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Abstract: Large floating structures, such as liquefied natural gas (LNG) ships, are subject to both
internal and external fluid forces. The internal fluid forces may also be detrimental to a vessel’s
stability and cause excessive loading regimes when sloshing occurs. Whilst it is relatively easy to
measure the motion of external free surface with conventional measurement techniques, the sloshing
of the internal free surface is more difficult to capture. The location of the internal free surface is
normally extrapolated from measuring the pressure acting on the internal walls of the vessel. In order
to understand better the loading mechanisms of sloshing internal fluids, a method of capturing the
transient inner free surface motion with negligible affect on the response of the fluid or structure is
required. In this paper two methods will be demonstrated for this purpose. The first approach uses
resistive wave gauges made of copper tape to quantify the water run-up height on the walls of the
structure. The second approach extends the conventional use of optical motion tracking to report the
position of randomly distributed free floating markers on the internal water surface. The methods
simultaneously report the position of the internal free surface with good agreement under static
conditions, with absolute variation in the measured water level of around 4 mm. This new combined
approach provides a map of the free surface elevation under transient conditions. The experimental
error is shown to be acceptable (low mm-range), proving that these experimental techniques are
robust free surface tracking methods in a range of situations.

Keywords: free surface measurement; optical motion capturing; tank test; wave gauge; sloshing

1. Introduction

Designs for floating structures that hold internal fluids with a free surface must be capable
of withstanding both the internal and external fluid pressures. The movement and stability of the
structure is also affected by both fluid bodies. To investigate these effects, researchers must quantify
sloshing within a free floating structure, which requires new methods of free surface tracking that
are robust and repeatable. It is important that these measurement techniques are benchmarked and
quantitatively understood if employed to quantify the free surface in experimental investigations
that will be used to validate numerical methods for predicting such interactions, especially with
larger motions.

Comparable research questions on the interaction between two separated water bodies can be
found in oscillating water column (OWC) wave energy converters [1,2] as well as in ship design [3–5],
especially in connection with the transport of liquefied natural gas (LNG) [6]. Sloshing experiments
are an essential part of the design process, a problem typically explored using closed tanks mounted
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on motion platforms [7–9]. In most cases, such investigations focus on the impact forces exerted on
the walls with respect to different filling levels. Hence, pressure transducers are the key measurement
instrument [10–12].

For very large floating structures (VLFS), experimental data and numerical solutions are available,
which investigate the deformation of VLFS depending on different mooring types [13–15]. Lee et al. [16]
included multiple inner tanks filled with water in a VLFS and presented a numerical approach based
on finite element method. This approach exhibits good agreement with experimental data but is
limited to small motions. An example application of the full-scale structure would be as buoyant
energy storage [17,18]. The size of such a device is comparable to ships and large platforms.

The motion of the free surface is a key indicator used in the comparison of experimental results
and numerical simulations. The precision and accuracy of the free surface measurement is important
in the validation of the numerical results. In general, a high spatial density of measurement points
from two different and ideally independent systems is preferable to provide redundancy and reduce
uncertainty [19]. It is also important that any additional mass on the model be minimised so that mass
balance is not affected by the instruments. Finally, the movement of the floating tank should not be
impeded by the experimental and measurement systems.

Classical approaches to detect and follow free surfaces are based on surface piercing wave
gauges [20–25] or ultrasonic/acoustic probes, which measure the delay of the ultrasonic signal echo
caused by the density change at the free surface [26,27]. Submerged acoustic instruments can measure
the fluid velocity beneath the free surface at laboratory scale [28,29] as well as for field applications [30].
Such point measurement devices are very robust and precise. The observation of visible markers is
an option for laboratory experiments [31,32] and can also be applied for field measurements [33].

Gomit et al. [34] present a method to detect the free surface depending on the 2D velocity field in
a towing tank. In that case, a horizontal laser sheet is observed by up to three cameras and this requires
optical access from the bottom of the tank. Similarly, vertical laser sheets used for particle image
velocimetry (PIV) can be applied to measure the velocities as well as to detect free surfaces [35–40].
Belden and Techet [41] combined this method for air and water to detect the surface. These mentioned
approaches are limited to a two-dimensional section, which results in a single slice through the surface
and delivers results similar to a Light Detection And Ranging (LIDAR) measuring system [42,43].
Weitberecht et al. [44] evaluate the accuracy of surface PIV, which use the free water surface as
measurement plane without a laser. In this case the water depth is comparably shallow (approximately
4.6 cm) and the measurement of velocity vector field base on particles seeded continuously onto the
water surface. Comparable big motion of the free surface in sloshing tanks leads to a high rate of
mixing, which makes it harder to maintain the particle distribution. Akutina et al. [45] capture the
movement of neutrally buoyant particles and address the problem of the measurement validation as
well as reduce the influence of optical distortion.

Evers and Hager [46,47] present an approach to capture the curvature of the water surface caused
by an impulse water wave in a tank. In their method, a light grid is projected on the free surface
and the deformation is captured with cameras. The 2D images of the grid deformation are then
transformed into a calculated 3D surface. This approach requires the addition of pigment to the
water [48,49], which is unlikely to be a viable option when extending the approach to a large wave
basin. Additionally, the floating structure would shadow the free surface and hence measurement near
the structure walls would not be possible.

This paper presents a new approach to capture the free surface motion inside a floating tank with
bespoke floating markers using a 3D motion capturing system. Comparable wave gauges have been
previously used in wave run-up experiments on a slope [38,50,51] or on fixed cylinders [52] but in these
cases the wave gauges were always stationary. Wave gauges made of copper tape are also investigated
to determine if the water run-up within or around a floating body can be captured accurately even
if the body orientation changes in relation to its initial configuration. Experiments with an open-top
clear acrylic cylinder filled with water (Figure 1) under static and transient conditions have been
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conducted. The aim of this work is to evaluate these two approaches for a use in combination with
a floating structure.

Figure 1. Experimental set-up—acrylic cylindrical tank mounted on an inclinable framework including
table tennis balls (TTB) and wave gauges made of copper tape (CT)—rotation axis R—(a) overview of
the inclined structure and (b) detail of the inner water surface.

2. Experimental Method

2.1. Overview

A cylindrical tank with an inner diameter D of 0.49 m is investigated (Figure 1). The transparent
acrylic structure has a material thickness of 5 mm for the cylinder walls and 7 mm for the floor plate.
If the cylinder is filled to its maximum height H of 0.5 m, it contains 94.28 L of water, ignoring any
errors in circularity. For the presented experiments, the tank is fixed on a framework (rather than free
floating), which allows an inclination around one fixed rotation axis R (Figures 1 and 2). The position
of the structure is determined by a four camera Qualisys motion capturing system.

The water level in the tank is given by a measurement scale on the cylinder wall and captured by
a camera, which is mounted at a constant position relative to the opening of the cylinder (Figure 1).
This is used as a reference for the two measurement methods under investigation for the free surface
motion: (a) floating infra-red reflective markers (Section 2.2) and (b) wave gauges made of conductive
copper tape (Section 2.3). The first approach is based on the motion capturing system and is a new
implementation, which enables this system to also capture a changing water surface. The investigation
also aims to demonstrate that wave gauges made of light weight copper tape can be bonded to
a moving body and deliver reliable measurements under different inclinations without the need for
a recalibration.
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2.2. Floating Infra-Red Reflective Markers

The movement of the containing cylindrical tank is captured with a commercial optical motion
capture system from Qualisys. All six degrees of freedom (DoF) are determined based on the relative
position of the markers, which are mounted on the rigid acrylic structure [53–56]. The Qualisys system
is also capable of simultaneously tracking multiple independently moving reflective markers in the
three translational degrees of freedom. Hence, the possibility of capturing the free water surface with
additional floating markers randomly located inside the structure can be explored.

All known commercially available passive spherical reflective markers are either not suitable for
wet conditions (i.e., they lose their reflectivity) or are not buoyant. Consequently, a bespoke solution is
chosen to make each floating reflective marker from a standard table tennis ball. The table tennis ball
(mass of 2.7 g, diameter 40 mm) serves as the basic body, which has enough buoyancy and visibility
for the application. Reflective tape is applied to provide the reflectivity to infra-red light. This set-up is
comparable to the taped underwater markers offered by Qualisys, but much lighter, water resistant and
buoyant. A preliminary feasibility study showed that such a marker ball can be tracked by the Qualisys
system whilst afloat on the surface and subject to wave motions in the University of Edinburgh’s
Curved Wave Tank [57] and in the FloWave basin, which has a diameter of 25 m and is also located at
the University of Edinburgh [58–63].

Figure 2. Basic geometry (a) plan view of the upright cylinder including the numbering of the wave
gauges and (b) side view of the inclined geometry with an example pitch angle β—R is the rotation
axis and TP4 the reference point introduced in Section 3.2—all dimensions in [m].

For the experiments, 12 marker balls are added to the water in the circular tank (Figure 1).
They are left to freely float on the surface and are captured simultaneously with the rigid body markers.
By distributing the balls well over the entire surface, nearly no clustering effects were observed. In the
rare case that the balls do cluster, the system is capable of identifying correctly up to three markers,
which may be in contact with each other. In post-processing, the markers have to be separately
identified as the software cannot automatically recognise them. This is only possible for rigid bodies
with a fixed distance between multiple markers. The identification of the marker balls has to be
done only once for each measurement and further tracking is done automatically by the software.
Alternatively, all unidentified trajectories can be exported and processed with additional software
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(for example Matlab). In this case, the initial fill level inside the cylinder can be chosen to autonomously
identify the markers and separate from those, which are attached to the body.

As shown in Figure 1, the Qualisys system includes one Oqus 210c for video capturing and four
Oqus 300+ cameras for marker tracking. The capture rate was set to 100 Hz for all tests.

Two sets of results from the motion capture system are presented here: (a) definition of the 6 DoF
motion of the rigid body and (b) the coordinates of the free floating markers, which are recorded
relative to the global coordinate system.

2.3. Copper Tape Resistive Wave Gauges

Wave gauges are a very reliable and accurate measurement system to detect and record the motion
of water free surfaces. They are standard measurement instruments in tank testing [64] and can also be
used under very complex conditions [38,50,59,60,65] as well as near submerged structures [21,22,66,67].
This measurement system correlates the resistance between two parallel rods with the submerged
water depth. A direct electric current would lead to an anode/cathode arrangement leading to removal
of ions in the water surrounding the gauges [20]. Hence the amplifier sends an AC signal with a typical
excitation frequency of 10 kHz [68]. In general, the specification of such a wave probe depends on the
application as well as the maximum expected wave amplitude. Typically heights vary between 0.3 to
1 m with a rod diameter of 3 to 4 mm [68], but thinner wire can be utilised if necessary. Andresen and
Frigaard [69] applied wave gauges made of a wire with 1 mm near a cylinder under wave conditions
and even thinner, namely 0.13 and 0.4 mm, are used by Liu et al. [70] in a wind-wave tank.

In the case of a tank test the typical accuracy of the conductive probes are in the range of
±0.25–0.5 mm respectively 0.1% [64,68]. Similar ranges of accuracy, namely ±0.3 mm, can be achieved
by for ultrasonic sensors for experimental conditions as presented by Longo [28]. In the case of aerated
and breaking wave this range has to be expanded. An accuracy of 1 mm is found by Gomit et al. [34]
for the measurement of the crest with a resistive probe made by HR Wallingford. Petti and Longo [71]
corrected the systematic error in the swash zone between the actual front on the beach in relation
to the measurement by the run up wire with a separate video observation. A fixed offset of 5 mm
was found as a good compromise to reduce the geometrical error without excessive signal error [71].
Whittaker et al. [51] quantify the accuracy for runup experiments with ±2 mm in the vertical direction
based on effects of surface tension and calibration.

At the outset, the possibility of using conductive paint was investigated as part of preliminary
tests. Those proved that it is possible to fabricate wave gauges by drawing on a surface with conductive
paint (MG Chemicals 842AR-P Conductive Pen Silver). The hand drawn wave gauge was connected
to the standard Edinburgh Designs’ wave gauge box. Despite that the application with this method
is inaccurate, the technique is very flexible and can be used in the future for specific applications
that limit the use of tapes and rods. When dry, the conductive paint is water-resistant but remains
very delicate and subject to mechanical damage. The variable cross section of the conductive paint
leads to a non linear variation in gauge resistance that is not easily quantified, and therefore is only
recommended for discrete water level measurements.

Based on their robust and exact mounting in comparison to the conductive paint, wave gauges
made of copper tape were chosen [51,52]. Previous applications of such a tape can found as
a switch [72,73] to indicate discrete water levels. In another study, Heller and Spinneken [38] bonded
stainless steel strips on the surface of the inclined walls. For the current project, the scale for the water
level inside the tank was used as an alignment for the conductive tape on each side. Separations of
30 mm, 24 mm, 20 mm, 15 mm, 10 mm, 5 mm, 4 mm and 1 mm between the 6.25 mm wide copper tapes
were investigated. Preliminary dip tests showed that very small spacings between the two tapes lead
to a delayed response to water level changes due to residual water films reducing the gauge resistance.
Greater separations reduced the potential for stray conductive paths resulting from the residual water
films that had led to erroneous measurements. Smaller separations provided a better signal to noise
ratio and a reduced error in detecting oblique water surfaces run up. The 5 mm separation was
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chosen as the distance between the two tapes, resulting in a centerline separation of w = 11.35 mm.
Whittaker et al. [51] used a bigger spacing of 20 mm. As part of the current tests, the durability of
wave gauges based on conductive tape could be shown for normal laboratory conditions.

One Edinburgh Designs WG8USB Wave Gauge Controller is used for the presented work.
The sample rate is 128 Hz [68]. Figure 2 shows the location of each wave gauge. In total, all the
available 8 gauges are used, which is the capacity of a single controller. The rotation axis R for the
following presented experiments (Section 3.2) is parallel to the y-axis. The wave gauges are arranged
in four pairs with equal distance to the y-axis. In addition to the quadrants, the two wave gauges WG2
and WG4 are located at octants and have the equal |x| and y distance of D/(2 ·

√
2) = 0.173 m. With an

|x| coordinate of D/4 for the WG6 and WG8, the y-value is D ·
√

3/4 = 0.212 m. For the evaluation of
the inclination tests an additional marker TP4 (tank point, Figure 2) is needed. The [x, y, z]-coordinates
of this point are [−D/4, D ·

√
3/4, H − h + dh] with an offset dh of approximately 10 mm and height

of the cylinder H of 0.5 m. The origin of the local coordinate system is located in the centre of the
tank and on the initial water level h of 0.25 m. The measurements of the Qualisys system are based
on a different global coordinate system, which is defined as part of the calibration. The results are
transformed into a local coordinate system, which has its origin at the tank point TP4 (Figure 2).

3. Results

3.1. Influence of Variable Inner Water Depth h

In the first phase of the investigation, different water levels are measured with both methods
to quantify the differences between the two approaches. For this set of tests, the location of the
cylinder is fixed in the stationary position and the volume of fluid inside the tank is changed.
This investigation is similar to the required calibration of the WGs and to the application of wave
run-up experiments [38,51,52]. Consequently, the measurements at the WG can be used to verify the
new approach based on the floating markers.

A total of 50 different steady states are investigated. The observed value is the change in water
depth ∆h inside the tank. The zero/reference value is set to the initial water depth h = 0.25 m.
Both investigated measurement systems are calibrated independently and all depths are verified with
a scale inside the tank captured by a camera.

All measurements for this variation of the water level, as well as the inclination tests in Section 3.2,
are repeated three times and include 20 s recording time for each. One data point in Figure 3 represents
the mean value over the entire test duration for all of the repetitions, for all eight wave gauges.
The same averaging techniques are applied to the z-coordinate results of the Qualisys system for all
12 markers.

In Figure 3a the measurements are directly compared (in mm). Ideally, both measurement systems
would report the same results. The absolute differences in Figure 3b indicates that the measurement
based on the balls has a tendency to underestimate the height. For most of the cases, the differences
are in the range of 4 mm and only a smaller water depth results in an increase up to around 7 mm.
It is assumed that the influence of potentially biased measurements through the transparent cylinder
is increased with a lower water level. The repetition of the ∆h equal 0 mm allows checking for
such a potential time-dependent effect. Theses repetitions were conducted spread over the whole
experimentation by starting with this water level, which is first increase up to maximum, than reduce
to the minimum level and back to the starting value of ∆h equal 0 mm. A detailed analysis of those
runs indicates two very good agreements near to the calibration process and the following repetitions
have an increased difference. A change of the air temperature over the experimental time may cause
an additional uncertainty in the water temperature of the comparably small volume in the cylinder
and the used set-up (Figure 1).

In the case of the wave gauges made of conductive tape, the minimum standard deviation (of all
eight wave gauges and three repetitions each 20 s long) can be found around the zero value. For both
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increasing and decreasing water levels, the standard deviation value increases up to an approximate
value of ±3 mm (Figure 3c). For the standard deviation of the measurements based on the Qualisys
system (Figure 3d), such a clear trend cannot be found in relation to ∆hQ-values, hence there is no
connection between the system calibration and its origin. The reduction of the standard deviation
for the highest water depths in the tank can be explained by improved marker visibility. In general,
the standard deviation is in the same range as the observed absolute differences between the two
measurement systems.

Figure 3. Comparison of the methods with a variable water depth h inside the cylinder—(a) comparison
between water depth captured with the marker balls via Qualisys (Q) and wave gauges (WG);
(b) absolute differences between the methods; (c,d) standard deviation (std) for each method.

Whittaker et al. [51] quantified the accuracy of this method with approximately ±2 mm in the
vertical direction for a run-up experiment, which seem to be also applicable for the wave gauges made
of copper tape. It seems to be reasonable to double this value for the floating balls based on the bigger
standard deviation as well as the absolute differences between the two methods. On this basis, the next
step is to investigate an inclined body in Section 3.2.

3.2. Influence of Variable Inclination Angle of the Tank

A fundamental difference between the two measurement systems is their point of reference.
The locations of the infra-red markers are captured and reported based on a global reference frame
which is independent of the position of the cylinder. The wave gauges are directly connected to the
cylinder and thus measure the free surface in the local frame of reference of the cylinder. In contrast
to the previous applications of onshore wave run-up probes [38,51,52], the orientation of the WGs
changes according to the movement of the body on which they are bonded. Those tests allow to
explore whether this effect on the measurement is significant or not.

It is necessary to transform the position of the floating markers to the local frame of reference
of the cylinder or transform the wave gauge results into the global coordinate system. The required
rotation matrix and the position vector is provided by the motion capturing system.

Figure 4a shows the mean value of the measurements of the two wave gauges laying on the y-axis
(WG3 and WG7) vary with the rigid body’s pitch angle as captured by Qualisys (βQ). In the case of
a rotation around the R-axis, which is parallel to the rotation axis y, those values should remain at
0 mm as well as the global mean value over all eight wave gauges. The other pairs of wave gauges
(namely WG1 & WG5, WG2 & WG4, WG6 & WG8) are analysed in Figure 4b. The absolute distances
in the x-direction for each pair is equal. Consequently, the mean value of each pair should also be
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0 mm. Both analyses indicate that with an increasing βQ-angle, a bigger difference to the theoretical
position also occurs. This is possibly due to deformation of the structure resulting in a decrease in
cross-sectional area, in turn increasing the height of the fluid in the structure. This will not be an
issue for structures tested in the wave tank, as the surrounding water pressure will counteract the
inner pressure.

The results of the three pairs of wave gauges with an x offset are used to back calculate the
inclination of the structure βWG, which should be identical to the pitch angle βQ measured by the
Qualisys system. Figure 4c presents the direct comparison of those values and Figure 4d the differences.
A calculation of the inclination based on the wave gauge data would result in an under prediction of
approximately 1◦.

For the analysis of the measurements based on the marker balls, the vertical transition caused
by the rotation has to be included. Basic geometric dependences are shown in Figure 2 for the centre
point on the water surface. A theoretical height increase zQ,t is calculated to compare the observation
zQ of the markers. The value zQ,t depends on the measured pitch angle βQ of the cylinder and the
exact position of the rotation axis R. It is assumed that the rotation axis R is parallel to the y-axis, and
to specify the location of the axis R, a circle is fitted through the measured x- and z-coordinates of the
tank point TP4.

Figure 4. Influence of variable pitch angle β on the wave gauges (WG)—(a,b) analysis of the measured
changes in the free surface; (c,d) comparison between the measured angle βQ and the calculated βWG

based on the wave gauges pairs.

Figure 5a allows a comparison of the theoretical and measured values for the water surface and
tank point TP4 in relation to the angle βQ of the body. All values are transformed so that 0 mm
indicates the initial water surface. The absolute differences between calculated and measured values
are shown in Figure 5d. Both graphs indicate that, in a range of βQ up to 30◦, the theory over-predicts
the measurement and beyond that point it under-predicts.

For a further analysis, the same data-set is plotted in relation to the measured roll angle αQ in
Figure 5c and the yaw angle γQ Figure 5e. A comparable behaviour to the angle βQ could be found
for αQ around 1◦, but not for γQ. This indicates that the complete system is not completely rigid and
includes a small inclination around the x-axis and a part of the differences can be explained as a result.
The standard deviation of the measurements of the marker balls (Figure 5b) show the same range as
found by changing the water level h inside the tank (Figure 3d; Section 3.1).
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The results of both stationary cases, namely the set of measurements with changing inner water
level and variable inclination of the tank, show a reasonably small error of a few millimetres for each
measurement system. The possible over-prediction of the water level in the case of inclined wave
gauge in relation to the water surface should be considered for further comparisons with numerical
simulations. Circularity measurements may verify if the increase in water level is due to deformation
of the structure or a wave gauge error.

Figure 5. Influence of variable pitch angle β on the floating markers—(a) comparison of the theoretical
with the measured z-coordinate of the reference point TP4 and the free surface; (b) standard deviation
of the measured balls; (c–e) absolute difference of the z-coordinate in relation to all three rotation axes.

3.3. Transient Behaviour

The previous investigations assume steady-state conditions and focused on establishing a proof
of concept for the adapted measurement system. However, the goal is to investigate the free floating
structure motions and inner free water surface when influenced by periodic wave conditions in a wave
tank. In this case the free water surface inside the cylinder will be non stationary. Different drop
tests are conducted to show that both measurement concepts are capable of capturing transient water
surfaces inside of the tank. To achieve this, the cylinder is fixed in an inclined position and the
supporting mechanism is suddenly removed. Hence, the tank falls onto an end stop and the oscillation
of the free surface inside the tank is stimulated.

The presented experiment is chosen because a small overtopping volume is provoked near the
wave gauge WG1. Figure 6 shows the rotation from an initial pitch angle βQ of 21.1◦ to 6.4◦. For the
other two rotations, the observed differences ∆α and ∆γ to the starting condition (inclined cylinder)
are very small. All systems are synchronised so that the approximated start of the movement is at
t = 0.25 s. The end position of the structure has an inclination in pitch caused by the end stop, which is
added to the framework. The first impact compresses this end stop and a nearly stable situation of
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the cylinder is reached after about one second. A small periodic movement of the structure is also
observed, which is caused by the moving water body in the tank combined with the soft support of
the end stop material.

Figure 6. Measured angles of the rigid body caused by the sudden removal of the support structure.

Simultaneously two videos are captured, which give a very good overview of the behaviour of
the water stored in the structure. The measured position of the markers can be directly connected with
the video from the Oqus 210c. In contrast to this fixed position of observation, the second camera
on the framework moves with the structure. This allows comparison of the visible scale inside the
cylinder with the captured free surface changes [7,31]. Different random samples are analysed as part
of the plausibility check and demonstrate a very good agreement (typically in the low range of a few
millimetres) between both experimental methods. Therefore, the global coordinates of the marker balls
had to be transformed into the local coordinate system of the cylinder.

Figure 7 presents the results of the wave gauges for the drop test. In each graphic, each pair of
wave gauges with the same x offset are grouped, and the normalised water surface displacement
η/h is plotted as the y-value. This non-dimensional elevation is also used for the second and third row
in Figure 8 (two different side views) for the following analysis of the floating markers. As mentioned,
the initial water height h = 0.25 m is equal to half of the total height H of the cylinder. The η/h
value equal to 1 [-] in the first big peak of the wave gauge WG1 indicates the overtopping at this
part of the cylinder. A wave period of approximately 0.7 s is observed for the introduced oscillation.
The final conditions also include an inclination due the end stop material, which is added to the
support structure, which alters the resting position of the structure, affecting the final value of all wave
gauges except WG3 and WG7 because they lie on the y-axis.

The results show that the main oscillation direction is at first aligned with the movement of the
cylinder in the x-z-plane and changes after a few seconds to the orthogonal direction in the y-z-plane.
The WG1 and WG5 show a damped oscillation with a nearly constant decrease of the amplitude.
The peak values for η/h at the WG3 and WG7 increase over the same time frame (Figure 7).

In addition to the wave gauge results, the elevation of each of the 12 free surface marker balls can
be plotted. Figure 8 uses a different approach to show the three-dimensional motion of the markers.
Four different time periods were chosen. For each period of record, the measured coordinates of all the
12 points were plotted in one graph. The top view (upper row) shows that the balls have the tendency
to group together. Nevertheless, a good coverage is maintained. The side view of the first 5 s time
period also captures the overflow with a η/h-value near to 1 [-], which fortunately did not result in the
loss of a marker. The change of the main oscillation direction can also be observed in the measured
data of the marker balls (going from 3rd to 4th column in Figure 8).

This simplified transient experiment showed the capability of both methods to capture the free
surface inside the cylinder. The advantages and limitations of each approach are discussed in the
following section.



Water 2019, 11, 50 11 of 16

Figure 7. Results of the transient experiment—wave gauges (WG) in pairs as defined in
Figure 2—normalised surface elevation η/h.

Figure 8. Results of the transient experiment—3D location of the measured marker balls; four different
time periods (columns) and three different view directions (rows).

4. Discussion

Both measurement systems investigated here fulfill the basic requirements mentioned in Section 1
for the future use of capturing the motion of the free water surface inside a floating structure in
a wave tank.

The addition of the bespoke marker balls into the tank is simple to implement, and makes
use of the motion capture systems which are typical equipment in a laboratory with wave basins.
Camera positions may have to be adapted and more carefully chosen, so that the inside of the floating
cylinder is easily captured. A motion capture camera view from the top would be very advantageous
for 3D capture of the markers, but this may not always be practical to realise.
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The floating markers are capable of surviving very rough conditions in the cylinder and are very
light. It is thus assumed that the influence of adding floating markers to the free surface is very small,
but it cannot be excluded completely. Specific experiments with and without the markers should
be compared for the individual applications in the future. For the current project, 12 markers were
utilized, which covered approximately 8% of the available surface inside the cylinder. More floating
markers could be applied, but as a result the interaction between the markers would also increase.
The ideal number and size of markers should be optimised for each project.

Under certain conditions the capturing of one individual marker’s position is interrupted because
fewer than two cameras detect it. This can be caused by obscuring components (such as the mounted
camera at the top) or extreme sloshing, including breaking waves. There is also the possibility that
one marker is washed out of the structure. This is an abort criterion because the water volume
inside the tank is reduced in such a case. Overtopping of the structure cannot be captured with this
measurement system.

The novel characteristic of this system is that the markers cover the free surface inside the
cylinder (Figure 8), but the exact location cannot be predicted beforehand and is not repeatable.
This situation can be improved with a splitting of the available volume inside the tank, for example
with a vertical mesh. This can limit the area which each marker can cover but also has a further effect
on the fluid dynamics. Conventional wave gauges could be a better option instead of such highly
restricted markers.

The wave gauges made of the copper tape are fixed to the cylinder structure and no additional
support structure is needed. This prevents unnecessary mass additions and subsequent changes in the
centre of mass. An electrical connection is still required, but the cable can be added to the mooring
lines required to stabilise the floating body. This solution requires an insulating and robust surface
to apply the copper tape. A minimum distance between two pairs has to be maintained so that no
interference occurs (similar to normal wave gauges). The capillary effect between the two tapes on the
wall may lead to erroneous measurement. Based on a preliminary investigation, a distance of 5 mm
was chosen for this investigation (Section 2.3). Such a suitable choice of the distance between the two
electrodes helps to minimise this effect. Furthermore, maximum local water heights in the floating
structure are caused by run up on the walls which is quantifiable with this method. If data analysis of
the wave gauges is carried out in the local coordinates of the cylinder, no additional post processing is
needed to use the measured data. The major disadvantage of video recording the scale inside the tank
is the post processing required to attain useful data.

It is well known that the measurement method of wave gauges is highly dependent on the
electrical properties of the water. The water for the tests herein was taken from the 2.4 million
litre basin at FloWave and not fresh from the main water supply, thus minimising any temperature
adjustments or other changes. In comparison to the wave tank, the stored water volume inside
the cylinder (Figure 1) is very small. The changes of the air temperature over a working day also
influenced the temperature of the water in the tank. Consequently, some of the observed errors may be
caused by this change in environmental conditions and the (water) temperature should be measured
in comparable investigations in the future. The temperature changes of the water in the wave tank
under normal conditions is nearly negligible and hence the conditions for a submerged structure are
far better than in the present configuration of being supported on a framework.

5. Conclusions

This paper presents two different measurement methods for capturing the motion of the free
water surface inside a floating structure by re-purpose existing systems: (a) floating markers, which
are captured in addition to the movement of the rigid body and (b) wave gauges made of conductive
copper tape fixed to the walls of the cylinder. The additional mass of both systems is very small
compared to the structure. Both systems are tested under laboratory conditions and their durability
is shown.
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The conductive tape wave gauge proved very accurate and consistent in measuring the water
height at the walls, where the maximum heights occur due to water run-up. It can be shown that the
conductive tape wave gauges can also be applied to moving objects and that a change in the inclination
in comparison to the calibration has a small effect on the accuracy. The standard deviation of the
measurement system was found to be equal or smaller than 2 mm (variable water height, Section 3.1).
Those measurements are directly connected to the movable structure, or local coordinate system.
In contrast to this, the marker balls can freely float inside the water body and the measurement is in
the global coordinate system. Hence the movement of the rigid body is captured in global coordinates,
so that the free floating markers can be transformed into local coordinates for comparison with the
copper tape wave gauge measurements. The standard deviation for this measurement system is in
the range of 4 mm using markers with a diameter of 40 mm (Sections 2.2 and 3.1). A reduction of the
marker size can result in a higher accuracy and should be considered in the future.

Different stationary and transient tests proved that both methods are capable of delivering
measurements with a very high accuracy in low mm-range. The combination of both systems allows
one to compare the two independent measurement methods and use the advantages of each approach.
This has a significant benefit in providing useful data sets as a validation experiment for future
numerical studies of free floating objects.
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