and moments acting on the ship’s hull were
converted to nodal forces for the FE model. Mass inertia forces and moments were also added to
nodal forces, allowing computations in a ship-fixed coordinate reference frame.

The computational procedure consisted of four steps:

1. A linear GFM code obtains transfer functions of normal relative velocities at previously de-
fined critical areas underneath the ship’s stern.

2. A statistical analysis combines these results with user-specified operational restrictions to de-
termine maximum normal relative velocities; then regular design waves for stern slamming
are selected leading to these same normal relative velocities.

3. RANSE simulations for the freely moving ship in the selected waves compute slamming pres-
sures.

4. FE code simulates the hull structural response caused by the slamming loads to determine dy-
namic amplification of hull girder stresses due to whipping.

For the seakeeping analysis, the hull was discretized into 4290 panels. Computations were carried out
for ballast and design conditions for 13 encounter angles (0° < p < 180°) at 15° intervals, for 30 wave



periods ranging from 5.0 to 18.0 s, and for six ship speeds v, ranging from 0 kn to 19.5 kn. We as-
sumed that the highest normal relative velocities between water and hull resulted in maximum slam-
ming pressures. Standard spectral techniques together with the linearly computed transfer functions of
ship motions were employed to specify regular design waves for stern slamming. At the moment of
water entry, maximum relative normal velocities were computed for 20 critical locations underneath
the ship’s stern region, Fig. 2. Due to symmetry, only the port side was investigated.

Long-term statistical analyses were performed, assuming equal distribution of wave encounter angles
for each given loading condition and ship speed. Short-term statistics relied on Pierson-Moskowitz
seaway spectra with a cosine squared distribution of wave energy about the primary wave direction.
For long-term statistics, frequencies of occurrence of sea states were set according to the IACS Rec-
ommendation 34. The applied probability of exceedance was 10™ for 17 years operational time. Mul-
tiplication of transfer functions for normal relative velocities with the corresponding maximum wave
amplitudes yielded complex response spectra of normal relative velocities. Values of maximum nor-
mal relative velocities were always taken at the peak of the response spectra.

Table II: Selected design waves

wave 1 2 3

wave amplitude [m] 14.2 14.2 12.2
wave period [s] 13.5 13.5 12.5
encounter angle 0° 15° 180°

Fig.2: Locations of in-Ve.stigated
slamming loads

A subsequent analysis determined amplitudes of regular design waves for each combination of en-
counter angle, wave period, and ship speed. Based on operating experience with similar ships, the
following restrictions were observed:

—  Wave steepness must not exceed 0.156, corresponding to wave height:wave length = 0.1.

— Except at zero forward speed, maximum acceleration on the bridge deck must not exceed the
acceleration of gravity.

— Depending on the ratio of forward speed v to design speed vy, the propeller tip must not
emerge for v > 1/3 vy, or the propeller emergence should not exceed one third of the propeller
radius for v = 1/3 vy. At zero speed, this criterion is invalid.

— Wave heights greater than 15 m are only allowed for ship speeds of less than one-third design
speed.

— For critical locations that do not emerge, maximum normal relative velocity is set to zero.

The ballast loading condition always resulted in higher maximum normal relative velocities than the
loaded (design) condition, and the zero speed cases always gave higher values than other ship speeds.
This was because wave height restrictions depended on ship speed and high relative velocities oc-
curred together with high relative motions, causing parts of the propeller to emerge.

For the RANSE computations, we selected three regular design waves that caused maximum normal
relative velocities, all for the ship in ballast condition at zero forward speed, Table II. Sample results
are shown for a representative critical location. The RANSE solver not only computed slamming
pressures, but also solved the nonlinear ship motion equations by imposing initial and boundary con-
ditions according to the regular design waves.



For each design wave, a volume grid with tetrahedral cells was created. For wave 2, the grid had 1.5
million cells and covered a fluid domain extending two ship lengths aft and three ship lengths forward
of the ship’s center of gravity, two ship lengths to port and starboard of the centerline, and 200 m
above and one ship length below the calm waterline. We refined the grid in the region of the water-air
interface and stretched the cells towards the outlet boundaries and in the regions far from the free
surface. Boundary faces on the hull surface in the critical stern region had a size ranging from 0.2 to
0.25 m?, allowing an accurate representation of the pressure distribution. For wave 1 and wave 3, the
grids were similar. However, due to symmetry (stern wave respectively head wave) we modeled only
the port side of the hull and the surrounding fluid domain. Thus, the number of grid cells was reduced
to about 700000. For wave 3, regions of refined and stretched cells were adjusted to reflect head wave
conditions. In each case, about 4000 time steps with a time step size of 0.02 s were computed, corre-
sponding to 80 s of simulation time or about six wave encounter periods.
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Fig.3: Computed slamming pressure in [kPa] for
waves 1 (black), 2 (red), 3 (blue) occurring at peak slamming pressure

Fig.4 shows computed time series of slamming pressures. For waves 1 and 2, pressures reach similar
peak values of about 305 kPa and the duration of peaks and the slope of the pressure curves after the
first peak are similar. Shape and duration of these pressure traces agreed well with full-scale and
model test measurements for other ships, indicating that the RANSE simulations captured all relevant
physical phenomena, Schellin et al. (2007). Although the pressure time history for wave 3 resembles
the time histories from waves 1 and 2, pressures were significantly smaller. The peak pressure from
wave 3 was only about 25% of the peak pressure from waves 1 and 2. In the computations, stern
slamming occurred only between the two propeller axes. The pressure distribution in Fig.4 is typical
for the time of peak slamming pressure. Formulas in classification society rules give slamming pres-
sures of 325 kPa for this ship. Rule based slamming loads thus lead to a conservative hull structural
design. Furthermore, rule based design pressures refer to quasi-static pressures, whereas computed
slamming peak pressures lasted only for a short time.

Whipping analyses were performed, using the hydrodynamic loads obtained by the RANSE computa-
tions as transient loads acting on the FE model of the ship structure. The FE model consisted of
263000 elements and considered a total of 575000 nodal degrees of freedom. The mass distribution of
the light-ship weight was completed by adding masses of filled and partially filled tanks. Transient FE
computations showed that the excitation of the lowest fundamental natural mode contributed most to
the additional stresses caused by hull girder vibrations. Of interest were accelerations at the ship’s
bow and stern, longitudinal stresses at the ship’s midship section, and torsional stresses at the one-
quarter and three-quarter ship stations. We selected large amplitude waves with periods where the
probability of exciting whipping responses of the ship structure was relatively high. These waves
caused not only maximum slamming pressures, but also high shear forces, bending moments and, for
wave 2, torsional moments acting on the ship’s stern section. Slamming loads obtained from RANSE
computations were converted to nodal forces for the FE model. Two-dimensional Lewis form hydro-
dynamic masses were distributed to appropriate shell nodes. A total hydrodynamic mass of 19359 t
resulted in the transverse direction and 199024 t in vertical direction.



For wave 1, the simulated time ranged from 22.6 to 36.1 s. Fig.5 shows time histories of vertical ac-
celerations (a,) at the ship’s stern and at the ship’s bow. For convenience, the vertical slamming force
(F,) is also plotted. Although the influence of slamming on the acceleration at the bow is significant, it
is less than at the stern. High-frequency vibrations were not observed at the bow. The Fourier decom-
position of vertical accelerations for both locations, Fig.6, shows the dominance of the two vibration
modes of 0.79 and 3.59 Hz at the stern. The second peak at 3.59 Hz almost vanishes at the bow. The
effects of the fundamental vibratory hull girder modes with natural frequencies of 0.79 and 3.59 Hz
are more pronounced in the stern section, Fig.7. Superposition of ship motion induced vertical accel-
erations and slamming-induced accelerations, Fig.8, shows the influence of the dynamic contribution
to total accelerations. Computed time histories of midship longitudinal stresses in the hull girder,
Fig.9, consist of the quasi-static wave-induced bending stress, the dynamic slamming-induced vibra-
tory stresses, and the total longitudinal stress. The maximum value of the dynamic slamming stress is
23% of the maximum value of the quasi-static bending stress. Slamming occurred at the time when
the hull girder stress level due to wave bending was low, Fig.10 (left). Therefore, the maximum total
longitudinal stress was only slightly larger than the maximum quasi-static longitudinal stress. Fig.10
(right) shows the hull at the moment of maximum longitudinal stresses in the hull girder.
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Flg 10 Longltudmal stress. dlstrlbutlon in [kN/mz] at time of maximum mldshlp dynamlc stress
amplification (left) and at time of absolute midship maximum stress (right) for wave 1

For wave 2, the simulated time ranged from 61.5 to 75.0 s. Frequency spectra of computed vertical
accelerations also revealed three-node and four-node natural modes of vertical hull bending at 1.41
and 1.81 Hz, respectively. Our results indicated that no torsional or other asymmetric natural modes
were excited, although wave 2 (encounter angle p = 15°) caused a relatively small torsional moment
to act at the stern. Computed time series of vertical accelerations, Fig.11 show a larger influence of
the slamming-induced dynamic contribution than for wave 1.
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Fig.11: Elastic (red), rigid body (black), and total (blue) vertical acceleration in [m/s?] at stern (left)
and at bow (right) for wave 2
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Fig.12: Longitudinal stress at 0.5 L in [kPa], Fig.13: Shear stress at 0.5L in [kPa], hull side,
deck, for wave 2 for wave 2

The corresponding stress analysis yielded a maximum slamming-induced dynamic stress 32% larger
than the maximum quasi-static wave bending stress, Fig.12. Similarly to the wave 1 case, the slam-
ming event occurred at the instant of time when the total hull girder bending stress was almost zero.
For wave 2, we evaluated shear stresses at three stations on one side of the ship. Nevertheless, dy-
namic effects led to increased total shear stresses of up to 25% at the ship’s quarter stations, Fig.13.



For wave 3, slamming pressures were not found to be critical and their effects, therefore, were not
separately investigated.
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