Viscous-Flow Calculations for KVLCC2 in Deep
and Shallow Water
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Abstract In the SIMMAN 2008 workshop, the capability of CFD tools to predict
the flow around manoeuvring ships has been investigated. It was decided to continue
this effort but to extend the work to the flow around ships in shallow water. In this
paper, CFD calculations for the KLVCC2 are presented. The aim of the study is to
verify and validate the prediction of the influence of the water depth on the flow
field and the forces and moments on the ship for a full-block hull form.

An extensive numerical investigation has been conducted. For each water depth,
several grid densities were used to investigate the discretisation error in the results.
In general, the uncertainties were found to increase with increased flow complexity,
i.e. for larger drift angles or yaw rates. A dependency of the uncertainty on the wa-
ter depth was not found. The predicted resistance values were used to derive water-
depth dependent form factors. Comparisons with resistance measurements and with
an empirical formula given by Millward show good agreement for deep as well as
for shallow water depths. The CFD results give insight into the forces and moments
acting on the ship as a function of the drift angle, yaw rate and water depth. A clear
dependence of the forces and moments on the water depth is found for steady drift
conditions. For pure rotation, this dependence is much more complex and only de-
velops fully for larger non-dimensional rotation rates. The paper shows that CFD is
a useful tool when studying the flow around ships in restricted water depths.
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1 Introduction

In the SIMMAN 2008 workshop [1], the capability of CFD tools to predict the
flow around manoeuvring ships has been investigated. Within the NATO RTO Ap-
plied Vehicle Technology group on Assessment of Stability and Control Prediction
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Methods for NATO Air & Sea Vehicles (AVT-161) it was decided to continue this
effort but to extend the work to the flow around ships in shallow water, see e.g.
Toxopeus [2]. Accordingly, the KVLCC2 hull form was selected, since for this ship
captive model tests in various water depths are available. In this paper, CFD calcu-
lations performed by MARIN for the KLVCC?2 are presented. The aim of the study
is to investigate the uncertainty in predicting the forces and moments on a full-block
hull form in various water depths; validate the predictions using model test results;
and to obtain information about the influence of the water depth on the flow around
the ship and the forces and moments on the hull.

2 Coordinate System

The origin of the right-handed system of axes used in this study is located at the
intersection of the water plane, midship and centre-plane, with x directed forward,
y to starboard and z vertically downward. The forces and moments presented in this
paper are given according to this coordinate system.

In the present calculations, a positive drift angle 8 corresponds to the flow com-
ing from port side (i.e. 8 = arctan —v/u). The non-dimensional yaw rate y is cal-
culated with y =r - L,/ V and is positive for a turn to starboard when sailing at
positive forward speed.

3 KVLCC2

The KVLCC2 (KRISO Very Large Crude Carrier) hull form was one of the subjects
of study during the CFD Workshops Gothenburg 2000 [3] and 2010 [4] and the
SIMMAN 2008 Workshop [1]. For straight ahead conditions, the flow features and
resistance values were measured, see Lee et al. [5] and Kim et al. [6].

Captive model tests for the bare hull KVLCC2 were conducted by INSEAN in
preparation for the SIMMAN 2008 Workshop [1], see also Fabbri et al. [7, 8] and
Campana and Fabbri [9]. A set of PMM tests comprising amongst others the mea-
surement of the forces and moments for steady drift motion and oscillatory yaw
motion was performed. During the tests, the model was free to heave and pitch. For
the present work, only the tests with the bare hull form are considered.

4 Viscous Flow Solver and Computational Setup

4.1 ReFRESCO

REFRESCO is a MARIN spin-off of FRESCO [10], which was developed within
the VIRTUE EU Project together with Technische Universitit Hamburg-Harburg
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(TUHH) and Hamburgische Schiffbau-Versuchanstalt (HSVA). REFRESCO is an
acronym for Reliable and Fast Rans Equations solver for Ships, Cavitation and Off-
shore. It solves the multi-phase unsteady incompressible RANS equations, comple-
mented with turbulence models and volume-fraction transport equations for each
phase. The equations are discretised using a finite-volume approach with cell-
centred collocated variables. The implementation is face-based, which permits grids
with elements with an arbitrary number of faces (hexahedrals, tetrahedrals, prisms,
pyramids, etc.). The code is targeted, optimised and highly validated for hydro-
dynamic applications, in particular for obtaining current, wind and manoeuvring
coefficients of ships, submersibles and semi-submersibles [11-14]. For all cases
presented in this study the y* values in the first cell from the wall are below 1, such
that the equations are integrated down to the wall.

4.2 Turbulence Closure Models

Several different turbulence closure models are available in REFRESCO. In this
study, the SST version [15] of the two-equation k — w turbulence model is used. In
the turbulence model, the Spalart correction (proposed by Dacles-Mariani et al. [16])
of the stream-wise vorticity can be activated.

4.3 Implementation of Rotational Motion

For ship manoeuvres, not only oblique flow is of interest, but also the flow around
the ship when it performs a rotational (yaw) motion. In RANS, the rotational mo-
tion can be modelled in several ways, such as moving the grid in a rotational mo-
tion through a stationary flow (inertial reference system), or by letting the flow
rotate around the stationary ship (non-inertial reference system). For this work a
non-inertial reference system is chosen. Centrifugal and Coriolis forces to account
for the rotation of the coordinate system are added to the momentum equation as
source terms. More information about the implementation can be found in Tox-
opeus [14].

4.4 Grid Generation

For best performance of REFRESCO, multi-block structured O-O grids are used
for this study. Grid points have been clustered towards the hull surface and bottom to
ensure proper capturing of the boundary layers. The far field boundary is generated
as a cylindrical surface, to facilitate the use of a single grid for all computations. An
example grid is given in Fig. 1.
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Fig. 1 Example grid, KVLCC2, deep water (coarsened for presentation)

h/T =318 h/T = 3.0 h/T =15 h/T =1.2
deep intermediate shallow very shallow

Fig. 2 Water depth to draught ratios considered in this study

Grids were generated with GridPro for four different water depth 4 to draught 7
ratios, i.e. h/ T = 31.8 representing deep water, i/ T = 3.0 representing an interme-
diate water depth, 7/ T = 1.5 representing shallow water and 2/ T = 1.2 represent-
ing very shallow water, see Fig. 2. Basically, the grid topology around the hull for
the four water depths was the same, the only difference being the addition of grid
blocks between the bottom of the hull and the sea floor for each water depth.

Based on these grids, geometrically similar grids were generated using GridPro
in order to be able to assess the discretisation errors and to accelerate the iterative
procedures by using coarse grid solutions as initial flow fields for fine grid compu-
tations. Additional grids are obtained by coarsening the finest grid in all directions.
Table 1 lists the grid densities used for this study.

4.5 Boundary Conditions

The calculations presented in this study were all conducted without incorporating
free-surface deformation. Based on the speeds used during the tests and the range of
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Table 1 Overview of grid

densities h/T Grid cells (x1073)
31.8 (Deep) 12721, 8455, 5388, 3340, 2270, 1590, 121
3.0 (Intermediate) 13005, 8597, 5573, 3446, 2374, 1604, 137
1.5 (Shallow) 11659, 7688, 4936, 3106, 2112, 1437, 119

1.2 (Very shallow) 11031, 7270, 4664, 2899, 1999, 1351

drift angles or rotational rates studied, the effects of Froude number and free-surface
deformation on the forces on the manoeuvring ship are likely to be reasonably small
and assumed to be smaller than the uncertainties due to e.g. discretisation errors or
errors in the experimental results. To simplify the calculations, symmetry boundary
conditions were therefore applied on the undisturbed water surface and dynamic
sinkage and trim was neglected. On the hull surface, no-slip and impermeability
boundary conditions are used. For all calculations, even for deep water, the boundary
condition on the bottom surface is set to moving-wall/fixed slip (z = Vo).

Calculations for ships at drift angles or rotation rates are conducted by setting
the boundary conditions at the exterior to the proper inflow velocities. This is done
using the BCAutoDetect boundary condition, which automatically applies inflow
conditions or outflow (Neumann) conditions on the cell faces, depending on the
normal velocity at each cell face on the boundary. Therefore, the computational
domain does not need to be changed for each new calculation and a single grid for
different manoeuvring conditions can be used. Details about BCAutoDetect can
be found in Toxopeus [14].

4.6 Acceleration of the Calculations

In order to efficiently generate results for many drift angles, a routine was used
to automatically increment the drift angle during a single simulation. Simulations
begin with a pre-set drift angle, until a specified number of iterations is reached,
or when the maximum change in the residuals is less than a specified convergence
criterion. Next, the drift angle is incremented by ApB, by changing the inflow condi-
tions, and the solution is continued from the solution from the previous drift angle.
Starting the calculations from a converged solution at a slightly different drift angle
saves time compared to performing each calculation separately from undisturbed
flow. This procedure is repeated until the desired maximum inflow angle is reached.
In Toxopeus [14], it is demonstrated that this approach provides the same results as
those obtained with multiple single-drift angle calculations.

This procedure was designated drift sweep and the application has already been
presented in e.g. Toxopeus [14], Vaz et al. [12] and Bettle et al. [17].
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Table 2 Overview of computations

Condition Deep Intermediate Shallow Very shallow
h/T =31.8 h/T =3.0 h/T=1.5 h/T=12

Drift 5388 x 10° Cells, 5573 x 10° Cells, 4936 x 10 Cells, 4464 x 10° Cells,

sweep 0°-32°, 2° incr. 0°-32°, 2° incr. 0°-32°, 2° incr. 0°-38°, 2° incr.

p=0° All 7 grids All 7 grids All 7 grids All 6 grids

p=4° All 7 grids All 7 grids All 7 grids All 6 grids

y #0 12721 x 103 Cells, All 7 grids, All 7 grids, All 6 grids,
0.1-0.6, 0.1 incr., 0.65 0.1-0.6, 0.1 incr. 0.1-0.6, 0.1 incr.  0.1-0.6, 0.1 incr.

y =04 All 7 grids All 7 grids All 7 grids All 6 grids

5 Programme of Calculations

Most calculations were conducted for a Reynolds number of Re = 3.7 x 10 which
corresponds to the Reynolds number during the INSEAN model tests (see [7-9]).
The conditions are specified in Table 2. Sinkage and trim and free surface deforma-
tion were not taken into account. Furthermore, it was assumed that the flow domain
was not restricted in horizontal direction, i.e. the basin walls were neglected. During
the measurements, the model was free to sink and trim and basin walls were present.
Especially for the shallow water conditions, this may lead to differences between the
model test results and the computations.

Additional calculations were conducted for the deep water condition, at straight
ahead sailing and a Reynolds number of Re = 4.6 x 10°. This condition was chosen
in order to be able to compare the REFRESCO results with wind-tunnel measure-
ments of the flow field around the KVLCC2, see Lee et al. [5] and with towing tank
experiments performed by Kim et al. [6]. The calculations comprised the change of
Reynolds number and variations in the turbulence modelling.

6 Presentation and Discussion of the Results

6.1 Iterative Error

All calculations were run until the maximum normalised residual respax (the so-
called Lo, norm) between successive iterations had dropped well below 1 x 107>
or when further iterative convergence was not obtained. The changes in the non-
dimensional integral quantities (forces and moments) were well below 1 x 1077,
A representative convergence history of the residuals and the changes in the forces
for a calculation on the finest grid is presented in Fig. 3.
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Fig. 3 Iterative convergence, deep, f = 4°

6.2 Discretisation Error

Using the procedure proposed by Eca et al. [18], the uncertainties in the forces and
moments are estimated. Based on an analysis of the results for each grid, it was
decided to use the 5 finest grids for the uncertainty analysis. The number of grids ng
used depended on the scatter in the results for the coarsest grids. It was found that
for grids with a relative step size h; of 2 and above, the results are not consistent
with the finer grid results. This means that with the present grid layout, grids of more
than about 1.6 x 109 cells are required to obtain a reliable solution of the forces and
moments. As an example of the verification results, plots are presented for g = 4°
with deep and very shallow water in Fig. 4.

Verification studies have been performed for all other calculations with g = 0°,
B =4° and y = 0.4, but the results have not been included in this paper. These stud-
ies have indicated that the uncertainties for the rotational motion cases are higher
than for the pure drift cases (8 = 0° and 8 = 4°). This can be attributed to the in-
creased complexity of the flow. Especially for the large rotation rates (y > 0.4), the
uncertainties increase. For rotational motion, the uncertainties in X and Y are large,
while the uncertainty in N is reasonable. This is probably caused by the fact that
during pure yaw motion, the yaw moment (sum of contributions) is better defined
than the longitudinal force or side force (difference between contributions). The the-
oretical order of convergence should be 2 for REFRESCO. However, due to flux
limiters, discretisation of the boundary conditions and other factors, the apparent
order of convergence is expected to be between 1 and 2 for geometrically similar
grids in the asymptotic range. Considering uncertainty estimates for the various wa-
ter depths and conditions, the apparent orders do not always follow this expectation.
This indicates that either even finer grids are required, or that scatter in the results
spoils the uncertainty estimate. A relation between the uncertainties and the water
depths was not found.

Additionally, the influence of the grid density on the flow field at the propeller
plane has been investigated. It was seen that with increasing grid density, the agree-
ment between the CFD results and the experiments becomes qualitatively slightly
better, but the hook shape in the propeller plane as visible in the experiments [5]
is not well resolved (see Fig. 6). The sensitivity of the flow field to grid refinement
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Fig. 4 Uncertainty analysis, deep (leff) and very shallow (right) water, f = 4°

is judged to be small. Between densities of 3340 x 10° and 12721 x 103, the flow
field does not change significantly. Looking at the differences between the solu-
tions obtained on the six grids, it is not thought that the solution will improve upon
grid refinement and therefore modelling errors are expected to exist in the CFD re-
sults. Alternative turbulence models might improve the results, as was shown for
e.g. PARNASSOS during the Gothenburg 2010 CFD Workshop [19].

6.3 Comparison with the Experiments

6.3.1 Manoeuvring Conditions

Comparisons between the CFD results and the experiments are shown in Fig. 5. In
general, the agreement is qualitatively reasonable, but quantitatively, considerable
differences are seen. In most cases, validation of the solution is not achieved, which
indicates that modelling errors are present in the simulations or that the uncertainties
claimed for the experimental results are optimistic. When the solution is validated,
the level of validation is generally large, e.g. larger than 10 % D. Especially for the
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Fig. 5 Comparison between calculations (blue lines with symbols) and experiments (black sym-
bols), relation with B (left) and with y (right)

X force, discrepancies are found and the trends do not appear to be represented well.
Similar results and deviations from the trends were obtained by Zou [20]. Reasons
for the discrepancies might be the neglect of free surface and dynamic trim and
sinkage. However, large scatter exists in the experimental data and therefore the
uncertainty in the experiments is expected to be relatively large. Furthermore, it is
questioned whether the false bottom used during the tests was sufficiently sealed
at all sides to correctly model shallow water conditions and whether blockage of
the basin walls influences the results, see also Simonsen et al. [21]. This should be
investigated further.

6.3.2 Straight Ahead Sailing

For the calculation for deep water, 8 = 0° and Re = 4.6 X 100, comparisons were
made with the experiments performed by Lee et al. [5] and Kim et al. [6]. The
agreement between the CFD results and the experiments is good for the two most
upstream planes (x = —0.35Lp, and x = —0.4L;,, not presented here). Further
downstream, differences appear which increase when going aft. The comparison



160 S.L. Toxopeus

Fig. 6 Comparison of flow field between experiments (left) and calculations (right), without (fop)
and with (bottom) correction for vorticity, deep water, § = 0°

for x = —0.4825L,, is shown in the top half of Fig. 6. As discussed in Sect. 6.2,
it was expected that improvements can be made by selecting alternative turbu-
lence modelling. This assumption was tested using additional calculations in which
the Spalart correction of the streamwise vorticity according to Dacles-Mariani
et al. [16] was activated. With this correction, the strain rate S is replaced by
Se = §2 + C -min(0, S — £2) in which the constant C should be chosen, see Eca
[22]. In the present calculation with active correction, C was set to 10 (which is far
outside the normal range of application), and the results are given in the lower half of
Fig. 6. It is seen that with this correction, the agreement between the computations
and the experiments improves considerably, which demonstrates the sensitivity of
the results to the turbulence modelling. These findings correspond to those of Eca
[22] and E¢a et al. [19], based on results obtained with the viscous-flow solver PAR-
NASSOS.

In Table 3, the predicted resistance in deep water is compared to previous calcu-
lations and to the experiments' (indicated by D, with Up = 1.0 % D) performed by
MOERI [6]. Additionally, results from tests by Kume et al. [23] with the KVLCC2M

"During the Gothenburg 2010 CED workshop, it was concluded that the MOERI experiments were
performed with the rudder attached to the model. Therefore, the G2010 KVLCC2 case contribu-
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Table 3 Resistance prediction, deep water, 8 =0°, Yy =0
Neells X 1073 Cr x10°  Cr x10°  Cpy x10°  E (%D)

(Half ship)
Experiments [6] - 4.110 - - -
Experiments (KVLCC2M) [23] - 4.152 - - 1.0
Mean G2010 [4] - 4.180 - - 1.7
PARNASSOS [19] 6000 4.077 3.325 0.752 -0.8
REFRESCO 6361 4.185 3.457 0.728 1.8
REFRESCO (DM C = 10) 6361 4.109 3.280 0.829 0.0

hull form (identical to the KVLCC2 except for some fairing of the propeller shaft)
are added (Up = 3.3 %D’). The KVLCC2M resistance value has been corrected
for the difference in Reynolds number, using a form factor (1 4 k) = 1.2. In order to
compare with other resistance predictions for the KVLCC2 found in literature, the
values in the table have been made non-dimensional using the wetted surface. The
total resistance is indicated with Cr, the friction component by Cr and the pressure
component by Cpy.

The resistance predicted by REFRESCO is about 1.8 % higher than the value
found in the experiments. Assuming that the numerical uncertainty Ugy is the same
for Re = 4.6 x 10° as for Re = 3.7 x 10°%, i.e. Usy = U; + UG ~ UG = 1.3 %S,
the validation uncertainty is about Uy = U% +U 521\/ ~ 1.6 %D. The validation
uncertainty and the comparison error for the uncorrected REFRESCO results are
found to be of similar orders of magnitudes, although strictly validation of results is
not obtained.

The Spalart streamwise vorticity correction used to improve the wake field also
leads to a reduction of the comparison error. However, although the streamwise
vorticity correction appears to improve the results, care should be taken with this
modification since it is not guaranteed that the correction will lead to better results
for other conditions as well. It just demonstrates that the turbulence modelling can
have a large impact on the computational results.

6.4 Influence of Water Depth

6.4.1 Forces and Moments

In Fig. 7 and Fig. 8§ the forces and moments as a function of the drift angle and rota-
tion rate are shown for each water depth. The influence of the water depth is already

tions comprised calculations including the rudder, while the present calculations are for the bare
hull. The KVLCC2M test results were obtained for the bare hull.
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Fig. 7 Influence of drift angle and water depth

evident in these graphs at 2/ T = 3.0. For the forces and moments as a function of
the drift angle 8, consistent trends are found. The relation between the forces and
moments and the rotation rate is much more complex, however. Noteworthy is the
trend observed in the yaw moment N: for yaw rates below y = 0.4, the influence
of the water depth is hardly visible, while a considerable increase in yaw moment
is found for the larger yaw rates when the water depth is reduced. Unfortunately,
the influence of yaw rate on forces and moments in shallow water has hardly been
published by other authors and therefore it cannot be determined whether this is a
modelling error or a physical feature. Therefore, more attention to rotational motion
in future studies is strongly recommended.

During free sailing tests with the KVLCC2, see Quadvlieg and Brouwer [24], the
maximum drift angle and non-dimensional yaw rate during the manoeuvres were
respectively 8 & 20° and y & 0.8. Figure 7 and Fig. 8 indicate that for these con-
ditions the influence of the water depth on the forces and moments is much larger
for a fixed drift angle than for a given yaw rate: e.g. the yaw moment for g = 20°
increases by a factor of 4.7 between deep and very shallow water, while for y = 0.6
the increase is only by a factor of 1.6.
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Fig. 8 Influence of yaw rate and water depth

6.4.2 Form Factor
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To extrapolate the resistance obtained during model tests to full scale values, use
is commonly made of a parameter called the form factor, see e.g. Larsson and
Raven [25]. The form factor (1 + k) is the ratio between the viscous resistance
of the hull and the frictional resistance of a flat plate with the same length and wet-
ted surface area. The form factor is assumed to be the same for model scale as for
full scale. In experiments, this factor is determined for each individual hull form
from low speed resistance measurements where the wave resistance components are
supposed to vanish according to a certain rule:

. R
1+k= lim —

Fn—0 Rfp

The flat plate resistance R is determined by the formula

sz

1 2
PV 85 CF,
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Fig. 9 Influence of water depth on form factor

with S, the wetted surface. The coefficient of frictional resistance Cg is often
determined using the ITTC-1957 formula for model-ship correlation:

0075
"7 (Vlog(Re) —2)?

All calculations in this study have been performed with the double-body assump-
tion which corresponds to the case Fn — 0. Therefore, the obtained resistance can
be used directly to calculate the form factor. For a drift angle of 8 = 0°, i.e. straight-
ahead sailing, the relation between the water depth and the form factor as presented
in Fig. 9 is found. Note that the presentation is given using two different parameters
on the horizontal axis: the form factor is given as a function of the water depth to
draught ratio 2/ T and as a function of T/(h — T) in the left and right graphs re-
spectively. It is seen that in the latter presentation the points do not all collapse near
the 1/ T = 0 axis and a clearer relation between the influence of the water depth on
the form factor is found.

The form factor as calculated with the viscous flow calculations changes from
about 1.22 in deep water to 1.73 in very shallow water. Assuming the same form
factor on model scale and full scale, this clearly shows that resistance extrapolation
to full scale for shallow water conditions cannot be done using a form factor that
was obtained in deep water. Millward [26] published a method to correct form fac-
tors found for deep water to shallow water conditions. According to Millward, the
increase of the form factor due to shallow water is:

1.72
Ak = 0.644(%)

For h/T = 1.2, this amounts to Ak = 0.471, such that the form factor becomes
(1+k)=1.22+40.471 = 1.69 which is reasonably close to the form factor found
in the CFD calculation for this water depth. The relation between the form factor
based on Millward’s formula and the water depth has been plotted in the graph.
The agreement between Millward’s formula and the form factors predicted by CFD
is encouraging. It is therefore recommended to investigate whether the form factor
correction proposed by Millward can be applied to other ships as well. Furthermore,
studies are currently conducted at MARIN to investigate whether the form factor on
model scale is the same as the form factor on full scale.
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Fig. 10 Axial velocity in deep (fop) and very shallow (bottom) water, g = 0°

6.5 Local Quantities

In Figs. 10, 11, and 12, flow fields around the hull are presented for deep and very
shallow water, with 8 = 0°, 8 = 4° and y = 0.4. After examination of the flow fields
for these conditions and for the other drift angles and rotation rates, it is observed
that for reducing water depth, the pressures below the hull decrease, while the ve-
locities increase (which is according to expectations). Flow separation is detected
in restricted water, just below the propeller hub, see Fig. 10. The flow separation at
the aft ship increases and grows upward for decreasing water depths. For straight
ahead condition, the flow separation is much more pronounced than for the drift or
rotation condition. The wake near the water surface does not change significantly
when changing the water depth. However, the wake around the propeller hub be-
comes thicker as the water depth reduces. Furthermore, the wake starts to extend
to the sea floor, resulting in bulging contour lines. The vortices developing around
the aft body, responsible for the famous hook shape in the propeller wake plane, are
less concentrated at reduced water depth, which is demonstrated in more detail in
Fig. 13.
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Fig. 11 Axial velocity in deep (fop) and very shallow (bottom) water, § = 4°

7 Conclusions

An elaborate numerical study has been conducted for the KVLCC2 hull form sail-
ing in various water depths. The calculations give clear insight into the forces and
moments acting on the ship as a function of drift angle, yaw rate and water depth.
Uncertainty estimates were made for the various calculations. In general, the uncer-
tainties increase with increased flow complexity, i.e. for larger drift angles or yaw
rates. A dependency of the uncertainty on the water depth was not found.

The correspondence between the experiments and the calculations is qualitatively
reasonable. Quantitatively, it is difficult to draw conclusions because of the scatter
in the INSEAN experimental data. Additional measurements, with a larger range
of drift angles and rotation rates and combinations thereof, are very much desired.
Comparisons between resistance measurements by MOERI and the computations
show a good correlation, with a comparison error of the same order of magnitude
as the validation uncertainty. The resistance predicted by REFRESCO is therefore
judged to be good. By varying the settings of the turbulence modelling, the compar-
ison error could be cancelled completely. This clearly demonstrated the sensitivity
of the results to the turbulence modelling.
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For steady drift conditions, a clear dependence of the forces and moments on
the water depth was demonstrated. For pure rotation, this dependence is much more
complex and only develops fully for non-dimensional rotation rates above y = 0.3.
Further study is required to investigate this phenomenon. The influence of the water
depth on the relation between the forces and moments and the drift angle is found
to be much larger than the relation with the rotation rate.

Based on the results, form factors for deep and shallow water were derived. The
calculated form factors change from about 1.22 in deep water to 1.73 in shallow
water. This clearly shows that resistance extrapolation to full scale for shallow water
conditions cannot be done using a form factor that was obtained in deep water. It
was found that for the KVLCC?2 the trends closely follow the empirical formula
proposed by Millward. Future research is recommended to investigate whether the
Millward correction can be applied to other hull forms as well.

In shallow water, the flow separation at the stern increases. For straight ahead
condition, the flow separation is more pronounced than in manoeuvring conditions.
The aft body vortex, responsible for the hook shape in the propeller wake plane,
reduces considerably in reducing water depth.
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