


























V. M.Nguyen et al.: A Study on Hydrodynamic Forces Induced by Liquid Tank of LNG Carrier in Waves Based on Experiment..... 557

Time [s]
(a) Time series of the hydrodynamic
forces in forced surge (25% filling rate)

1 2

(b) Wave elevation in forced surge (25% filling rate)

Time [s]

(c¢) Time series of the hydrodynamic
forces in forced sway (25% filling rate)

1

3 4

(d) Wave elevation in forced sway (25% filling rate)

Time [s]
(e) Time series of the hydrodynamic
forces in forced surge (50% filling rate)

3 4

ave elevation in forced surge o filling rate
W levation in forced 50% filli

Time [s]
(g) Time series of the hydrodynamic
forces in forced sway (50% filling rate)

3 4

(h) Wave elevation in forced sway (50% filling rate)

Fig. 17 Time series of the hydrodynamic forces and wave elevation

3. Hydrodynamic forces induced by water in forced yaw

Fig. 14 shows the hydrodynamic forces induced by the lig-
uid in the tank at the two filling conditions in forced yaw. The
yaw moment gradually increases as the excitation frequency
increases; the maximum yaw moment is coupled with the
surge force and the sway force. The yaw moment is dominated
when the excitation frequency is approximately equal to the
natural frequency of the tank in forced surge and forced sway.
The surge force and sway force are closely related to the wave
elevation and increase dramatically as the excitation frequency

increases. Figs. 15-16 show the wave elevation in forced yaw
at filling rates of 25% and 50%, respectively. The coupling mo-
tion of surge and sway of the 3D membrane tank is investigated.
The wave elevation is captured when the amplitude of the exci-
tation of the tank is at its maximum. The wave appears and
travels only in the excitation direction of the tank at a small
excitation frequency. When the excitation frequency is in the
vicinity of the natural frequency of the tank (1.0 and 1.8 Hz), the
run-up phenomenon occurs in the tank’s corners and a wave ap-
pears and travels based on the direction of the excitation rotation.
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4. Hydrodynamic forces induced by water under reso-
nant excitation

In this section, the excitation frequencies are set to the cor-
responding natural frequencies of the membrane tank, i.e.,
0.76 and 0.86 Hz. Fig. 17a shows the time histories of the
hydrodynamic forces induced by the water when the excitation
frequency approaches to the surge natural frequency of the
tank. The largest discrepancy between the results can be seen
in Fig. 17a, where the sway force and yaw moment occur.
Given the result over time, the behavior of the water inside the
tank can be divided into four phases, A, B, C and D. Phase A
represents the sloshing in the tank that occurs when the surge
changes rapidly over time. Then, the sway force and yaw mo-
ment begin to appear and increase dramatically because the
surface of the water in the tank starts to rotate at phase B. This
phenomenon is clearly visible in the movement of the water in
the tank in Fig. 17b.

Next, the surge force begins to decrease as the sway force
reaches a steady state in phase C, as shown in Fig. 17b. Finally,
the yaw moment evens out and has the largest amplitude com-
pared to the previous periods. This is because the water has
been steadily rotating and the amplitude of the surge force and
sway force do not change much. Moreover, the wave pattern
for the sloshing and swirling phenomena can be visually ob-
served in snapshots captured from the video recording.

Fig. 17b shows the wave in the natural frequency in forced
surge at a 25% filling rate. A wave break appears and travels
in the excitation direction of the tank at about 4.40 s. After
6.93 s, a swirling wave that is rotated anticlockwise (viewed
from the top) is generated in the tank. From about 6.93 s to
16.18 s, the swirling waves increase the water level in the cor-
ners of the tank, which increases dramatically and hits the roof
of the tank when the amplitude of excitation is at a maximum.
Fig. 17¢ shows the time histories of the hydrodynamic forces
induced by the water when the excitation frequency ap-
proaches to the sway natural frequency of the tank. The time
histories of the hydrodynamic forces induced by the water re-
veal a larger discrepancy than the one in forced surge. The
behavior of the water in the tank can be divided into three
phases, A, B, and C. Phase A involves sloshing in the tank,
which changes rapidly over time due to sway. Then, the surge
force and yaw moment also occur because the internal fluid
changes gradually and the flow becomes violent in phase B, as
shown in Fig. 17c. Next, unlike the previous case, the force
exerted in the direction of motion has not changed its ampli-
tude after the appearance of swirling waves. Fig. 17d shows
the transient waves captured in the time domain at a 25% fill-
ing rate in forced sway. The internal fluid changes gradually
to a violent flow within two to three periods. Although a tran-
sient stage occurs, swirling waves dominate because the wave
is perpendicular to the forced oscillation direction. When the
tank is forced in the y direction, it is easy to trigger swirling
waves, especially if the tank is excited by the resonant frequen-
cies. As is evident in Fig. 17d, a rising flow occurs along the
wall of the tank after a collision with the side wall, then the

wave breaks and hits the roof of the tank at about 4.98 s. As a
result, the water level increases dramatically in the corner of
the tank from about 6.70 s to 18.33 s.

Fig. 17¢ shows the time histories of the hydrodynamic
forces induced by the water when the excitation frequency ap-
proaches the sway natural frequency of the tank at a 50% fill-
ing rate. Similarly, the forces that change over time can be
divided into three phases, including sloshing, rotating water,
and swirling, which appear to change steadily over time. How-
ever, at a 50% filling rate, phase B takes place for a longer time
than it does at 25% due to the increased volume of water. Fig.
17f shows the wave elevation at a 50% filling rate in forced
surge. The wave begins at the left wall and increases dramat-
ically from about 2.5 s to 3.99 s. The motion of the sloshing
wave gradually catches up with the movement of the tank after
collision with the roof of the tank. The surge force induced by
the liquid is dominant when the liquid is the most violent,
around 22.93 s.

Fig. 17g shows the time histories of the hydrodynamic
forces induced by the water when the excitation frequency ap-
proaches the sway natural frequency of the tank at the 50%
filling rate. The behavior of the hydrodynamic force is the
same as that seen at the 25% filling rate. Fig. 17h shows the
wave elevation captured at the 50% filling rate in forced sway.
The water level increases at the left wall at about 2.27 s, then
the wave break appears and travels in the excitation direction
of the tank at about 3.62 s. Swirling occurs at the bounds of
the top chamfers and the tank ceiling. After 6.93 s, a swirling
wave that rotates anticlockwise (viewed from the top) is gen-
erated in the tank. From about 6.93 s to 16.18 s, the swirling
waves increases the water level in the tank corners dramati-
cally, hitting the roof of the tank as the amplitude of the exci-
tation of the tank reaches a maximum. The wave breaks vio-
lently during transfer from sloshing to swirling after 31.15 s.
These observations confirm that swirling can occur in the
membrane tank as a consequence of forced motion. In this
case, the fluid moving in the tank is almost bidirectional and
the waves inside the tank are created almost parallel to the wall.
Flow separation and rotation are obvious for the partially filled
membrane tank.

5. Hydrodynamic forces induced by water in random mo-

tion

Next, sloshing under random motion is studied because the
excitatory motion that causes sloshing under real sea condi-
tions is generally irregular and includes many frequency com-
ponents. Translation excitations corresponding to surge and
sway motions are exerted on the membrane tank and the hy-
drodynamic forces that occur in response are considered in this
study. Random motions are chosen to represent the ship mo-
tion induced in sea state 3 (SS3) and sea state 4 (SS4). Fig. 18
shows the time histories of hydrodynamic forces induced by
liquid in a partially filled membrane tank under random exci-
tation and different filling rates. The hydrodynamic forces
change significantly depending on the sea conditions and filling
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Fig. 18 Time series of the hydrodynamic forces in random motion

rate. In particular, variation in the filling rate causes the largest
discrepancy in the hydrodynamic force induced by the water
inside the membrane tank.

Fig. 19 shows the mean values of the top 33% peaks of the
hydrodynamic force induced by the water in random surge and
sway conditions, respectively. The statistical analysis shows
that the hydrodynamic force induced by the liquid is two times
greater under the same random motion conditions with a filling
rate of 50% vs. 25%. This is because the greater volume of
liquid exerts a stronger force. The relative differences for the
random motion in surge and sway at the 25% filing rate are
24.63% and 15.22%, respectively. On the other hand, the rel-
ative differences for random motion in surge and sway at the

50% filing rate are 27.62% and 11.51%, respectively. These
findings indicate that the hydrodynamic forces will be affected
by filling rates more than the influence of sea conditions.
Exceedance probability can be calculated to predict the
probable extreme values of the hydrodynamic forces of a
sloshing load based on ITTC procedures (2017). Exceedance
probability can be estimated after sorting the peak values of
the hydrodynamic force induced by the liquid. Fig. 20 shows
the exceedance probability distribution regarding the hydrody-
namic forces induced by the liquid according to the filling rate
and the sea conditions. Return period which occurs the ex-
treme hydrodynamic force can be estimated based on the
statistical analysis using an exceedance probability distribution.
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For random surge, the exceedance probability distribution
of the surge force at SS4 with a 50% filling rate gradually
shifted to the right compared to the other sea condition and
filling rate, as shown in Fig. 20a. This suggests that the surge
force at a 25% filling rate has less extreme values than the
force at a 50% filling rate, which means that the filling rate is
the dominant factor that contributes to the value of the surge
force. The analysis of the exceedance probability distribution
of the hydrodynamic force shows that a 25% filling rate is
more effective in terms of sloshing direction as well as struc-
turally safer than a 50% filling rate. These results suggest that
the probable extreme of the hydrodynamic forces in random
sway is more remarkable than that in random surge.

To obtain a better understanding of the response frequen-
cies, the time histories of the hydrodynamic forces in random
motion are converted from the time domain to the frequency
domain. This makes it possible to investigate the effect of the
frequency component to the hydrodynamic forces induced by
the water in random motion, as shown in Fig. 21. According
to the response frequency analysis, the surge force is domi-
nated by the resonance frequency of 0.76 Hz, while the sway
force and yaw moment are dominated by the 1*t and 3" surge
natural frequencies of the tank, as shown in Fig. 21a. The 2"
peak of sway force occurs at 0.98 Hz (1% sway natural fre-
quency). Similarly, the resonance frequency of the surge force
in SS4 is in the vicinity of 0.76 Hz, as shown in Fig. 21b. The
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resonance frequency of the sway force in SS4 is in the vicinity
of 0.98 Hz. It is clear that the sway force in random surge is
high enough to affect the strength of the tank. Interestingly,
the resonance frequencies of the 2" and 3™ peak frequencies
occur at the 3" sway natural frequency and 1% surge natural
frequency. Moreover, the resonance frequency of the 1% and
2" peak frequency of the yaw moment occurs at the 1% surge
natural frequency and 3™ sway natural frequency. Figs. 21c-d
show the hydrodynamic force response in random sway at SS3
and SS4 for the 25% filling rate. The resonance frequency of
the sway force in SS3 and SS4 are observed in the vicinity of
0.86 Hz, while the resonance frequency of the 1% peak fre-
quency of the surge force and yaw moment in SS3 and SS4
occur at the 3™ surge natural frequency. Interestingly, the res-
onance frequency of the 2" peak frequency of the surge force
in SS3 occurs at the 1 sway natural frequency, while the res-
onance frequency of the 2" peak frequency of the surge force
in SS4 occurs at the 1% surge and sway natural frequency. The
resonance frequency of the 2" and 3™ peak frequency of the
yaw moment occurs in SS4 at the 1% surge natural frequency
and 3" sway natural frequency.

On the other hand, the surge force is dominated by the
resonance frequency of 0.98 Hz, while the sway force is dom-
inated by the resonance frequency of 1.09 Hz for the 50%
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filling rate, as shown in Fig. 21e. The 2", 3" and 4" peak of
the sway force occur at 0.98, 1.95 and 2.09 Hz, respectively.
Similarly, the resonance frequency of the surge force in SS4 is
observed in the vicinity of 0.76 Hz, as shown in Fig. 21f. The
resonance frequency of the sway force in SS4 for the 50% fill-
ing rate is observed in the vicinity of 0.98 Hz. It clear that the
sway force in random surge is high enough to affect the
strength of the tank. Interestingly, the resonance frequency of
the 2" and 3" peak frequency occurs at the 3™ sway natural
frequency and 1% surge natural frequency. On the other hand,
the resonance frequency of the 1% and 2™ peak frequency of

the yaw moment occurs at the 1% surge natural frequency and
3" sway natural frequency. Figs. 21g-h show the resonance
frequency of the sway force in SS3 and SS4, which appear in
the vicinity of 1.09 Hz. The surge force in SS3 has three peaks,
while the surge force in SS4 has four peaks. The 1%, 2" and
3 peak of the surge force occur in SS3 at 1.09, 2.09 and 0.98
Hz, respectively. On the other hand, the 1%, 2", 3 and 4
peak of surge force occur in SS4 at 0.98, 1.09, 2.09 and 1.95
Hz, respectively. The resonance frequency of yaw moment in
SS3 is the same as that in SS4. These findings confirm that
the hydrodynamic forces induced by the liquid are closely re-
lated to the natural resonant mode of the tank.

6. RNN estimation of the hydrodynamic forces induced
by water

Fig. 22 shows a comparison of the hydrodynamic forces in-
duced by the water between the experiment and RNN estima-
tion in random surge and sway at a 50% filling rate. A good
agreement is obtained when the tank is forced into random
surge in SS3 and SS4. Figs. 22a-b show that the RNN can
predict sloshing load in spite of the variance in excitation fre-
quency and amplitude. The force exerted on the tank is pro-
portional to the strength of the sea condition. The surge force
in random surge increases significantly in SS4. Figs. 22c-d
show the sway force under various excitations, including SS3
and SS4. The RRN estimation provides a good prediction of
the random motions. These results suggest that the RNN can
be used to predict the movements of a sloshing load with dif-
ferent excitation motions and sea conditions.

V. CONCLUSIONS

In this paper, a sloshing test of liquid in a 3D membrane
tank was conducted using the Stewart platform at Changwon
National University and the hydrodynamic forces induced by
movement of the liquid inside the 3D membrane tank were in-
vestigated. The maximum value of the hydrodynamic force in
the direction of the excitation motion remains the same, but it
is shifted by the different resonant frequencies of the two fill-
ing conditions. The motion of the liquid inside the tank pro-
duces different flow phenomena under forced motion condi-
tions, and the effects of various excitation frequencies are
made evident by the wave elevation along the tank wall. When
the excitation frequency is in the vicinity of the natural fre-
quency of the tank, a wave appears and travels based on the
excitation direction of the tank. In this case, the water level
increases dramatically and the run-up phenomenon occurs in
the tank’s corners. Our findings suggest that swirling can oc-
cur in the 3D membrane tank that is subjected to forced motion.
On the other hand, the tank was forced in random surge and
random sway. The hydrodynamic forces induced by the water
are analyzed by the hydrodynamic force response in random
motion. Very clear effects of the filling rate, excitation direc-
tion and sea condition are found in this study. The probable
extreme of the hydrodynamic forces induced by the water in



V. M.Nguyen et al.: A Study on Hydrodynamic Forces Induced by Liquid Tank of LNG Carrier in Waves Based on Experiment..... 563

random sway is more remarkable than that in random surge.
Exceedance probability is estimated according to the filling
rate, sea condition and the extreme hydrodynamic forces based
on the statistical analysis. An RNN is used to model the com-
plex dynamics of the sloshing load of liquid in the tank. The
RNN predictions of the sloshing load are compared with the
experimental results. A new robust modeling approach which
can provide the complex dynamics of a sloshing load subject
to the random motion of an LNG carrier is developed, which
can potentially be applied to simulate the motion of a ship ma-
neuvering in waves.
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