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Abstract: Sloshing experiments have increasingly received academic attention. Understanding the
measurement errors in the sloshing impact pressures is an important parts of the sloshing experiments
since these errors, which arise from experimental conditions, affect the subsequent results. As part of
the research on the sources of the measurement errors, focused on the effects of surface conditions of
pressure sensors on the measurement of impact pressures. Thirty-six integrated circuit piezoelectric
pressure sensors were placed on the upper surfaces of a two-dimensional tank to measure the sloshing
impact pressures under surge or pitch motions. For each motion, the experimental conditions
were divided in two based on whether the surfaces of the sensors were dry or wet. The peak
pressures of each test were measured as twenty repeated experiments to ensure reliability. The flow
in the tank was visualized using a high-speed camera to observe and analyze macroscopic and
microscopic phenomena along the sensor surface. Thermal shock effects were confirmed by varying
the experimental temperature and that of the sensor surface. The effects of the wet surface and
droplets formed on the sensor surface on pressure measurements are discussed.

Keywords: sloshing; ICP (integrated circuit piezoelectric) pressure sensor; thermal shock; sensor
surface condition; droplets; impact pressure

1. Introduction

When liquids are loaded inside large cargo containers on ships or offshore structures, the walls and
ceilings of the cargo are severely affected by liquid flow. This flow is called the sloshing phenomenon,
and the load that can cause structural damage from sloshing is known as the ‘sloshing impact’. Sloshing
impact loads can damage not only the inside walls of cargo, but also structures like insulation panels [1].
This damage can cause fatal accidents such as fires and explosions, and thus accurate prediction of
sloshing loads is important. As ship sizes have increased, liquefied natural gas storage tanks and other
liquid cargo carriers have also become larger, and studies are underway to determine appropriate ship
design criteria. Thus far, theoretical and computational methods have been used to predict sloshing
impact loads. Although many studies on the effectiveness of computational fluid dynamics have been
performed [2–6] predictions of impact pressures on inner walls from sloshing using these techniques are
not entirely reliable. Thus, there has been a widespread interest in this field with numerous suggestions
on designing experimental methods to predict sloshing shock loads. These discussions have occurred in
academic world, including the Sloshing Dynamics Symposium of the International Society of Offshore
and Polar Engineering Conference [7]. Methods for estimating sloshing impact loads based on model
experiments have been recommended by a number of classifications and agencies [8–11]. As model
experiments have gained attention, many methods to experimentally predict sloshing impact loads
have also been developed. For example, recent increases in data acquisition accuracy and storage
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system capacities have made it possible to capture the sloshing impact moment at a sampling rate
higher than 20,000 Hz. As a result, experimental research on the topic has steadily progressed [12–18].
Experimental results that varied with experimental instruments have been confirmed using the sloshing
benchmark test of ISOPE [15]. A full-scale sloshing impact load test was conducted at the Maritime
Research Institute Netherlands [19,20].

Although there has been much research and analysis on sloshing impact load experiments,
uncertainties remain. With this in mind, Souto-Iglesias et al. [21] analyzed the uncertainties that may
occur in the experimental setup process, and Pistani and Thiagaragan [22] investigated overall motion
platforms, sensors, and data acquisition systems that can cause errors. Studies on uncertainties in the
sloshing impact load model test should be equipped with experimental instruments well. However,
studies on errors that could be caused by the experimental instruments have not been actively conducted
except for those papers [23]. For the sloshing motion platform of sloshing equipment, it is easy to
check the errors by comparing the input and output motion data. Some errors may be caused by the
data acquisition system, but the probability of such errors is much less than that of other experimental
instruments. Since correctly understanding and analyzing sensors can reduce errors in sloshing impact
loading tests, sensor research is highly important. Studies on specific type of sensors through various
experiments have been conducted [23]. Research has been performed to compare characteristics
between different sensors (piezoelectric and integrated circuit piezoelectric sensors) through sloshing
experiments [24]. The difference of average of peak pressure for irregular test in the two type sensors
are about 1 kPa in 20%H filling and 2 kPa in 95%H filling. There are also studies of other factors that
can affect the sensors, which showed that temperature differences between sensors and the medium
had notable effects [22,23].

For the sloshing impact load experiments presented here, we wiped the surface of the sensor
cluster dry manually for each experiment to investigate the influence of the sensor surface condition
(wet or dry) on the measured pressure. Additionally, a data acquisition system and high speed
camera were utilized to capture the overall process of the sloshing impact load test. Through these
measurements, we directly confirmed the macroscopic and microscopic phenomena occurring in the
flow around the sensor cluster before and after impact.

2. Experimental Setup

2.1. Sloshing Motion Platform

The sloshing motion platform (SMP) used in this study was a device capable of implementing
six degrees of freedom using six actuators. The SMP was designed to bear dynamic loads 4000 kgf
(approximately 39,230 N).

Figure 1 is a schematic of the model tank used in this experimental setup on the SMP and its
specifications. When the servo motor mounted on the bottom of the SMP rotates, the six actuators are
converted into sway motion via inner screws, which enable 6 degrees of freedom of movement. Tables 1
and 2 list the mechanical specifications and maximum speeds of the actuator motion. The motion
control system is divided into a system console unit, motion control unit, and motion control software.
The system console unit transfers and controls the necessary input values. It consists of a host computer
with digital signal processor, a signal board, and an interface control unit. The motion control unit
consists of a digital signal processor/rotations per minute embedded motion control program, power
supply, motion plate design/tuning/operation software, and an API library. To prevent a malfunction
of the entire system, limit switches were also installed in each actuator.
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Figure 1. 6-Degree of Freedom (DOF) Sloshing Motion Platform.

Table 1. Specifications of Actuator.

Items Specification

Servo Motor P60B2215KBXS (SANYODENKI)
Servo Driver PZA300
Rating Power 15 kW
Rating rpm 1500 rpm

Maximum rpm 2000 rpm
Rating Torque 95.5 Nm

Maximum Torque 240 Nm
Ball Screw Lead 40 mm

Maximum Stroke 1000 mm

Table 2. Range of Displacement and Velocity.

Motion Displacement Velocity

Surge −1060 mm~1030 mm 200 cm/s (0.4 Hz)
Sway −970 mm~970 mm 190cm/s (0.4 Hz)
Heave −540 mm~540 mm 100cm/s (0.4 Hz)

Roll −34.5◦~34.5◦ 83 deg/s (0.4 Hz)
Pitch −36.5◦~34.9◦ 83 deg/s (0.4 Hz)
Surge −1060 mm~1030 mm 200 cm/s (0.4 Hz)

2.2. Test Model

The model tank used in this study was a rectangular parallelepiped tank made of acrylic. The lower
surface of the model tank was 946 mm × 118 mm and the height was 670 mm. Figure 2 shows the
dimensions of the model tank made in our laboratory.
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Figure 2. Model tank dimensions.

2.3. Pressure Sensor, Data Acquisition System, and Sensor Cluster

The data acquisition systems used in this experiment comprised a pressure gauge and data logger.
Shown in Figure 3, the pressure gauge is a 211B5 integrated circuit piezoelectric (ICP) type from Kistler.
The 211B5 is 5.5 mm in diameter and does not require other amplifiers. Details on the pressure gauge
are listed in Table 3. Shown in Figure 4, the PXI-4472B board used to acquire data was purchased from
National Instruments. This board has 24-bit resolution and can sample up to 102.4 kS/s with each
channel. Details on the board are listed in Table 4. The cluster was made of brass and contained holes
for the insertion of 36 sensors. In this experiment, the pressure was measured by attaching the sensors
from Channel 36 to Channel 72 (Figure 5) on the upper surface of the model tank. Figure 5 shows the
cluster and channel numbers of the sensors for each location.
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Table 3. Specifications of Pressure Sensor.

Items Unit Kistler 211B5

Diameter mm 5.5
Range bar 0~6.895

Overload bar 34.474
Sensitivity - 804.2 mV/bar (±1%)

Natural Frequency kHz 300
Linearity %FSO ≤±10

Acceleration Sensitivity bar/g 0.0001379 (±5%)
Operating Temperature Range ◦C −51~121

Table 4. Specifications of Board and DAQ.

Items Specification

Analog inputs 8 Channel
Resolution 24 bits

Maximum Sampling Rate 102.4 kS/s
Input Range ±10V

AC Cutoff Frequency 0.5 Hz
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2.4. Flow Visualization Device

The high-speed camera used in this experiment was a Y5 from Integrated Design Tools, Inc.
(Pasadena, CA, USA) with a frame rate of 1 kHz. Figure 6 shows the camera. The specification of the
camera is given in Table 5.
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Table 5. Specification of the camera.

Items Specification

Image resolution 1280 × 1024 at 1000 fps
Internal memory 4 GB
Recording rates Selectable Up to 64,000 fps

2.5. Experimental Conditions

The experiments were conducted by dividing the test conditions into SWAY and ROLL excitation
motions, both with the same filling level. The experiments were carried out with a single impact test
irrespective of the test condition. For each condition, two sets of ten experiments. Table 6 shows the
test condition details, and Table 7 lists the air and water temperature for each set, where 1 set is 10 tests.
The temperature of the water and air was measured by two digital thermometer. The temperature
in Table 7 is the mean temperatures of each set. The temperature of the water and measured by two
digital thermometers. The temperature in Table 7 is the mean temperatures of each set. The variation
of the temperature was less than 0.3 ◦C.

Table 6. Test conditions.

Test
Condition

Filling
Level (%H)

Filling
Level (mm)

Excitation
Motion

Excitation
Periods (s)

Excitation
Amplitude (mm or ◦)

Test
Duration

SWAY(T1) 85 570 Sway 1.1 32 mm 1 impact
ROLL(T2) 85 570 Roll 1.207 4.5 ◦ 1 impact

Table 7. Test temperatures.

Set
SWAY (Wet) SWAY (Dry) ROLL (Wet) ROLL (Dry)

Air (◦C) Water (◦C) Air (◦C) Water (◦C) Air (◦C) Water (◦C) Air (◦C) Water (◦C)

1 13.4 11.6 13.5 11.3 10.2 12.8 11.1 11.2
2 13.4 11.6 13.5 11.6 10.0 12.8 11.2 11.2

2.6. Peak Pressure Detection

The pressure data were measured at the thirty-six positions for each test and the peak pressure was
defined as the maximum value among the pressure data. The threshold pressure is a specific value as
noise level. In this test, the threshold pressure set to 0.02 bar was excluded. The time intervals between
adjacent maximum pressures were checked. The time interval was set to a one-half period, which
corresponded to the maximum value of the spectrum amplitude from fast Fourier transform (FFT)
results. Figure 7 shows the peak acquisition algorithm used in this experiment. The offset correction
of the signals was done twice. One was done before measuring the data using the data-acquisition
software. The other was done during the post-data process using the data recorded for 10 s before
the test.
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3. Results and Discussion

3.1. Flow Visualization

Between the 20 repeated experiments, the macroscopic flow was very similar. However, there were
differences in the microscopic flow between individual experiments. For SWAY and ROLL, the sensor
surface conditions were divided into wet and dry conditions depending on the presence of water on
the sensor surface. Figures 8–11 are the macroscopic flow snapshots of the wet and dry conditions.
Close snapshots before and after the first impact are shown in Figures 12–15. In both SWAY and ROLL,
the macroscopic flows were similar regardless of the wet or dry condition. However, Figures 8–11
show that there were differences in the microscopic flow around the sensor cluster after the initial
impact for certain test conditions.

Referring to the position of sensors shown in Figure 5, for SWAY, the sensors at Channels
36–60 measured the impact pressure directly via water contact. On the other hand, the Channels
61–72 sensors measured the impact pressure via air pockets under the sensor cluster. This was further
investigated by analysis of the snapshots. In the dry condition, bubbles were hardly generated after
the impact, as shown in Figure 12. In the wet condition, bubbles were generated around locations
where droplets formed, as shown in Figure 13.

For the ROLL condition, the impact pressure was directly measured by water contact on all
channels of the sensor cluster. As shown in Figures 14 and 15, the bubble generation was similar to
that of the SWAY condition, with more bubbles appearing in the wet versus the dry condition.
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3.2. Microscopic Flow Comparison

Regardless of the wet or dry condition, the overall trends of the average peak pressure values
for all channels were very similar between SWAY and ROLL. The peak pressures measured from
the 20 repeated experiments had large variations between experiments, even in the same channel,
which was thought to be caused by the differences in microscopic flows.
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Figures 16 and 17 are 10 time-series pressure graphs randomly derived from four channels around
a center line of the sensor cluster array for the wet condition in SWAY and ROLL. For the sway motion,
the water surface touched the ceiling first and, then moved to the right wall, which resulted in a big air
pocket between the water surface and the ceiling as shown in Figures 12 and 13. The trapped air pocket
collapsed into small bubbles and this collapse caused the strong oscillation with the high-frequency in
the impact pressure signals as shown in Figure 16. For the roll motion, the air pocket was not trapped
because the water surface touched the right wall first and then swept the ceiling as shown in Figures 14
and 15. The oscillation in the impact pressure signal in Figure 17 was substantially smaller compared
to the sway motion. The smaller oscillation was caused by the collision of the droplets. The collision
direction between the droplets and the wave surface induced a difference in the number of bubbles
generated. Generally, more bubbles are generated when the water surface collides with the droplet at s
smaller angle than the right angle [25–28].
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Figure 16. Time Histories of the Pressure Measured at Four Different Channels for SWAY (Wet):
(a) Channel 46, (b) Channel 51, (c) Channel 58 and (d) Channel 63.
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Figure 17. Time Histories of the Pressure Measured at Four Different Channels for ROLL (Wet):
(a) Channel 46, (b) Channel 51, (c) Channel 58 and (d) Channel 63.

For the SWAY, where bubbles were abundantly generated, high-frequency oscillation occurred
as shown in Figure 16. Figures 18–21 show the results of a FFT frequency analysis of the data in
Figure 16. The FFT analysis was performed twice by dividing the 20 total runs of experimental data
into 10 each depending on the experimental temperature. Both FFT results showed a first peak caused
by a major impact at 6–7 Hz and a second peak at 150–160 Hz. This result was judged to arise from air
pockets observed in the flow visualization and from the oscillation of the many bubbles produced
immediately after the impact. The distribution of local pressure was determined to be significantly
different depending on the experiments because of the different microscopic flow behaviors.
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3.3. Factors Affecting Peak Pressure Measurements

3.3.1. Peak Pressure Results of Two Sensor’s Surface Conditions

For each motion, two sets of ten experiments were conducted. The average of the first impact
peak pressures and standard deviations measured at each channel are shown in Figures 22 and 23.
Figure 22 is a comparison of SWAY wet and dry condition average peak pressures. The average of the
first impact peak pressures measured in the dry condition increased significantly from the Channel
37 to the Channel 60 sensors, which were located in the sensor cluster. The channel number from 37 to
60 corresponded to impact zone which the water collides directly. The Channel 47 sensor had the
largest difference of approximately 13.5 kPa. For the Channel 61 to Channel 72 sensors, where water
did not make direct contact (simply get wet), the average pressures were almost identical in both the
wet and dry conditions.
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Figure 23. Peak Pressure of Dry Condition & Wet Condition of ROLL (T2)

Figure 23 is a comparison of ROLL wet and dry condition average peak pressures. For ROLL,
water directly contacted the entire sensor cluster, and the average pressure in all channels increased
significantly compared to the wet condition. The Channel 40 sensor had the largest difference of
approximately 18.3 kPa. The graphed trends between wet and dry conditions were very similar
between SWAY and ROLL. For the wet condition, however, there was a difference in sensor peak
pressure where water came into direct contact as compared to the dry condition. Due to the microscopic
flow differences, the wet condition showed larger deviations than dry in the same repeated experiments.

3.3.2. Effect of Thermal Shocks

The Kistler 211B5 sensor used in this experiment was an ICP type, and thus it was highly
influenced by the difference in temperature between the sensor and the medium [22–24]. Pistani
and Thiagarajan [22] found that the pressure signal changed when the dry sensor touched the water.
They showed that a positive pressure signal occurred when the water temperature was lower than the
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air temperature, and a negative pressure signal occurred when the water temperature was higher than
the air temperature.

In this experiment, the effect of thermal shock was also investigated by analyzing the difference
between pressures measured in the wet and dry conditions. The sensor temperatures were set to
match the air temperature for each experiment in the dry condition. On the other hand, the sensor
temperatures in the wet condition were set to an average between the air and water temperatures
since the sensor cluster was not completely wet in Figures 13 and 15. Details on the air and water
temperatures are given in Table 7. For SWAY, a thermal shock effect was observed in the sensors from
Channel 37 to Channel 60 where water made direct contact. The average difference between the sensor
and water temperatures was 2.1 ◦C for the dry condition and 0.9 ◦C for the wet condition. In both the
wet and dry conditions, positive thermal shock effects occurred because the sensor temperatures were
higher than that of the medium. For the dry condition, where the temperature difference was larger
compared to the wet condition, a larger thermal shock effect occurred, and the pressure difference
reached 13.5 kPa (22.5%).

The thermal shock effect did not occur in sensors Channel 61–72, where peak pressures were
measured via air pockets formed under the sensor cluster. For ROLL, where the peak pressure was
measured through direct contact with water on all sensors, a thermal shock effect occurred on all
channels. The temperature difference between the sensor and the water in the dry condition of ROLL
was very small, 0.05 ◦C on average, and 2.7 ◦C on average in the wet condition.

For the dry condition, a thermal shock effect did not occur because there was no temperature
difference between the sensor and medium. On the other hand, for the wet, a negative thermal shock
effect occurred because the sensor temperature was lower than that of the medium. As the result,
a pressure difference of up to 18.3 kPa (31.4%) occurred in the dry condition compared to the wet.

3.3.3. Effects of Droplets on the Sensor Surfaces

Directly formed droplets were observed in wet conditions experiments. Experimental cases with
distinct droplet locations and sizes (the second SWAY test and tenth ROLL test) to determine whether
these properties also affected the peak pressures. For the second SWAY test, droplets formed near
Channel 37, Channel 47, and Channel 57, as shown in Figure 24. For the tenth ROLL test, droplets
formed near Channel 47 and Channel 56, as shown in Figure 25. Figures 26 and 27 show the average
peak pressures from 20 runs of the dry condition (red solid line) and wet condition (blue solid line)
and the measured peak pressures of the selected SWAY and ROLL cases. The locations of droplets are
selectively depicted with red circles and the locations of near droplets are depicted with orange circles.
Standard deviations are expressed using error bars.
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For the second SWAY test, the peak pressures measured at the Channel 37, Channel 47, and Channel
57 sensors showed different trends between wet and dry conditions, as shown in Figure 26. At the
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Channel 37 sensor, the average peak pressure difference over 20 runs for the dry was 29.94% and
for the wet was 16.74%. At the Channel 47 sensor, the difference for the dry was 40.07% and for the
wet was 26.34%. At the Channel 57 sensor, the differences were 35.35% and 22.99% for dry and wet,
respectively. When the peak pressures were compared to the wet condition, the measurement errors in
the dry condition increased by 78% due to the thermal shock.

For the 10th ROLL test, the peak pressures measured at the Channel 47 and Channel 56 sensors
showed different trends between wet and dry conditions, as shown in Figure 27. At the Channel 47
sensor, the average peak pressure difference over 20 runs for the dry was 37.03% and for the wet was
18.39%. At the Channel 56 sensor, the difference for the dry was 34.05% and for the wet was 14.15%.
Furthermore, the pressures of the corresponding sensors in the SWAY and ROLL experiments were
outside the error bars of the average pressures for each wet condition, as shown in Figures 26 and 27.
Peak pressure details for SWAY and ROLL are summarized in Table 8.

Table 8. Peak Pressure of Dry condition, Wet condition, Droplet case.

Test
Condition

Channel
Number

PDry(kPa) PWet(kPa) PDroplet(kPa)
PDrop−PDry

PDry
(%)

PDrop−PWet

PWet
(%)

SWAY
37 61.25 51.54 42.91 −29.94 −16.74
47 72.79 59.22 43.62 −40.07 −26.34
57 55.53 46.62 35.90 −35.35 −22.99

ROLL
47 58.20 44.91 36.65 −37.03 −18.39
56 48.84 37.52 32.21 −34.05 −14.15

Figures 28 and 29 are 3D plots of peak pressure differences for the selected cases and wet conditions
for each test. For continuity, the grids of the graphs were constructed with 40 divisions between the
sensors, and the measured peak pressures were interpolated using cubic spline curves for continuity.
In SWAY, the peak pressure differences were high at Channel 37, Channel 47, and Channel 57 where the
droplets had formed, as shown in Figure 28. Likewise, the pressure differences were high at Channel
47 and Channel 56 in ROLL, as shown in Figure 29.

Figures 30 and 31 are contours of the results from Figures 28 and 29 considering the locations of
the sensors. Droplet locations are marked with circles on the graphs. The reason why the pressure of
the sensors with droplets differed from the wet condition average was related to droplet movement
upon impact. This droplet movement arose from surface tension differences caused by dissimilar
contact angles between the wave’s surface and the droplets. The differences in surface tension caused
droplets with large contact angles to move to the wave surface with a low angle [29]. Upon impact,
the droplets on the sensor came in contact with the wave surface and collided with the rising wave
surface particles. The collision reduced the kinetic energy of the particles approaching the sensor,
therefore reducing the dynamic pressure.

The viscosity and surface tension that are changed by the temperature of the water and the scale
of the model tank affect the change instability of the free water surface and the profile of the flow
velocity. These can cause the different sloshing impact load. In this research, the water temperature
was at 11.2 ◦C~12.8 ◦C and the viscosity and surface tension were not affected significantly by the
variation of the temperature. The influences of the scale of the model tank on the instability of the free
water surface and the profile of the flow velocity should be investigated further in the future.
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4. Conclusions

Based on the experimental results of this study, the following conclusions were obtained.
More bubbles were generated on the sensor cluster in the wet condition than in the dry condition for
both SWAY and ROLL upon impact. In the SWAY case, more bubbles were generated than in ROLL
because of the difference in angles between the free surface and the droplets upon impact.

(1) The high-frequency oscillation caused by the bubbles was more prominent in SWAY than in ROLL.
The amount of bubbles depended on the direction of the wave surface. For the sway motion,
the water surface touched the ceiling first and, then moved to the right wall, which resulted in
a big air pocket. The strong oscillation with the high frequency in the impact pressure signals
was caused by the collapse of the trapped air pocket in to the bubbles. The strong oscillations
were in the rage of approximately 41.6%~54.5% of the maximum peak pressure.

(2) The ICP sensors used in the measurement of the sloshing impact were sensitive to differences in
the temperature between the air and water. The difference in the temperature of the two mediums
causes the error in the measurement of the impact pressure, which is called the thermal shock.
In this research, the thermal shock resulted in the measurement errors of about 10% to 31.4%.
These errors can be minimized by making the temperature of the water and air equal.

(3) In the wet condition, water droplets located directly on the sensor cluster affected the measurement
in the impact pressures, as well. The droplet on the sensor is absorbed into the water surface
upon impact, which reduces the kinetic energy of water particles approaching the sensor.
This phenomenon reduces the dynamic impact pressure. When the water droplets were formed
on the sensor, the impact pressure was measured to be approximately 14% to 26% lower than
when the water droplets were not formed in the wet condition. When the peak pressures were
compared to the dry condition, the measurement errors increased to approximately 30% to 40%
due to the thermal shock.

Errors related to sensors in sloshing impact tests were investigated in this study, and the causes of
the errors were analyzed. More studies and analyses are required to fundamentally understand the
sloshing impact load test and to reduce test errors.
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