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The added resistance is a resistance component that is not yet satisfactorily predicted, although its
accurate estimation is crucial – both from an environmental and economic point of view – from the design
stage of a ship until its operation. One of the possible sources of overprediction is the occurrence of bow
wave breaking. The first aim of this paper is to study the effect of bow wave breaking on added resistance
by combining visual observations with resistance tests. On the other hand, as the bow region of a ship
appears to be the most dominant contributor to added resistance, this paper introduces a dynamic waterline
detection method involving stereo vision. This experimental method is applied to reach the second aim
of this paper, which is to stress the importance of the relative wave elevation in the bow region of the
ship. By placing stereo rigs inside the hull of a semi-transparent ship, the waterline at each momnent
in time can be tracked using an edge detection algorithm. By performing resistance tests on the Delft
Systematic Deadrise Series ship model no. 523, the added resistance is observed to be proportional to the
relative wave height squared. The data of the experiment and the information necessary to reproduce the
experiment are shared through https://doi.org/10.4121/19525852.
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1. Introduction

The increased attention for the environment through the introduction of efficiency
indices such as the EEDI and EEOI [11] stimulates increasing the energy efficiency
of ships. This leads to a particular interest in added resistance in waves, a resistance
component that is currently hard to predict. One of the uncertainties lies within the
phenomenon of bow wave breaking, which is expected to have a nonlinear, reduc-
ing, impact on added resistance. If current methods overestimate added resistance,
the installed engine capacity may also be too high. With a better understanding of
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bow wave breaking on added resistance, less powerful engines could potentially be
installed which in turn would lead to more efficient ship designs. A literature review
reveals different studies, [10,19] and [16], who pinpoint the breaking of the bow
wave as a possible source for the difference in added resistance without quantifying
its effect.

Only Choi et al. [3,4] venture into an attempt to distinguish bow wave breaking ef-
fects. Choi and Huijsmans [3] explicitly focus on the nonlinearity of added resistance
induced by bow wave breaking and proposed a new transfer function representing the
nonlinearity for a Fast Displacement Ship. In a subsequent experimental study, Choi
et al. [4] investigated the nonlinear relationship between hull pressure, relative wave
elevation, and added resistance for the Fast Displacement Ship and observed a pres-
sure drop caused by the overturning detachment of the bow wave. These results are
valid for one type of ship in specific conditions and lack broad applicability. A better
understanding of the phenomenon is key to improve the accuracy of added resistance
estimates. A parameter that can provide insight into added resistance is the relative
wave elevation.

The purpose of this paper is therefore twofold. On the one hand, it aims to relate
bow wave breaking to added resistance. On the other, it aims to stress the importance
of the relative wave elevation in the bow region of the ship. For that latter objective,
this study introduces an experimental method for dynamic waterline detection us-
ing stereo vision. In this paper, first, the experimental setup is described, followed
by the introduction of the waterline detection methodology. In the section present-
ing the results, a categorization of bow wave breaking over the different conditions
is made and compared with the added resistance results. Subsequently, the relative
wave height in the bow region is studied and related to added resistance through the
introduction of an alternative added resistance coefficient. The data of the experi-
ment and the information necessary to reproduce the experiment are shared through
https://doi.org/10.4121/19525852.

2. Experimental setup

2.1. Facility

The experimental work was performed using the facilities of the Ship Hydrody-
namic Laboratory of Delft University of Technology. The setup of the experiment
is connected to the motor-driven carriage of towing tank no. 1 of the 3ME faculty,
a freshwater basin. The towing tank is equipped with an electronic/hydraulic flap-
type wave maker, which can produce wavelengths between 0.30 and 6.00 m long
and can produce both regular and irregular waves. This makes the facility suited for
added resistance tests. The tank dimensions and its fluid characteristics are given
in Table 1. The ranges for water depth, temperature and density indicate the varia-
tion in measurements during the two weeks of experimental campaign. For instance,
temperatures varying between 14.9 and 15.9 degrees were measured.

https://doi.org/10.4121/19525852


V. Hengelmolen and P.R. Wellens / Bow wave breaking and added resistance 63

Table 1

Main dimensions of towing tank no.1 and its fluid character-
istics during the experiments (mean values, together with the
range towards the maximum and minimum values measured)

Parameter Value

Length of the towing tank 142.00 m

Width of the towing tank 4.22 m

Water depth (2.290 ± 0.005) m

Water temperature (15.4 ± 0.5)°C

Water density (999.04 ± 0.47) kg/m3

2.2. Ship model

The ship model no. 523 is chosen, a hard chine planing hull from the Delft Sys-
tematic Deadrise Series with a deadrise of 25 deg, a twist angle of 10 deg and a
negative buttock angle of 1.69 deg [15]. In order to check the setup, the resistance
curve of the model is determined up to Fr = 0.9 and compared to the resistance
values taken from the database. In our experiments with waves, planing conditions
will not be reached since those measurements are done at low to intermediate speed.
No turbulence stimulation method is applied to the hull. The main particulars of the
model are given in Table 2 and its lines plan is shown in Fig. 1. The radii of gyration
in the table are measured in oscillation tests; they are reported with respect to the
center of gravity. An important feature of the ship model is that its starboard side is
semi-transparent while the port side is opaque.

2.3. Measurement setup

During the tests, the ship model is towed by the tank carriage at constant speed
with pitch and heave the only degrees of freedom, as different studies state that surge
has a very limited effect on added resistance [2,6,16]. The hinge that permits rotation
is located 0.712 m forward of the stern and 0.160 m above the bottom line, in the
center of gravity of the ship. Our experimental setup extends the standard resistance
test setup with one for optical measurements of the waterline. The setup is shown in
Figs 2 and 4.

The test campaign involves the following measured quantities:

• Resistance measurements, using a load cell with a capacity of 100 N. This
capacity is based on the forces induced by the acceleration, deceleration and
the still water resistance predicted using the method developed by Holtrop and
Mennen [9] and backed by the resistance measurements done during de DSDS
campaign. The advice of the ITTC to use twice the still water resistance for the
capacity for the load cell is followed [13]. Only the longitudinal component of
the forces is measured.
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Table 2

Main particulars of the DSDS model no. 523

Particulars Units Model scale

Length between perpendiculars Lpp m 1.500

Length on waterline Lwl m 1.517

Breadth Moulded B m 0.330

Depth moulded D m 0.207

Displacement ∇ m3 0.025

Mass m kg 25.36

Trim (forward positive) t degrees 0.667

Mean draft T m 0.107

Block coefficient Cb – 0.477

Waterplane area Aw m2 0.390

Wetted surface S m2 0.515

Form factor [9] k – 0.648

Vertical center of gravity VCG m 0.159

Longitudinal center of gravity LCG m 0.712

Roll radius of gyration kxx m 0.373

Pitch radius of gyration kyy m 0.542

Yaw radius of gyration kzz m 0.617

Fig. 1. Lines plan of the DSDS model no. 523.
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Fig. 2. Side view of the DSDS model no. 523 setup including placement of the mechanisms ensuring
correct degrees of freedom, the Certus plate and the stereo rigs.

• Pitch and heave measurements, using an Optotrak Certus motion tracking sys-
tem. Its position sensor, fixed to the carriage, detects the markers placed on a
plate positioned on the top deck of the ship model.

• Relative wave height measurements, using a stereo rig setup constituted of five
Arducam 1MP*2 Stereo Cameras with Dual OV9281 Monochrome Global Shut-
ter Camera Module. These are distributed on the port side of each of the five
sections of the model such that their fields of view cover the semi-transparent
starboard side of the ship model, as visible in Fig. 3. These cameras are con-
trolled by five Raspberry Pi 4B+, also attached to the deck of the ship model.
This setup thus includes single-board computers, stereo cameras, power sup-
plies and cables for communication and power.

• Wave measurements, using acoustic wave probes. One of the wave probes is
located at the same longitudinal position as the rotation point of the ship, 1.5 m
on its port side. The other one is located 1.1 m ahead of the rotation point and
0.55 m to the starboard side.

• Carriage position and speed, using a laser and a tachometer.
• Temperature, on a daily basis as suggested by the ITTC [12] using a thermome-

ter.
• Water level, verified on a daily basis.

All values are measured at a rate of 1000 Hz and downsampled to a rate of 100 Hz,
except for the photos taken by the stereo cameras, which are taken at a rate of 25 Hz.
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Fig. 3. Top view of the two foremost sections. The deck is removed such that the stereo rig setup is visible.
The stereo cameras are oriented towards the semi-transparent half of the ship model.

Fig. 4. Picture of the carriage supporting the setup.

2.4. Experimental conditions

Experiments are performed both in calm water and in regular waves. Each con-
dition is repeated at least three times, spread over different testing days in order to
check repeatability. In between runs, a waiting time of 15 to 30 minutes is maintained
in order to minimize the effect of remaining waves in the towing tank.

For calm water, a range of speeds between a Froude number of 0.15 to 0.9 is
selected. In waves, a speed range corresponding to a Froude number of Fr = 0.15,
0.20, 0.25 and 0.30 is chosen based on the bow wave breaking observed during the
calm water results.

Following the Netherlands Regulatory Framework (NeRF, [5]), head sea condi-
tions are appropriate to represent the environmental conditions for the computation
of the weather factor which is needed for the computation of energy indices. There-
fore, a 180 degree heading is chosen for the experiments in waves.
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Table 3

Regular wave conditions

Targeted Realised

Wave length [m] Wave steepness Wave length [m] Wave steepness

0.75 0.017 0.75 0.019

0.75 0.020 0.75 0.023

0.75 0.025 0.75 0.031

1.65 0.017 1.65 0.015

1.65 0.020 1.65 0.019

1.65 0.025 1.65 0.025

3.00 0.017 3.00 0.016

3.00 0.020 3.00 0.020

3.00 0.025 3.00 0.025

Tests are done for short, intermediate and long wavelengths, i.e. for λ/Lpp = 0.5,
λ/Lpp = 1.1 and λ/Lpp = 2.0 with λ the wavelength and Lpp the length between
perpendiculars. Over these wavelengths, the wave steepness is varied within three
steps. ITTC [14] recommends a wave steepness of around 1/50 for representative
seakeeping experiments, so the choice is made to include the following wave steep-
nesses in the experiments: H/λ = 1

40 , H/λ = 1
50 and H/λ = 1

60 , where H stands
for the incoming wave height. This range ensures that the incoming waves can be
considered linear as a function of amplitude which is advantageous in order to avoid
confusing different nonlinear effects. The waves are tested before attaching the ship
model to the carriage and are measured at a location 20, 29.4 and 45 m away from
the wave maker on the centerline of the model’s trajectory. The results are given in
Table 3. The wave maker has its limitations and especially shows inaccuracies with
waves shorter than 1.5 m length. Therefore, the shortest produced waves of the ex-
perimental campaign differ the most from the expected values. The accuracy of the
wave probes is also limited as will be seen in the following paragraph.

Before starting the measurements, all used sensors are checked and calibrated. The
main estimated error margins are summarized in Table 4. The reported errors are the
maximum deviations with respect to the calibration. The motion tracking sensor is
calibrated in different steps by comparing the measured motion when driving the
carriage forward and when moving the motion sensor plate sideways manually. The
error was measured to be within 0.01 deg for pitch. For heave, the Certus system
is accurate to 0.001 m. The wave probes are calibrated in two steps, by measuring
the distance to the free surface at four positions on the carriage in steps of 0.04 m
resulting in an error of 0.001 m. The load cell is calibrated twice in twenty steps. The
accuracy of the load cell is measured to be 0.3 N; this is 0.3% of the range of the
load cell.

After calibrating the cameras and reconstructing the ship sections, the distance
between reference points drawn on the hull shows an error in vertical direction and
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Table 4

Margin of error for the main measuring devices

Measurand Measurement error

Certus motion tracking system 0.001 m in heave direction

0.01 deg in pitch direction

Load cell 0.3 N

Wave probes 0.001 m

Waterline detection 0.002 m

Fig. 5. Waterline detection: diagram showing the steps of Stage 1. It is divided into three layers, being
from top to bottom 1) Stage name, 2) input/output, 3) action.

in horizontal direction that is smaller than between drawing and model. For the wa-
terline detection, see Section 3, the adopted approach leads to an uncertainty of 3
pixels in vertical direction, corresponding to 2.18 mm in the most forward section
and 1.18 mm in the second section.

3. Waterline detection methodology

The methodology to detect the waterline through stereo vision can be divided
into three phases: 1) Camera calibration, 2) 3D hull reconstruction and 3) Waterline
detection, shown in Figs. 5, 6 and 7, respectively. Each of these phases is subdivided
into several steps.

First of all, calibrating the cameras is crucial for 3D reconstructions since it allows
relating the camera’s units (pixels) to physical units in the 3D world (meters). The
output of this step includes the distortion, intrinsic and extrinsic parameters of the
camera [1]. To this end, a well-defined pattern should be chosen to represent the
calibration target, e.g. a 9x6 chessboard with squares of 1 cm2. As shown in Fig. 5,
the calibration phase is subdivided into two steps, being firstly the pattern recognition
from a series of pictures taken of the calibration target and secondly the derivation
of all camera characteristics from these recognized patterns.

Secondly, the calibration stage is followed by the 3D reconstruction of the ship
hull. This is done in four steps, as shown in Fig. 6. The undistortion and rectification
steps are performed using the output of the first stage, the camera’s characteristics.
After these two steps, a coplanar, row-aligned image is obtained. During the third
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Fig. 6. Waterline detection: diagram showing the steps of Stage 2. It is divided into three layers, being
from top to bottom 1) Stage name, 2) input/output, 3) action.

step, the correspondence between both images, i.e. the image made by the left and
right lens of the dual camera, is assessed. Matching features in both images is called
the stereo correspondence problem and results in a disparity map. In the current
study, the correspondence problem is solved with the Semi Global Block Matching
algorithm [7]. During this project, the homogeneous color the ship hull led to chal-
lenges in creating the disparity map. Therefore, a random 3D pattern was drawn on
the hull, which can be seen in Fig. 8 and 9. This has shown to be an effective way
to improve the disparity map. In the fourth step of this stage, triangulation is applied
to reproject the feature in 3D coordinates, cf. [1] for an overview of the process. It
transforms the disparity map to a depth map, as the disparity is inversely proportional
to the distance between the stereo camera and the feature in question.

The third and last stage, the waterline detection, only needs the images captured by
one of the lenses during an experimental run. In this study, the left lens of the stereo
cameras is chosen. This left image is first rectified and undistorted with the calibra-
tion parameters derived in Stage 1. Then, during the first filtering step, the brightness
and contrast of the image are increased by a factor of two and the image is blurred
with a Gaussian filter in order to remove speckles and noise. Next, a Canny edge
algorithm is applied which computes the intensity gradient using a Sobel kernel as
approximation method [17]. This step relies on the fact that light is directed through
the hull above water level and on the lack of luminosity below water level such that
the pattern on the hull there is not recognized by the Canny edge algorithm. The re-
sulting image is shown in Fig. 8. The obtained edges are then dilated and eroded by a
squared kernel of 3 pixels in order to fill small holes and filter out small detected ob-
jects. The lowest pixel in each column of pixels is selected to be the waterline. Then,
a second filtering step is performed in which the waterline is filtered. The outliers
are removed based on the median and replaced when necessary by the neighbouring
value. This filter identifies an element as being an outlier when it is further from the
mean than 3 scaled median absolute deviations (MAD) away from the median. To
smooth the dataset, a second-order Savitsky Golay filter is applied. Due to lack of
contrast, the edge detection is less reliable in some regions, see the left and right
end of the detected line in Fig. 9. Therefore, these regions are left out. The obtained
waterline is subsequently mapped from pixel to world coordinates using the output
depth map from Stage 2. The 3D point cloud is defined with respect to the camera’s
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Fig. 7. Waterline detection: diagram showing the steps of Stage 3. It is divided into three layers, being
from top to bottom 1) Stage name, 2) input/output, 3) action.

Fig. 8. Waterline detection: result after applying the Canny edge detection. The random pattern drawn on
the hull to improve the disparity map is only detected above water level. The waterline itself is clearly
distinguished. The edges detected on the side of the frame and at the bottom of the image are removed
using a mask.

position and orientation. In order to determine the homogeneous affine transforma-
tion required to obtain the point cloud with respect to the ship’s coordinate system,
three points are drawn on the hull of each section, within the field of view of the
camera lenses. The coordinates of the three points of each section with respect to the
stern of the ship and the coordinates of those three points with respect to the cameras
are known. Using the coordinates, the transformation matrix, which combines both
the translation vector and the rotation matrix, can be completed. An example of the
resulting waterline is shown in Fig. 10.
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Fig. 9. Waterline detection: from the edges detected in Fig. 8, the lowest pixels are selected using the
assumption that the drawn pattern is not recognized below water level. In this figure, the detected waterline
is drawn in white on top of the undistorted rectified left image of the stereo pair.

Fig. 10. Waterline as detected in Fig. 9 is mapped to the 3D point cloud and transformed to be plotted onto
the 3D model. The waterline follows the hull well, apart from a few points that are misplaced because of
irregularities in the disparity map and the resulting point cloud. The waterline is interrupted where the
stiffeners of the hull are in the camera’s field of view.

4. Results and discussion

Calm water results. The calm water runs have three main goals. Firstly, the intent
is to determine the resistance curve necessary to compute the added resistance later
on. Secondly, the resistance curve can be compared to the one in the DSDS database.
And, thirdly, the runs are also intended to identify the regime in which bow waves
start breaking in order to select the ship speed range for the regular wave runs.

Figure 11 shows the resistance curve of the DSDS model no. 523 for its current
loading condition. The values are also included in Appendix B. The difference with
previous experiments [15] can be explained by the spray strips that have been re-
moved for the current application and the slightly different draft and location of the
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Fig. 11. Resistance curve over a range of Froude numbers between Fr = 0.15 and Fr = 0.90.

Fig. 12. Trim and sinkage as measured during the calm water runs.

center of gravity. This discrepancy increases with speed but stays within 9.60% dif-
ference at much higher Fr numbers than we are considering for the tests with waves.
The ship sinkage and trim over speed are shown in Fig. 12. The ship model’s sinkage
increases until a Froude number of 0.40 when it starts to plane. Planing conditions
also decrease the ship’s forward pitch.

A broad range of speeds is tested in calm water, from which four are selected
to be used during the head sea conditions. The main criterion for this selection is
the breaking of the bow wave since the goal is to cross the forward speed at which
the bow wave starts breaking. Figures 13, 14, 15 and 16 show the bow wave for
the four selected speeds. The free surface disturbances become more apparent with
increasing speed until a plunging breaker is distinguishable for Fr = 0.25. Plunging
breaking is even more apparent for Fr = 0.30 as the overturning sheet increases
and becomes more violent. Based on visual observations, the forward speed range
in which bow wave breaking starts, is identified to be between Fr = 0.20 and Fr =
0.25. A transient regime is identified near Fr = 0.25 since for this speed, spilling and
plunging breaking alternate. This is in line with Noblesse’s theory on ship bow wave
regimes performed on four-parameter ship bows [18]. For a proper comparison, the
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Fig. 13. Front view of the ship model advancing through the towing tank at Fr = 0.15.

Fig. 14. Front view of the ship model advancing through the towing tank at Fr = 0.20.

DSDS ship model no. 523 is approximated as a four-parameter ship, which results
in a critical Froude number of Fr = 0.28. At this speed, the bow wave changes
from unstable to stable, corresponding to the transition from spilling to plunging
breaking. So, based on the calm water results, a ship speed range between Fr = 0.15
and Fr = 0.30 is chosen.

Categorization of the bow wave breaking in regular waves. During the calm water
tests no non-stationary effects were encountered that could be confused with propa-
gating free surface waves. When the ship model is exposed to incoming waves, the
bow wave shows a different behaviour compared to calm water. Tables 5, 6 and 7
give an overview of the visual observations on the bow wave breaking for short, in-
termediate and long wave lengths, respectively. Three categories are distinguished:
plunging breakers, spilling breakers and non-breaking conditions. Plunging is de-
fined by a clear overturning motion of the wave crest.

Exposing the ship model to regular incoming waves with increasing steepness is
expected to lead to a gradual transition from non-breaking to breaking bow wave
conditions for the two lowest velocities. For Fr = 0.20, a transition from spilling
to plunging breaking is observed for short and long waves. In intermediate waves,
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Fig. 15. Front view of the ship model advancing through the towing tank at Fr = 0.25.

Fig. 16. Front view of the ship model advancing through the towing tank at Fr = 0.30.

Table 5

Categorization of bow wave breaking in short waves, i.e. λ/Lpp = 0.5, into three groups: no breaking,
spilling breaking and plunging breaking (from left to right). The steepness S1, S2 and S3 refer to the
targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The realised steepness per wavelength can be found in Table 3

Fr = 0.15 S1 ×
S2 ×
S3 ×

Fr = 0.20 S1 ×
S2 ×
S3 ×

Fr = 0.25 S1 ×
S2 ×
S3 ×

Fr = 0.30 S1 ×
S2 ×
S3 ×
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Table 6

Categorization of bow wave breaking in intermediate waves, i.e. λ/Lpp = 1.1, into three groups: no
breaking, spilling breaking and plunging breaking (from left to right). The steepness S1, S2 and S3 refer
to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The realised steepness per wavelength can be found in

Table 3

Fr = 0.15 S1 ×
S2 ×
S3 ×

Fr = 0.20 S1 ×
S2 ×
S3 ×

Fr = 0.25 S1 ×
S2 ×
S3 ×

Fr = 0.30 S1 ×
S2 ×
S3 ×

in Table 6, no transition is captured as the bow wave breaks into a plunging breaker
for all incoming wavelengths and steepnesses. Most importantly, the transition from
a non-breaking to breaking category is observed only for the combination of short
waves and a Froude number of Fr = 0.15 and the combination of long waves and a
Froude number of Fr = 0.15.

Effect of breaking bow waves on added resistance. In Fig. 17, 18 and 19, the added
resistance coefficient is plotted over measured steepness for different wavelengths
and ship forward speeds. The added resistance coefficient is found from

CAW(ζa) = RAW

ρgB2ζ 2
a /Lpp

, (1)

in which RAW stands for the added resistance in N, ρ for the water density in kg/m3,
g for the gravity in m/s2, and ζa for the measured incoming wave amplitude in m.
The resistance values are also included in Appendix B.

The proportionality between the added resistance and the incoming wave ampli-
tude squared as derived from linear potential flow theory is shown not to hold when
increasing the incoming wave steepness. This means that there is more at play with
the interaction between incoming waves and the calm water wave system. The ob-
served trends do not correlate with the transitions between breaking categories that
have been visually determined in the preceding section. The hypothesis that the on-
set of bow wave breaking would affect the added resistance is thus not confirmed by
these experiments. It thus also disproves the hypothesis formulated by Choi et al. [4]
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Table 7

Categorization of bow wave breaking in long waves, i.e. λ/Lpp = 2.0, into three groups: no breaking,
spilling breaking and plunging breaking (from left to right). The steepness S1, S2 and S3 refer to the
targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The realised steepness per wavelength can be found in Table 3

Fr = 0.15 S1 ×
S2 ×
S3 ×

Fr = 0.20 S1 ×
S2 ×
S3 ×

Fr = 0.25 S1 ×
S2 ×
S3 ×

Fr = 0.30 S1 ×
S2 ×
S3 ×

in which the occurrence of a spilling breaker would increase added resistance while
the occurrence of a plunging breaker would decrease added resistance.

It is emphasized that the wave steepness is varied between H/λ = 1/60 and
H/λ = 1/40 which ensures the linearity of the incoming waves; a wave being con-
sidered linear up to a steepness of about H/λ = 1/25. So, even for the steepest
waves of our set of conditions, linear wave theory still applies [8]. The source of the
observed nonlinearities therefore does not lie with the nonlinearity of the incoming
waves (the irregularity observed for the shortest waves are thought to be due to the
limitations of the wave maker’s control system).

The ship motions are shown in Appendix A and evolve linearly with increasing
incoming wave height. The incoming wave steepness thus does not affect the ship
motions. The largest standard deviation over steepness is observed for short waves,
which can be attributed to the variations found in the incoming wave height.

So, the discrepancy between a linear interpretation and the measurements cannot
be explained by nonlinearities of the incoming waves, nor of the ship motions. An-
other factor is thus causing nonlinearities in added resistance when incoming wave
steepness is increased, which is why the relative free surface elevation was studied.

Studying the relative free surface elevation. The waterline detection methodology
presented in this study is used to measure the relative free surface elevation (RFSE)
over the bow region, which extends over 34% of the ship length Lpp. For this anal-
ysis, the maximum and minimum RFSE and the relative wave height (as defined by
the difference between the maximum and the minimum RFSE on one location) are
studied. A schematic is shown in Fig. 20.
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Fig. 17. Added resistance coefficient plotted over measured steepness for different forward velocities,
short wave conditions λ/Lpp = 0.5. Error bars represent the standard deviation.

Fig. 18. Added resistance coefficient plotted over measured steepness for different forward velocities,
intermediate wave conditions λ/Lpp = 1.1. Error bars represent the standard deviation.

The maximum RFSE remains constant for all bow wave types except plunging
breaking bow waves. The maximum RFSE decreases once the bow wave forms a
plunging breaking bow wave. This is true for all wave conditions, except for inter-
mediate waves with Fr = 0.20.

The RFSE is also analysed with respect to the disturbed calm waterline, i.e. the
waterline observed when advancing at a constant speed in calm water. The ampli-
tudes of the RFSE are shown in Figs 21, 22 and 23, and are also listed in tables
in Appendix C. In the figures, the maxima of the RFSE, which are the amplitudes
of the crests, are indicated with black lines; the minima are indicated in grey lines.
By observing the RFSE with respect to the calm waterline we can investigate the
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Fig. 19. Added resistance coefficient plotted over measured steepness for different forward velocities,
long wave conditions λ/Lpp = 2.0. Error bars represent the standard deviation.

Fig. 20. Schematic of the relative wave height and relative free surface elevation (RFSE), defined as the
maximum variation over time at one location along the ship hull.

linearity of the variation of the RFSE near the bow caused by the incoming waves.
The variation of the RFSE is linear when crest and trough have equal values, when
the values do not change with forward velocity of the ship, and when the values are
linear with increasing incoming wave steepness. Only for the longer wave conditions
at a Froude number of Fr < 0.25 can the variation of the RFSE be considered linear,
see Fig. 23. For all other wave conditions and ship velocities, the variation of the
RFSE is nonlinear with the incoming wave steepness and with ship velocity, the dif-
ference between crest and trough being most the apparent indicator. Therefore, it is
concluded that the interaction between the incoming waves and the steady bow wave
is nonlinear in most considered wave conditions, even though the both the incoming
waves and the ship motions are linear, see Appendix A.

An alternative added resistance coefficient. To relate the relative free surface mea-
surements to the added resistance values, an alternative added resistance coefficient
is proposed

CAW(
Hr,a

2
) = CAW

ρgB2(
Hr,a

2 )2/Lpp

(2)
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Fig. 21. Maximum (black lines) and minimum (grey lines) relative free surface elevation η∗ observed
along the bow wave region for short waves, i.e. λ/Lpp = 0.5, plotted with the incoming wave amplitude.
Note: the absolute value of the minimum RFSE is plotted to facilitate the comparison.

Fig. 22. Maximum (black) and minimum (grey) relative free surface elevation η∗ observed along the bow
wave region for intermediate waves, i.e. λ/Lpp = 1.1, plotted with the incoming wave amplitude. Note:
the absolute value of the minimum RFSE is plotted to facilitate the comparison.

This equation is equivalent to the common added resistance coefficient, but scaled
by the relative wave height Hr,a/2 instead of the incoming wave amplitude ζa . Note
that we are not choosing the relative wave amplitude, because that was found to be
nonlinear with incoming wave steepness and different for wave crest and trough. For
the relative wave height we take the largest distance between wave crest and sub-
sequent through in the bow region. The alternative added resistance coefficients are
shown in Figs. 24, 25 and 26 for short, intermediate and long wavelength conditions
respectively.
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Fig. 23. Maximum (black) and minimum (grey) relative free surface elevation η∗ observed along the bow
wave region for long waves, i.e. λ/Lpp = 2.0, plotted with the incoming wave amplitude. Note: the
absolute value of the minimum RFSE is plotted to facilitate the comparison.

Fig. 24. Alternative added resistance coefficient based on the relative wave height plotted over steepness
for λ/Lpp = 0.5.

The relative wave amplitude seems to be an appropriate measure to estimate the
added resistance over incoming wave steepness and speed, because it greatly reduces
the range of values of the alternative added resistance coefficient. The alternative
added resistance coefficient CAW(

Hr,a

2 ) is nearly constant over the incoming wave
steepness and nearly independent of the forward speed of the ship, especially for
the intermediate wave conditions in Fig. 25. The results of the alternative added
resistance coefficient highlight the importance of a correct relative wave elevation
estimation.
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Fig. 25. Alternative added resistance coefficient based on the relative wave height plotted over steepness
for the intermediate wave conditions λ/Lpp = 1.1.

Fig. 26. Alternative added resistance coefficient based on the relative wave height plotted over steepness
for the longer wave conditions λ/Lpp = 2.0.

We suspect that the range of values of the alternative added resistance coefficient
for the shorter wave conditions in Fig. 24 is somewhat larger because of the accuracy
of the wave board’s control system for small period waves with small amplitudes. For
the longer wave conditions in Fig. 26, we think that the lack of sensitivity of the force
measurement increases the range of values of the coefficient. It is recommended to
perform experiments at a larger scale, so that the shorter wave periods are somewhat
longer and the forces for the longer wave conditions are somewhat larger.
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5. Conclusion

In this paper, added resistance is studied by performing experiments on the DSDS
ship model no. 523. During these experiments, the transition between non-breaking
and breaking bow wave conditions is crossed for both short and long waves. The
results also suggest that linear theory may not be sufficient for the prediction of
added resistance, as the commonly used added resistance coefficient was found to
decrease with wave steepness. Especially for the tested intermediate wavelength
conditions (i.e. λ/Lpp = 1.1), the decrease is strongest. The results show no cor-
relation between the onset of breaking (change from non-breaking to breaking when
the forward speed increases) and added resistance, as was hypothesized by oth-
ers.

This paper also introduces a novel waterline detection method based on stereo
vision which relies on the semi-transparency of the ship hull. In this study, the detec-
tion method is applied to measure the relative wave elevation in the bow region. One
of the main outcomes of this analysis is the observation of a nonlinear interaction be-
tween the incoming waves and the bow wave, resulting in a nonlinear wave pattern
along the bow region of the ship hull. In other words, the relative wave height in the
bow region is nonlinear.

This study introduces a new added resistance coefficient that scales the added
resistance with the relative wave height instead of the incoming wave amplitude.
The new added resistance coefficient has much smaller range of values for all tested
wave conditions compared to the old coefficient. The new added resistance coeffi-
cient has a value close to 1, is constant over wave steepness and independent of the
ships forward velocity, especially for intermediate wave conditions (λ/Lpp = 1.1).
For the shorter wave conditions, we suspect that the wave board’s control system
was not accurate enough. For the longer wave conditions, the accuracy of the force
measurements is suspected to have increased the range of the new added resistance
coefficient. Additional experiments should be performed on a larger scale, so that the
shorter wave conditions can have longer periods and the longer wave conditions lead
to larger forces.

Appendix A. Ship motions

In this appendix, the results from the ship motion measurements are attached.
The appendix also includes results of the resistance measurements and relative wave
elevation values. Figure 27, 28 and 29, the dimensionless heave amplitude is plotted.
In Fig. 30, 31 and 32, the dimensionless pitch amplitude is plotted over different
wave and speed conditions. In these figures, heave is scaled by the incoming wave
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Fig. 27. Scaled heave amplitude in short waves, i.e. λ/Lpp = 0.5.

Fig. 28. Scaled heave amplitude in intermediate waves, i.e. λ/Lpp = 1.1.

amplitude and pitch is scaled by the product of the incoming wave amplitude and the
incoming wave number.

Appendix B. Resistance values

In this appendix, the results for the resistance measurements in calm water are
given in Table 8. The resistance in waves is given in Table 9, 10 and 11.
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Fig. 29. Scaled heave amplitude in long waves, i.e. λ/Lpp = 2.0.

Fig. 30. Scaled pitch amplitude in short waves, i.e. λ/Lpp = 0.5.

Appendix C. Relative wave elevation

This appendix presents the maximum and minimum relative wave elevation with
respect to the calm waterline. The maximum relative wave elevation, shown in Ta-
ble 12, 14 and 16, is defined as the distance between the highest elevation along the
ship hull reached in waves and the highest elevation along the ship hull in calm wa-
ter at the same speed. The minimum relative wave elevation, given in Table 13, 15
and 17, is defined as the distance between the lowest elevation along the ship hull
reached in waves and the highest elevation along the ship hull in calm water at the
same speed.
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Table 8

Calm water resistance. The mean value, standard deviation and number of runs are given

Fr Mean resistance [N] Standard deviation Number of runs

0.58 0.635 0.02 5

0.77 1.165 0.019 4

0.96 2.177 0.003 3

1.15 3.927 0.047 5

1.34 7.143 0.091 3

1.53 10.22 0.074 3

1.699 13.324 0.075 2

1.77 14.257 0.157 3

1.9 19.164 0 1

2.123 24.515 0.103 2

2.548 28.812 0.02 2

2.973 32.235 0.046 2

Table 9

Resistance in N measured in waves for short wavelength conditions, i.e. L/λ = 0.5. The mean value and
standard deviation are given. Each runs has been repeated 3 to 4 times. The steepness S1, S2 and S3 refer
to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The realised steepness per wavelength can be found in

table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.3

S1 0.775 ± 0.027 1.344 ± 0.086 2.454 ± 0.109 4.339 ± 0.085

S2 0.831 ± 0.052 1.413 ± 0.056 2.544 ± 0.072 4.297 ± 0.076

S3 0.956 ± 0.088 1.608 ± 0.014 2.732 ± 0.05 4.425 ± 0.064

Table 10

Resistance in N measured in waves for intermediate wavelength conditions, i.e. L/λ = 1.1. The mean
value and standard deviation are given. Each runs has been repeated 3 to 4 times. The steepness S1, S2
and S3 refer to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The realised steepness per wavelength can be

found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.3

S1 1.459 ± 0.057 2.592 ± 0.033 3.725 ± 0.048 5.388 ± 0.042

S2 1.717 ± 0.077 2.911 ± 0.067 4.138 ± 0.046 5.699 ± 0.025

S3 2.138 ± 0.051 3.691 ± 0.062 4.953 ± 0.057 6.41 ± 0.026

Table 11

Resistance in N measured in waves for long wavelength conditions, i.e. L/λ = 2.0. The mean value and
standard deviation are given. Each runs has been repeated 3 to 4 times. The steepness S1, S2 and S3 refer
to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The realised steepness per wavelength can be found in

table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.3

S1 1.381 ± 0.052 2.207 ± 0.021 3.484 ± 0.082 5.514 ± 0.064

S2 1.554 ± 0.024 2.431 ± 0.004 3.854 ± 0.057 5.94 ± 0.079

S3 1.778 ± 0.025 2.848 ± 0.035 4.308 ± 0.094 6.561 ± 0.075
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Fig. 31. Scaled pitch amplitude in intermediate waves, i.e. λ/Lpp = 1.1.

Fig. 32. Scaled pitch amplitude in long waves, i.e. λ/Lpp = 2.0.

Table 12

Maximum relative wave elevation with respect to the calm waterline in cm for short wavelength condi-
tions, i.e. L/λ = 0.5. The steepness S1, S2 and S3 refer to the targeted steepness H

λ
= 1

60 , 1
50 and 1

40 .
The realised steepness per wavelength can be found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.30

S1 3.44 2.22 2.03 2.09

S2 4.03 2.99 2.7 2.36

S3 3.74 3.84 3.41 2.14
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Table 13

Minimum relative wave elevation with respect to the calm waterline in cm for short wavelength conditions,
i.e. L/λ = 0.5. The steepness S1, S2 and S3 refer to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The

realised steepness per wavelength can be found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.30

S1 −1.78 1.77 −2.04 −1.77

S2 −0.98 −2.08 −2.27 −2.87

S3 −2.38 −3.12 −2.66 −3.78

Table 14

Maximum relative wave elevation with respect to the calm waterline in cm for intermediate wavelength
conditions, i.e. L/λ = 1.1. The steepness S1, S2 and S3 refer to the targeted steepness H

λ = 1
60 , 1

50 and
1
40 . The realised steepness per wavelength can be found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.30

S1 4.79 5.43 4.64 3.41

S2 5.25 6.21 5.81 3.1

S3 5.81 7.07 6.19 4.57

Table 15

Minimum relative wave elevation with respect to the calm waterline in cm for intermediate wavelength
conditions, i.e. L/λ = 1.1. The steepness S1, S2 and S3 refer to the targeted steepness H

λ = 1
60 , 1

50 and
1
40 . The realised steepness per wavelength can be found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.30

S1 −3.62 −4.78 −5.45 −5.89

S2 −4.35 −5.12 −6.08 −7.04

S3 −5.43 −7.37 −7.78 −8.96

Table 16

Maximum relative wave elevation with respect to the calm waterline in cm for long wavelength conditions,
i.e. L/λ = 2.0. The steepness S1, S2 and S3 refer to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The

realised steepness per wavelength can be found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.30

S1 2.63 2.9 2.65 2.84

S2 3.21 3.47 3.33 3.05

S3 3.82 3.8 3.89 4.36

Table 17

Minimum relative wave elevation with respect to the calm waterline in cm for long wavelength conditions,
i.e. L/λ = 2.0. The steepness S1, S2 and S3 refer to the targeted steepness H

λ = 1
60 , 1

50 and 1
40 . The

realised steepness per wavelength can be found in table 3

Fr = 0.15 Fr = 0.2 Fr = 0.25 Fr = 0.30

S1 −2.36 −2.36 −5.81 −5.14

S2 −3.01 −3.19 −5.48 −4.63

S3 −3.83 −3.99 −6.15 −7.23
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