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Abstract 10 

This paper experimentally investigates the three-dimensional sloshing in a membrane-type LNG 11 

(liquefied natural gas) tank under combined roll and pitch excitations. Seven groups of roll and pitch 12 

amplitudes are studied. For each group, the roll and pitch have the same frequency, and around ten 13 

frequencies are tested in a frequency band that ranges from 0.5 times of the resonance frequency in the 14 

length direction of the tank to 1.4 times of the resonance frequency in the tank breadth. The 15 

characteristics of the sloshing waves and impact pressures are analysed in detail. It is found that the 16 

steady-state sloshing waves can be classified into four patterns: the length-dominant wave, swirling 17 

wave, diagonal wave, and breadth-dominant wave. Highlighted is the swirling wave that is observed in 18 

most of the cases where the roll and pitch amplitudes are significant and the excitation frequency locates 19 

between the resonant frequencies in the two directions. It is hypothesized that the rotational motion of 20 

the tank imposes necessary initial conditions to trigger the swirling wave. The swirling wave is always 21 

associated with wave impingements at tank corners and induce violent impact pressures. The practical 22 

implementation is that reinforcements of the membrane layer should be added or the sloshing wave 23 

should be suppressed near the tank corner to mitigate the damages to the interior layer of the membrane-24 

type LNG tank. 25 

Keywords: 3D sloshing; membrane LNG tank; rotational excitation; swirling wave; wave pattern 26 

1. Introduction 27 

The global increasing needs are continuously driving the demand for natural gas. The liquefied 28 

natural gas (LNG) is easier to store and transport as compared to the gaseous form and hence is widely 29 

gaining popularity in the energy industry. Among the various LNG carriers, the membrane type in the 30 

octagonal prismatic shape has been increasingly used because of the relatively low cost in construction 31 
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and the high volume utilization (Mokhatab et al., 2013). One major design factor for the membrane tank 32 

is the LNG sloshing wave and the associated impact loads. The high impact pressure may cause serious 33 

damages to the interior layer of the tank (Wang, 2010) and the sloshing force may generate large 34 

overturning moments that adversely affect the navigation stability of the ship (Luo et al., 2016). 35 

The characteristics of sloshing waves and sloshing-induced loads are closely related to the filling 36 

level. In general, the sloshing waves in low and intermediate filling levels can be more violent and 37 

induce larger impact pressures (DNV, 2016). To avoid violent impact loads, therefore, the containment 38 

systems of some LNG carriers have been designed with filling level restrictions, which is also termed 39 

the barred filling level (DNV, 2016; Lloyd'sRegister, 2008). The filling level restriction, however, 40 

constraints the operation and trading flexibility especially for the LNG-FPSO (floating production 41 

storage and offloading) unit, in which the change of filling level during the exploration and offloading 42 

operations cannot be avoided (Malenica et al., 2017; Zhao et al., 2018). This necessitates the studies of 43 

violent sloshing in the intermediate filling levels. 44 

The middle-filling-level sloshing in different tanks under different excitations has been the topic of 45 

numerous researches. A large portion of these studies focused on the sloshing in rectangular tanks under 46 

single-degree-of-freedom (longitudinal) translational (Koh et al., 2012; Liu and Zhang, 2019; Liu et al., 47 

2016; Lu et al., 2018; Meng et al., 2020; Pal and Bhattacharyya, 2010; Xue et al., 2017; Xue and Lin, 48 

2011; Zheng et al., 2017) and rotational (Bulian et al., 2014; Chen et al., 2013; Delorme et al., 2009; 49 

Souto-Iglesias et al., 2015) excitations. In these cases, the simplification of two-dimensional (2D) waves 50 

gives satisfactory predictions of the sloshing wave profile and pressure. In reality, LNG containers are 51 

subjected to multi-degree-of-freedom excitations and suffer from three-dimensional (3D) sloshing. 3D 52 

sloshing is much more complex and imposes more intensive destructive power than 2D sloshing (Zhao 53 

et al., 2018). Substantial researches have been carried out to improve the understanding of 3D sloshing. 54 

Similar to the 2D work, the majority of 3D studies investigated the sloshing phenomena in rectangular 55 

tanks (Bai et al., 2015; Faltinsen et al., 2005; Jin and Lin, 2019; Liu and Lin, 2008; Wu et al., 2013; 56 

Zhao et al., 2018). For the membrane-type LNG tank, the chamfers affect the sloshing wave motion and 57 

reduce the impact load by changing the impact angle (DNV, 2016). To reveal the sloshing 58 

characteristics in membrane LNG containers, therefore, it is necessary to study the 3D sloshing in 59 

prismatic tanks. 60 

Among the various parameters of sloshing, the sloshing wave profile is fundamental in analysing 61 

the sloshing dynamics and has been investigated extensively. For example, the sloshing wave profile in 62 

a square tank induced by longitudinal and diagonal horizontal motions was studied analytically in 63 

Faltinsen et al. (2005). The steady-state sloshing waves were classified into four types, i.e. the planar, 64 

diagonal, chaotic, and swirling waves. Similar sloshing scenarios were studied numerically in Wu and 65 

Chen (2009), which classified the sloshing waves into five types, i.e. the diagonal, single-directional, 66 

square-like, swirling, and irregular waves. This classification divided the planar wave in Faltinsen et al. 67 
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(2005) into the single-directional and square-like waves. This study was extended to introduce the heave 68 

excitation in Chen and Wu (2011). It was found that the heave excitation has significant influences on 69 

the sloshing wave pattern. A subsequent study in Wu et al. (2013) examined the generation of swirling 70 

wave and suggested that the swirling wave could only be generated for a partially filled tank excited at 71 

the near-resonant frequency with oblique horizontal excitations. 72 

For the prismatic tank, Arai et al. (2018) studied the sloshing in membrane LNG tanks under 73 

unidirectional sway excitations. It is found that the swirling waves could be excited in middle to low 74 

filling levels when the length-to-breadth ratio of the tank is close to one. The work of Luo et al. (2016) 75 

investigated the sloshing in a membrane tank, whose length-to-breadth ratio is around 1.4, under oblique 76 

horizontal excitations of heading angle 45°. The excitation frequencies fL0 and fB0 (the fundamental 77 

natural frequencies of the sloshing system in the length and breadth directions) and the third one 78 

between these two were tested, generating the length-dominant, breadth-dominant and diagonal-79 

dominant waves, respectively. However, three frequencies are not sufficient to reflect the variation of 80 

sloshing wave patterns over the entire frequency band. This issue was addressed at the preliminary stage 81 

of the current study. Based on the same experimental setup in Luo et al. (2016), more excitation 82 

frequencies (a wider frequency range and denser frequency values) and two more heading angles of the 83 

excitation (i.e. 16.0° and 71.5°) are tested, resulting in 30 cases in total. The patterns of the steady-state 84 

sloshing waves are summarized in Fig. 1. All the studied case only show the same three wave patterns 85 

presented in Luo et al. (2016), and the swirling wave is not observed. As discussed above, real LNG 86 

carriers are subjected to rotational motions. Are the wave patterns induced by rotational excitations the 87 

same as those excited by translational motions? This question is still not resolved yet and will be 88 

addressed in the present study. 89 

 90 

Fig. 1. Variation of sloshing wave pattern with excitation frequency and heading angle under oblique 91 

translational excitation (LD: length-dominant; DD: diagonal-dominant; BD: breadth-dominant) 92 

With the engineering and research background illustrated above, this work aims to investigate the 93 

violent 3D sloshing in a scaled membrane LNG tank under combined roll and pitch excitations, which 94 

has been rarely reported in literatures. Specifically, this study has two objectives: (1) to classify the 95 

wave patterns under rotational excitations of different amplitudes and frequencies; (2) to examine the 96 
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characteristics of sloshing pressure in different wave patterns. The sloshing wave pattern that applies 97 

the most violent impact pressures is highlighted. This work is an important supplement to previous 98 

studies that mainly considered the rectangular tank and/or translational excitations. The experimental 99 

approach is used because this is considered to be the most reliable approach in predicting violent 100 

sloshing and the associated impact pressures (DNV, 2016). In the following, the experimental 101 

methodology will be introduced in Section 2; the results and discussion are elaborated in Section 3; 102 

concluding remarks are made in Section 4. 103 

2. Experimental methodology 104 

2.1. Experimental setup 105 

The experiments were conducted on a rotational simulator that can apply two-degree-of-freedom 106 

rotational motions as shown in Fig. 2. This setup was successfully used to study the water sloshing 107 

under resonant and random excitations with the experimental data utilized to validate a numerical model 108 

(Luo and Koh, 2017; Luo et al., 2016). The current study expands the range of excitation amplitude and 109 

frequency and aims to examine the sloshing mechanism under a broad range of excitation conditions. 110 

For completeness of illustration, the experimental setup is recapped here. As sketched in Fig. 3, the 111 

rotations around x and y axes are defined as pitch and roll, respectively. Driven by two alternating-112 

current motors, the simulator can apply regular/irregular pitch-only, roll-only and coupled pitch and roll 113 

motions with Point o (at a certain distance below the centre of the simulator platform) as the pivot. The 114 

maximum pitch/roll excursion is ± 250 and the maximum angular velocity 250/second. The excitations 115 

considered in this study are all within the specification range. Under coupled pitch and roll motions, the 116 

resultant motion of the simulator should be a rotation around an axis in the x-o-y plane, and the 117 

orientation of the axis is dependent on the amplitudes and phase angles of the pitch and roll components. 118 

In this study, a phase angle of 1800 was applied to both roll and pitch. Hence the actual rotation axis is 119 

in the third quadrant of the x-o-y plane as indicated by the shadowed area in Fig. 3a and b. Note that the 120 

rotation centre of the platform is outside of the tank. This mimics the LNG tanks at both sides of an 121 

LNG ship because when a ship undergoes rotational motions, the rotational centre of the ship is outside 122 

the side tanks. More details of the simulator can be found in Luo et al. (2016). 123 

The sloshing tank used in this study is a ~1:80 scale model of a real membrane-type LNG tank, and 124 

its dimensions are shown in Fig. 4. The tank was made of Plexiglas of thickness 10 mm. It was ensured 125 

that the deformation of tank walls under sloshing impacts, i.e. the hydroelastic effect, is negligible. The 126 

tank was fixed to the simulator platform with the centre of the tank bottom coinciding with the centre 127 

of the platform (see Fig. 2 and Fig. 3a). For ease of discussion, the left side wall on which pressure 128 

sensors were installed is called “sidewall”, and the front wall that is close to the pressure sensor installed 129 

at the corner is called “front wall”. Under excitations of different amplitudes/frequencies, the sloshing 130 

waves show different dominant propagation routes, i.e. moving along the length, breadth and diagonal 131 
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of the tank and swirling around the side walls of the tank. These wave patterns are sketched in Fig. 3c 132 

and will be elaborated in Section 3.2. 133 

A video camera was placed in front of the tank (see Fig. 2) to record the sloshing wave motions. To 134 

enhance the clarity of the video image, colour food dye was added to water. Snapshots taken from the 135 

video provide the experimental wave profiles. The impact pressure induced by sloshing waves is among 136 

the most important factors in engineering design and is investigated in the present study. It was reported 137 

in Lloyd'sRegister (2008) that the upper knuckle of the lower hopper of a side wall suffers from serious 138 

sloshing impacts. Therefore, the sloshing pressures in this area are examined. Specifically, the sloshing 139 

pressures at the middle of the sidewall (P1 in Fig. 4) and near the corner (P2) were measured. The WIKA 140 

S-10 gauge pressure sensors were used. The pressure range of the sensor is 100 mbar (104 Pa), accuracy 141 

0.25 % full scale and response time smaller than 1 millisecond (a sampling frequency of 2 kHz was 142 

used in the experiments). The diameter of the circular measurement diaphragm of the sensor is 3.5 mm. 143 

These specifications enable the sensors to measure localized transient (rapidly varying) peak pressures. 144 

The sensor is based on a piezoresistive measuring element and hence can capture the pressure applied 145 

on it, irrespective of whether the pressure change is caused by water, air or water-air mixture. This 146 

ensures the applicability of the pressure sensors to air entrapment/entrainment that always happens in 147 

violent sloshing scenarios. All the pressure signals were recorded by an oscilloscope. Note that this way 148 

of installing the two sensors enables the capturing of the pressure characteristics of different sloshing 149 

patterns, and hence provides sufficient data for the second research objective of this study. 150 

 151 

Fig. 2. Setup of 3D sloshing under the coupled roll and pitch excitations (the figure is based on those 152 

in Luo et al. (2016) and Luo and Koh (2017)). 153 

To test the reliability of the experimental setup, a repeatability analysis was conducted based on the 154 

sloshing in 50% filling level under the roll-only resonant excitation. This case involved violent sloshing 155 

waves. In the four repeats, the peaks of sloshing pressure after the eighth cycle show some variations 156 

(the maximum difference is less than 15%). This is reasonable for the violent sloshing case (Bulian et 157 

al., 2014; Souto-Iglesias et al., 2012). For the statistically averaged peak pressure (see Section 3.3 for 158 

details) that matters in this study, its value at P2 (the more critical case with more uncertainties) is 1741.9 159 
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Pa, 1714.6 Pa, 1733.3 Pa and 1744.4 Pa, respectively, in the four repeats. The mean, standard deviation 160 

and coefficient of variation are 1733.5 Pa, 11.7 Pa and 0.7%, respectively. This shows the good 161 

repeatability of the experiments and hence the reliability of the experimental setup. 162 

 163 

Fig. 3. Schematic view of the experimental setup: (a) perspective view of the whole setup; (b) the 164 

convention for roll and pitch in a plain view; (c) routes of different sloshing waves in a plain view 165 

 166 

Fig. 4. Dimensions of the laboratory-scale membrane-type LNG tank 167 

2.2. Experimental parameters 168 

The introductory section has explained the necessity to study the sloshing impact at the intermediate 169 

filling level. Preliminary studies of the current work showed that the filling level of 30% H (H is the 170 

tank height) produces the highest impact pressure near the upper knuckle of the lower hopper. Therefore, 171 

this water level was selected in this study. The fundamental natural frequencies of the sloshing system 172 

in the length and breadth directions can be estimated using the linear wave theory (Faitinsen, 1978). 173 

They are 0.891 Hz and 1.189 Hz, respectively, denoted by fL0 and fB0. Note that the actual natural 174 

frequencies can deviate from the estimated ones due to the irregular shape of the tank and the significant 175 

nonlinearity of the violent sloshing. In this study, the harmonic (regular) roll and pitch motions were 176 

utilized, and the roll and pitch were of the same frequency in each case. The excitation frequency 177 

(denoted as f) varied from 0.5fL0 to 1.4fB0 with more refined test frequencies conducted near the 178 

transition from one wave pattern to another. 179 

The combination of roll and pitch amplitudes is another main parameter of study. Seven excitation 180 

groups (EGs) were investigated, as shown in Table 1. The ratio of roll amplitude to pitch amplitude 181 
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decreases from EG#0 to #6. Since the roll and pitch were of the same frequency and have the same 182 

phase angle (180 degrees), the resultant motion of the platform is the rotation around an axis in the third 183 

quadrant of the x-o-y coordinate system as shown in Fig. 3. This is somewhat analogical to the heading 184 

angle of an LNG ship in the sea. Specifically, the pitch-only excitation corresponds to the head sea, the 185 

roll-only excitation is for the beam sea, and a combination of these two resembles the bow sea. 186 

Table 1 Roll and pitch angles in seven excitation groups 187 

EG# 0 1 2 3 4 5 6 

Rotation 

amplitude 

(degree) 

Roll 2 2 2 2 2 1.5 1 

Pitch 0 0.5 1 1.5 2 2 2 

68 cases with different rotation amplitudes and excitation frequencies were studied. Each case was 188 

tested for 36 – 60 cycles depending on the features of sloshing waves and pressure signals. The water 189 

was selected as the sloshing media as its sloshing characteristics are very similar to those of LNG (Lee 190 

et al., 2007). This brings conveniences in conducting the experiments. 191 

3. Results and discussion 192 

3.1. Transient and steady-state phases 193 

The ensemble-domain analysis of sloshing pressure in Bulian et al. (2014) showed that an initial 194 

transient stage exists in terms of the ensemble distribution of peak pressures and after that, the peak 195 

pressures tend to achieve a steady state from the probabilistic point of view. The 3D sloshing in this 196 

study also shows the transient and steady-state phases. They are identified by analysing the sloshing 197 

waves and pressure time series, the former providing a qualitative assessment while the latter enabling 198 

a quantitative evaluation. In the analysis of pressure, the pressure peaks in a time series are extracted 199 

and labelled as pp1, pp2 … ppk … ppN. For the k-th peak, the average value of the data points from ppk to 200 

ppN is evaluated and labelled as pmk. If the relative difference between ppk and pmk is less than a threshold 201 

value (5% is selected), the k-th cycle is the starting cycle of the steady state. 202 

For illustration, the pressure histories of the case f = 1.055 fL0 (0.94 Hz, 0.791 fB0) are presented in 203 

Fig. 5. The amplitudes of both p1 and p2 increase in the first seven cycles (transient phase) and approach 204 

to the values comparable to those in the subsequent cycles (steady-state phase). In some other cases, 205 

however, the sloshing waves in the transient phase are more violent than those in the steady state. This 206 

is exemplified by Fig. 6, which shows the pressure histories of the case f = 1.145 fL0 (1.020 Hz, 0.858 207 

fB0). The major reason for the violent sloshing in the transient phase is the swirling wave, which will be 208 

detailed in the following sections. In this study, the transient phase is found to last for 5 – 9 cycles, 209 

being consistent with the observation in Bulian et al. (2014). The wave pattern and pressure of the 210 

sloshing waves in the transient and steady-state phases will be elaborated. 211 
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Fig. 5. Time histories of p1 and p2 for the case f = 1.055 fL0 (0.94 Hz, 0.791 fB0) in EG#3 213 
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Fig. 6. Time histories of p1 and p2 for the case f = 1.145 fL0 (1.020 Hz, 0.858 fB0) in EG#3 215 

3.2. Sloshing wave pattern 216 

The sloshing wave pattern is analysed by scrutinizing experimental videos and analysing sloshing 217 

pressures. It is found that the steady-state sloshing waves of a case behave a certain pattern, while the 218 

waves in the transient phase are more complex and involve the transition from one pattern to another. 219 

In the following, the patterns of the steady-state sloshing waves are classified and the key features of 220 

the transient sloshing waves are discussed. 221 

3.2.1. Wave patterns in the steady-state phase 222 

The pattern variation of the steady-state sloshing waves with excitation frequency in all seven 223 

excitation groups is presented in Fig. 7. In general, the steady-state waves show four distinct patterns 224 

(see the sketches in Fig. 3c): the length-dominant (LD) wave that moves in the length direction of the 225 

tank; the swirling-dominant (SD) wave that travels in a swirling route in the tank; the diagonal-dominant 226 

(DD) wave that moves along one diagonal of the tank; the breadth-dominant (BD) wave that travels in 227 

the breadth direction of the tank. From Fig. 7, a series of observations can be made as follows: 228 
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 229 

Fig. 7. Pattern variation of steady-state sloshing waves with excitation frequency in seven 230 

combinations of roll and pitch angles (LD: green; SD: red; DD: purple; PD: yellow) 231 

In a certain excitation group, the sloshing wave pattern is very sensitive to the excitation frequency. 232 

A small change of the frequency can result in significant changes in the waveform. This, combined with 233 

the breaking waves and droplets associated with the violent sloshing, causes the coexistence of more 234 

than one wave pattern or the transition from one pattern to another. In this study, the wave pattern is 235 

classified as the waveform that dominates the wave motions. 236 

The 1-degree-of-freedom roll excitation in EG#0 induces only LD waves that behave almost in 2D. 237 

In EG#1 where the pitch exists but its amplitude is small, the LD, DD and BD waves are observed. In 238 

the other excitation groups where both roll and pitch are significant, all the four wave patterns occur. 239 

This means that the interaction of sloshing waves along length and breadth directions plays an important 240 

role in generating complicated waves. Since this study focuses on 3D sloshing, only the results in EG#1 241 

- 6 are discussed in detail. 242 

The excitations of frequency smaller than or equal to fL0 induce LD sloshing waves while those of 243 

frequency larger than or equal to fB0 produce BD waves in all the studied cases. Under the excitations 244 

whose frequencies locate between the two resonant frequencies, significant sloshing waves are 245 

generated in both directions, and a frequency closer to the resonance of one direction induces larger 246 

waves in that direction. To explain the rationality of these phenomena, the sloshing cases under roll-247 

only and pitch-only excitations were tested. For illustration, the peak value of p2 (the way to get the 248 

peak pressure will be elaborated in Section 3.3) against excitation frequency is presented in Fig. 8. The 249 

two curves support the above discussions well. Note that for the pitch-only case, the maximum peak 250 

pressure does not occur at f = fB0. This is because the actual resonant frequency of the sloshing system 251 

in the breadth direction is different from the estimated value that is based on the linear wave theory. 252 

Given the irregular shape of the tank and the high nonlinearity of the violent sloshing, this difference is 253 
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reasonable. The way the rotation amplitude influences the sloshing is more intuitive, i.e. a larger 254 

amplitude inducing larger sloshing waves. The influences of excitation frequency and amplitude on 255 

sloshing waves are summarized in Fig. 9. In the shaded area where the excitation frequency locates 256 

between fL0 and fB0, significant waves can be generated in both the length and breadth directions. The 257 

interaction of waves in the two directions leads to complicated 3D waves such as the DD and SD waves. 258 
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Fig. 8. Variation of sloshing pressure p2 with excitation frequency under roll-only and pitch-only 260 

excitations 261 

 262 

Fig. 9. Schematic view of how excitation frequency and amplitude influence sloshing responses 263 

There is a narrow frequency band, in which the sloshing behaves as the DD wave (indicated by the 264 

purple colour in Fig. 7). For illustration, the snapshots of the case f = 1.145 fL0 (1.020 Hz, 0.858 fB0) in 265 

EG#3 are presented in Fig. 10. At t = 8.20 s, the wave crest occurs at the right-back corner of the tank, 266 

while the trough occurs at its diagonal corner. In the next half-cycle at t = 8.60 s, the crest and trough 267 

swap the locations. A half-cycle later (t = 9.16 s), the wave crest occurs at the right-back corner again. 268 

This shows the diagonal movement of the sloshing wave. The frequency band at which the DD wave 269 

occurs shifts towards fL0 from EG #1 to #6. This is because, with the decrease of the roll amplitude, an 270 

excitation frequency closer to fL0 is needed to produce a sufficiently large wave in the length direction 271 

to form the diagonal wave. 272 
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t = 0.64 s (cycle 1) t = 2.36 s (cycle 3) t = 2.60 s (cycle 3) 

   

t = 8.20 s (cycle 8) t = 8.60 s (cycle 9) t = 9.16 s (cycle 9) 

Fig. 10. Wave snapshots at typical time instants in the case f = 1.145 fL0 (1.020 Hz, 0.858 fB0) in 273 

EG#3: the top row shows the DD and SD waves at the transient phase; the bottom row shows the DD 274 

wave at the steady-state phase (the red dash-dot lines show the propagation direction of the diagonal 275 

wave with the arrows indicating the wave crest locations; the yellow dash lines show the propagation 276 

direction of the swirling wave with the arrows indicating the wave crest locations) 277 

At the low-frequency side of the DD wave regime, the SD wave is observed in EG#2 to #6. For 278 

illustration, the wave snapshots at typical time instants for the case f = 1.055 fL0 (0.94 Hz, 0.791 fB0) in 279 

EG#3 are presented in Fig. 11. The wave crest locates at the right-front corner of the tank at t = 25.76 s 280 

and then moves to the left-back and left-front corners subsequently at t = 26.04 s and 26.12 s. This 281 

shows an anticlockwise (see from the top) swirling. The swirling wave is also demonstrated by the early 282 

occurrence of the sloshing pressure at p1 (pressure in the middle of the sidewall) than that at p2 (see Fig. 283 

14a). In EG#1, the SD wave is not observed, and the sloshing transits from the DD wave to the LD 284 

wave directly. The absence of the SD wave is because, with a small pitch amplitude and an excitation 285 

frequency far from fB0, the sloshing wave in the breadth direction is too small to interact with the wave 286 

in the length direction to form the SD wave. At the high-frequency side of the DD wave regime, the SD 287 

wave was also observed in EG#2 to #6, but not in EG#1 because the pitch amplitude is small. 288 

   

t = 1.60 s (cycle 2) t = 2.00 s (cycle 2) t = 2.20 s (cycle 2)  
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t = 25.76 s t = 26.04 s t = 26.08 s 

   

t = 26.12 s t = 26.16 s t = 26.24 s 

Fig. 11. Wave snapshots at typical time instants in the case f = 1.055 fL0 (0.94 Hz, 0.791 fB0) in EG#3: 289 

the first row shows the swirling wave at the transient phase; the second and third rows show the 290 

swirling wave at the steady-state phase (the yellow dash lines show the propagation direction of the 291 

swirling wave with the arrows indicating the wave crest locations) 292 

All the SD wave cases have two things in common: 1) both the roll and pitch amplitudes are 293 

significant (the ratio of pitch amplitude to roll amplitude ranges from 0.5 to 2 for the studies cases); 2) 294 

the excitation frequency locates between fL0 and fB0. These two conditions give rise to significant 295 

sloshing waves in the length and breadth directions (demonstrated in Fig. 9), the superposition of which 296 

produces the SD wave. The sloshing experiments under translational excitations (Luo et al., 2016) also 297 

produced significant waves in two directions but did not observe the swirling wave. It is hypothesized 298 

that the rotational motion of the tank imposes necessary initial conditions of the sloshing fluid to trigger 299 

the swirling wave. The swirling wave can be a concern because it is always accompanied with wave 300 

impingements. As shown in the bottom row of Fig. 11, in the propagation of the swirling wave a steep 301 

wavefront is formed and about to break at t = 26.08 s. It then impinges on the front wall near the tank 302 

corner (t = 26.12 s) and produces wave splashes (t = 26.16 s). The interaction of wave swirling with 303 

tank walls is sketched in Fig. 3c. The wave impingement induces violent impact pressures near the tank 304 

corner, which can cause serious damages to the interior layer of the membrane tank. 305 

3.2.2. Wave patterns in the transient phase 306 

The sloshing pattern in the transient phase is generally more complicated. The sloshing waves in the 307 

first 1 – 2 cycles tend to follow the tank motion. Specifically, the incipient sloshing wave in EG#1 cases 308 

is the LD wave because the primary tank motion is roll, and those in EG#4 and EG#6 are DD and BD 309 

waves, respectively. After that, the sloshing wave may keep the incipient pattern and develop its 310 

Steep wave front 

Wave impinging 
Splashes 
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amplitude until the steady-state amplitude. This phenomenon is observed in the LD wave regime in 311 

EG#1 to #3 and the BD wave regime in EG#5 and #6. In other cases, the sloshing wave in the transient 312 

phase changes its form and evolves into the steady-state wave pattern. For example, in the case f = 1.145 313 

fL0 (0.858 fB0) in EG#3 (see the wave snapshots in the top row of Fig. 10), the rotational excitation 314 

induces the nearly-diagonal wave in the first cycle, which then evolves to the swirling wave in the 315 

subsequent transit cycles and the DD wave in the steady-state cycles. It is noteworthy that the swirling 316 

wave occurs frequently in the transient phase, which causes large pressure peaks (see Fig. 6). 317 

3.3. Sloshing pressure 318 

The sloshing pressures that are of great concern in the practical design are examined in this section. 319 

In data processing, the peak pressure of each sloshing cycle was first extracted. The maximum of the 320 

peaks in the transient-phase cycles and the mean of the highest one-third of the pressure peaks (Fillon 321 

et al., 2011) in the steady-state phase are computed as the indicators of the peak pressures for a particular 322 

sloshing case. In the BD wave pattern, the propagation direction of the sloshing wave is nearly parallel 323 

to the measuring diaphragms of the pressure sensors (wave attack angle close to 90 degrees). This leads 324 

to that relatively small pressures were recorded on the sensors although the sloshing waves in some 325 

cases are moderate or violent. Hence, the pressures of the BD sloshing waves are shown for 326 

completeness of the presentation, but not discussed in detail. Based on the pressure results in the other 327 

wave patterns, the characteristics of sloshing pressures are discussed. 328 

3.3.1. Variation of peak pressure with excitation amplitude and frequency 329 

The statistically-averaged peak values of the steady-state pressures at p1 and p2 are presented in Fig. 330 

12. When the excitation frequency approaches fL0 from the low-frequency side, the pressure peaks at 331 

the tank corner, i.e. p2, increase in all the excitation groups. After fL0, p2 in EG#1 goes down, while it 332 

continues to increase in the other excitation groups. The main reason that causes this difference is the 333 

swirling wave. In EG#1, after the excitation frequency exceeds fL0, the sloshing waves induced by roll 334 

become smaller. Although the excitation frequency gets closer to fB0, the waves excited by pitch are not 335 

large because of the small pitch amplitude. This leads to that the intensity of the resultant sloshing wave 336 

reduces monotonically with the increase of the excitation frequency after fL0. In EG#2 to #6, the sloshing 337 

wave evolves into the SD wave after the excitation frequency exceeds fL0. The SD wave causes violent 338 

impingements and hence large impact pressures at the tank corner. Indeed, the SD wave regime records 339 

the maximum peak, which is around 3 kPa in EG#2 to #6. The sloshing wave then turns into the DD 340 

wave that moves along the diagonal direction of the tank (see the bottom panel of Fig. 10). The DD 341 

wave is generally much less energetic than the SD wave and hence causes much smaller sloshing 342 

pressures in all the excitation groups. 343 

With a further increase of the excitation frequency, the sloshing wave goes into the high-frequency 344 

SD wave regime. The pressure peaks increase markedly to a level comparable to that in the low-345 
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frequency SD regime, making the p-f curve to be an “M” shape, for which the two spires happen at the 346 

two SD regimes. This manifests the potential destructiveness of the swirling wave. It has been 347 

demonstrated in Arai et al. (2018) that swirling waves can happen in membrane tanks in real seaways. 348 

Therefore, the design for the interior layers of membrane tanks against sloshing impacts should consider 349 

the swirling wave, because this particular waveform can cause severer impact pressures compared to 350 

other types of sloshing waves. Further increasing the excitation leads to the BD waves. By observing 351 

the experimental videos (not presented), BD waves are in general less violent than the LD and SD waves. 352 
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Fig. 12. Comparison of the peak values of the steady-state pressures at p1 and p2 354 

For the steady-state pressures in the middle of the tank wall (p1), the maximum peak occurs at an 355 

excitation frequency near fL0. In EG#2 to #6, the “M” shape of the p-f curve is also visible although the 356 

second spire of the “M” is not high. For a particular case that produces violent sloshing, p1 is normally 357 

much smaller than p2, with the ratio ranging from 20% to 50%. The exception is EG#1, where the LD 358 

wave causes similar impact pressures in the middle of the side wall and at the tank corner. As can be 359 

seen from Fig. 12, the cases where p1 and p2 show significant differences locate mainly in the SD wave 360 

regimes. This is because the swirling wave impinges the tank wall ahead of the wavefront (e.g. the front 361 

wall sketched in Fig. 3c), inducing a large impact pressure near the tank corner. In contrast, the impact 362 

in the middle of the side wall (p1) is induced by the skim-over flow and hence has a much smaller peak. 363 

In most of the violent sloshing cases, the wave pattern at the transient phase is different from that in 364 

the steady-state phase. To assess how sloshing pressures at the transient phase behave, the peak values 365 

of p2 (the more critical one) at the transient phase are compared with the peaks at the steady-state phase 366 
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in Fig. 13. The discussions are focused on the cases that record violent impact pressures, i.e. the cases 367 

with excitation frequency ranging from fL0 to fB0. In EG#1, the transient and steady-state peak pressures 368 

are close. This is because the sloshing waves in the transient phase move in the same pattern as the 369 

steady-state waves, and they just develop the wave amplitude and reach the intensity comparable to that 370 

of the steady state. In the other excitation groups, the transient and steady-state pressures show evident 371 

differences. Specifically, the transient peak pressure is smaller than the respective steady-state value in 372 

the SD wave regime (see Fig. 5). This is because the swirling waves in the steady state are always very 373 

violent and hence induce larger pressures than the transient cycles irrespective of the waveform. In the 374 

DD wave regime, however, the peak pressure is observed to be larger than that in steady state because 375 

of the occurrence of the swirling wave in the transient phase (see Fig. 6). 376 
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Fig. 13. Comparison of the peak values of the steady-state and transient pressures at p2 378 

3.3.2. Features of pressure signals and the implication 379 

The peak pressures in different wave patterns are discussed in the previous section. The features of 380 

the pressure signals for swirling and diagonal waves are analysed here. For illustration, the pressure 381 

results of one sloshing cycle in the cases of f = 1.055 fL0 (0.791 fB0), 1.145 fL0 (0.858 fB0) and 1.235 fL0 382 

(0.925 fB0) in EG#3 are presented in Fig. 14. These cases correspond to the low-frequency SD wave, 383 

DD wave and high-frequency SD wave, respectively. The impulse-like impact that is characterized by 384 

a short rise time and a large peak is recorded in the two SD wave cases (see the top and bottom panel 385 

of Fig. 14). From the bottom row of Fig. 11, it can be seen that a steep wave front is formed and about 386 

to break just before the wave impact occurs. This scenario is similar to Case C sloshing in Delorme et 387 
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al. (2009). The pressure signals in these two SD wave cases show fluctuations, which are attributed to 388 

the aerated flow (see the “white” wave in the snapshots at t = 26.08 s and 26.12 s in Fig. 11). In contrast, 389 

the pressure signal in the DD wave case (the middle panel of Fig. 14) exhibits a larger rise time and a 390 

much smaller peak. This is because a DD wave, during the impact process, climbs up/down along the 391 

tank corner and applies moderate loads. The rise time of the pressure signal is the key parameter for 392 

describing dynamic amplification of structural responses (DNV, 2016), and hence should be considered 393 

carefully in the design by taking the structural properties into account. 394 
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Fig. 14. Zoom-in plot of the pressure signals in three cases of EG#3: (a) f = 1.055 fL0 (0.791 fB0); (b) f 398 

= 1.145 fL0 (0.858 fB0); (c) f = 1.235 fL0 (0.925 fB0) 399 

4. Conclusions 400 

This study investigates the violent sloshing in a scaled membrane-type LNG tank whose length-to-401 

breadth ratio is around 1.4. The coupled roll and pitch motions, which have been rarely documented in 402 

the literature, are considered. Seven groups of roll and pitch amplitudes are tested. In each group, 9 - 403 

11 excitation frequencies are studied with refined frequency points near the transition of the waveform. 404 

In each case, the pitch and roll have the same frequency. The sloshing wave patterns and impact 405 

pressures are investigated in detail. The key findings are summarized below: 406 
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 The sloshing waves in the studied cases exhibit four distinct patterns, i.e. the length-dominant wave, 407 

swirling wave, diagonal-dominant wave, and breadth-dominant wave. The occurrence of a particular 408 

pattern is related to the pitch and roll amplitudes and excitation frequency. 409 

 Based on the studies cases, the swirling wave is excited when two conditions are satisfied: (1) both 410 

the roll and pitch amplitudes are significant (the ratio of pitch amplitude to roll amplitude within 411 

[0.5, 2] for the studies cases); (2) the excitation frequency locates between fL0 and fB0. These two 412 

conditions ensure significant sloshing waves in the length and breadth directions, which provide the 413 

necessary condition for the generation of a swirling wave. Since the swirling wave was not observed 414 

in the sloshing experiments under 2-degree-of-freedom translational excitations (Luo et al., 2016), 415 

it is hypothesized that the rotational motion of the tank imposes necessary initial conditions to trigger 416 

the swirling wave. 417 

 The swirling wave impinges on the walls near the tank corner, inducing intensive impact pressures. 418 

Based on the cases considered in this study that used two pressure sensors, the sloshing pressure at 419 

the tank corner is 2 – 5 times larger than that in the middle of the wall. The implication is that the 420 

corner of a membrane-type LNG tank should be enforced in practical design. A future work direction 421 

is to use more pressure sensors to measure and quantify the spatial distribution of sloshing pressures 422 

near the tank corner. 423 

 The waveforms in the transient phase are generally more complicated, being closely related to the 424 

direction of tank moving and the steady-state wave pattern. The peak pressures of the transient and 425 

steady-state phases in a particular case show evident differences in the cases recording violent 3D 426 

sloshing. For a particular excitation group, the maximum of the peaks of transient pressures for 427 

different excitation frequencies is very close to that of steady-state pressures. 428 
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