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Abstract Conventional liquefied natural gas (LNG) ves-

sels with membrane cargo containment systems have tank

filling restrictions from 0.10 to 0.70 H (with H the internal

tank height). The main reason for such restrictions is high

sloshing loads around these filling depths. The new designs

of prismatic LNG cargo tanks are proposed by increasing

the lower chamfer length. Numerical sloshing analysis was

used to optimize tank shape out of the several candidates.

To validate the effectiveness of the modified tank, 1/50

scaled model tests were conducted. In these tests, 24 dif-

ferent irregular seaways were tested for both the conven-

tional and the optimized tank and their statistical pressures

were compared. Modified tank design was quite effective

in reducing sloshing loads for a 0.30 H filling depth, and it

did not significantly increase sloshing loads at other filling

conditions. This study demonstrated the possibility of all

filling operations for an LNG cargo containment system.

Keywords Sloshing � LNG vessel � Tank optimization �
LNG cargo containment system

1 Introduction

Liquefied natural gas (LNG) carriers with a membrane

cargo containment system generally have tank filling

restrictions between 0.10 and 0.70 H (with H the

internal tank height). The main reason for filling depth

restrictions is the high sloshing pressures around 0.20 to

0.40 H tank filling depths [1–6]. Intermediate filling

depths cannot be avoided with Floating LNG (FLNG),

LNG-Shuttle, and Regasification Vessels (LNG-SRV),

because of the production, offloading, and regasification

operations.

The simple and obvious solution in the design of an

LNG Cargo Containment System (LNG CCS) for all filling

operations is to increase the tank structure capacity or to

mitigate sloshing pressures. For the LNG-SRV, both wave

height and heading are restricted during partial filling op-

erations. In recent FLNG projects, such as the SHELL

Prelude FLNG, two-row tank arrangements were adopted

to reduce the LNG tank breath, which could mitigate

sloshing pressures around 0.30 H fillings.

Several studies aimed to reduce sloshing loads by in-

stalling special devices inside the LNG tanks [7, 8]. The

construction of these internal devices is costly, and their

safety needs to be closely investigated for practical use. It

is therefore difficult to make a case for practical application

of these slosh reduction devices.

The main objective of the present study was to de-

velop an efficient way to reduce sloshing loads and to

investigate a practical method that enables all filling

operations. LNG tank shape was tried to be optimized

and several candidates of modified LNG tank shape are

suggested. Numerical sloshing analysis was carried out

to check whether the proposed tanks showed positive

results. The numerical sloshing analysis program based

on SOLA-VOF, SHI-SLOSH [9, 10], was used for this

numerical simulation.

To assess the possibility of practical application, the

developed tank shape was also applied to a 160 K LNG

carrier. To validate the effectiveness of the optimized
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sloshing reduction design, a series of sloshing model tests

were carried out at Seoul National University (SNU). For

these tests, 1/50 scaled three-dimensional tanks were

manufactured for both the conventional and the modified

design. For each tank, 24 types of irregular sea simulations

were carried out and dynamic pressures on the tank wall

were measured. The measured pressure data were post-

processed, and the pressures of two different tanks were

statistically compared in several ways.

2 Optimization of LNG tank shape

2.1 Tank shape optimization for all filling

operations

Conventional LNG vessels with membrane cargo contain-

ment systems have tank filling restrictions based on tank

heights [11]. Figure 1 shows typical barred filling range

and sloshing impact load of conventional LNG tank. As

shown in the red line in the figure, sloshing impact loads

are very high in partial filling depth conditions especially

around 0.30 H height [1, 2, 5, 6]. To enable unrestricted

tank filling operations, it is necessary to reduce sloshing

pressures around 0.30 H fillings, or to increase the struc-

tural capacity of the LNG CCS.

This study aims to mitigate sloshing pressures by LNG

tank shape optimization. To optimize tank shape, a series of

numerical sloshing analyseswere carried out for various tank

shapes. The 160 K LNGC was considered as the reference

ship. The dimensions of the conventional tank and several of

the optimized tanks are described in Table 1. A computer

program developed by Samsung Heavy Industry, SHI-

SLOSH, proposed three candidates of the modified tank by

increasing the lower chamfer length (Fig. 2; Table 1). The

other dimensions were held constant. The total volumes of

the considered tanks were therefore smaller than that of the

conventional tank. The SHI-SLOSH program was used for

the numerical sloshing analysis.

2.2 Numerical method

The flow inside the LNG tank was assumed to be three

dimensional, unsteady, incompressible, and viscous. The

governing flow equations were the Continuity and Navier–

Stokes equations:

r � V!¼ 0 ð1Þ

DV
!

Dt
¼ � 1

q
rpþ f

!

q
þ mr2 V

!
; ð2Þ

where V
!

is the fluid velocity inside the tank, q the fluid

density, and m the kinematic viscosity. f
!

is the body force,

which could represent the tank motions in six degrees of

freedom.

The first-order time marching scheme and central differ-

encing were used for the time and diffusion terms, respec-

tively. Convection terms were discretized with the upwind

scheme to increase the method’s numerical stability. The

pressure–velocity iteration and free surface movement were

solved using the SOLA-VOF method [12]. Dynamic and

kinematic boundary conditions were satisfied on the free

surface. Due to the limited length of the paper, the details are

not described here, but the numerical scheme and validation

results were introduced by Park et al. [9, 10].

2.3 Numerical study on tank shape optimization

Numerical computation was carried out for different filling

conditions, but the observation on impact loads was fo-

cused in 0.30 H filling depth with the beam sea condition,

which is a critical filling for LNG cargo design. The speed

for the LNGC was assumed to be 5.0 knots at the largest

wave heights. The significant wave height (Hs) and zero-

crossing periods (Tz) were 12.0 m and 11.0 s, respectively.

This condition was 1-year return period of the North At-

lantic IACS No. 34. For the beam sea condition, the

American Bureau of Shipping [1] and the Lloyd’s Register

[2] recommended 1 year, rather than 40-year return

Fig. 1 Typical barred filling

range of conventional LNG

carriers
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periods. The irregular time series of the ship motions in the

sloshing calculations was generated by ship RAO (Re-

sponse Amplitude Operator) and the Bretschneider wave

spectrum [10, 13].

All grid space and time steps of these calculations were

held constant for all cases to reduce the grid and time

dependencies of the present comparative studies. The grid

sizes for x, y, and z directions were approximately one

meter. The computational time step was 0.0045 s, and the

time window was 800 s for all simulations.

The measured sloshing peaks during the numerical

simulations of various tanks are presented in Fig. 3a–c and

values are in full scale. These are impact pressures on all

the side of tank wall, not the time history of any specific

point. The sloshing pressures were not much reduced with

a small lower chamfer increase, such as Tank Type 1

(Fig. 3b). Tank Type 1 was therefore not appropriate as

new design, because the main objective of this study was to

reduce sloshing pressures to more below half the pressures

of a conventional tank. Sloshing pressures of Tank Type 2

were reduced by more than 50 % compared to the con-

ventional tank (Fig. 3c). A too high chamfer length, such as

Tank Type 3 (Fig. 3d), was not practical because the tank

volume was reduced too much, and sloshing reduction ef-

fect is not that significant compared to Tank Type 2. Also,

the too much increase of the lower chamfer height is not

practical in ship design.

2.4 Practical tank application for a LNG carrier

The increased lower chamfer length of the selected Tank

Type 2 reduced its tank volume compared to the con-

ventional tank (Fig. 2). To practically apply this selected

modified tank type, it was necessary to increase its tank

volume to the volume of conventional tank. Tank vol-

ume could be increased in several ways, such as by in-

creasing tank breath, length, or height. Increasing tank

breath and length could result in unexpected high

sloshing pressures and it would change the main di-

mensions of the ship.

Tank height was therefore increased to minimize ship

dimension changes. Table 2 shows the final dimensions of

optimized tank. The tank’s side wall was increased about

1.7 m to maintain the same tank volume as the conven-

tional tank. Other dimensions, such as the beam, length,

and upper chamfer of the conventional and modified tank,

were held constant. General arrangements of the 160 K

LNGC with the conventional and the developed modified

tank are shown in Fig. 4. The modified design had no

difficulty when applied to the conventional hull shapes.

3 Sloshing model test and validation

3.1 Model test setup

The sloshing model test was carried out to validate the

possibility of all filling operations for the developed tank

design. The model test was carried out at SNU. A

schematic diagram of the sloshing experiment’s measure-

ment system is shown in Fig. 5. A motion platform gen-

erated the ship motions with six degrees of freedom.

Pressure sensors were installed in the tank and measured

the dynamic pressure on the tank wall. A data acquisition

system converted the electric pressure signal into digital

data.

Table 1 Dimensions of the

conventional 160 K LNGC and

proposed modified tanks

Ship type 160 K LNGC Tank type 1 Tank type 2 Tank type 3

Tank no. No. 2 tank No. 2 tank No. 2 tank No. 2 tank

Tank length (m) 46.6 46.6 46.6 46.6

Tank breadth (m) 38.1 38.1 38.1 38.1

Tank height (m) 28.6 28.6 28.6 28.6

Upper chamfer (m) 8.6 8.6 8.6 8.6

Lower chamfer (m) 3.9 6.0 8.0 10.0

Fig. 2 Modified tank shape

selection with changing lower

chamfer length (left

conventional tank, right

modified tank)
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Both conventional and modified type 1/50 scaled 160 K

LNGC tanks (Figs. 6, 7, respectively) were manufactured

for the model tests. Both tanks were made of flexi glass,

and pressure sensors were installed on the tanks using brass

sockets. Integrated circuit piezoelectric (ICP) sensors were

used to measure dynamic pressures on the tank. Those

Fig. 3 Sloshing peaks during numerical simulation, full scale (with a 0.30 H filling depth and beam sea condition: Hs = 12.0 m, Tz = 11.5 s).

a Conventional LNG tank. b Modified tank type 1. c Modified tank type 2. d Modified tank type 3
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sensors had a 5.54-mm sensing diameter and were installed

as cluster at intervals of 10 mm. They were concentrated

around three corners and side walls of tank, at the points

where high sloshing pressures were expected under the low

filling depth condition.

The detailed pressure measuring points of the two tanks

are shown in Fig. 8. The measuring points were not exactly

the same because the two tanks had different shapes.

However, general hot spots were commonly covered for

both tanks. For practical reasons, the model tests were

carried out using ambient air and water. For more realistic

experimental results, it is recommended to match the

density ratio of NG and LNG using heavy gas rather than

ambient air. However, the main objective of the present

study was to check the effectiveness of the optimized tank.

Because the same liquid and gas were used for both the

conventional and the modified tank, the influence of the

density ratio was not relevant. There are several studies on

the influence of liquid–gas density ratio in sloshing [14,

15].

The test conditions are summarized in Table 3. Model

tests were carried out at near critical filling depths

(0.20–0.40 H). For each filling depth, two wave heading

conditions and four wave periods were considered.

Therefore, 24 irregular sea ways were simulated for each

tank and a total of 48 model test cases were conducted.

More intensive sloshing model test cases, such as more

filling depths, heading angles, sea states, and repeated tests,

will be considered in the future to validate the practical

application.

3.2 Analysis of measurement data

The pressure signals of the two different tanks were post-

processed statistically to examine the effectiveness of the

modified tank as a sloshing reduction device. The peak

pressure signals needed to be sampled for the whole

Table 2 Comparison of conventional and modified tank dimensions

Ship type 160 K LNGC Modified tank

Tank length (m) 46.6 46.6

Tank breadth (m) 38.1 38.1

Tank height (m) 28.6 30.3

Upper chamfer (m) 8.6 8.6

Lower chamfer (m) 3.9 8.6

Fig. 4 General arrangement of

the 160 K LNG carriers (top

conventional tank shape, bottom

developed modified tank)

Fig. 5 Schematic diagram of

the sloshing experiment’s

measurement system
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pressure time histories. Sampled sloshing peaks, or global

peaks, were chosen by imposing a pressure threshold and

sampling time window (Fig. 9). Within a moving time

window, the largest peak signal was sampled as the global

peak and others were disregarded in the analysis. The

maximum pressures collected from all the segments

Fig. 6 Conventional tank model for the 160 K LNGC (1/50 scale)

Fig. 7 Modified tank model for the 160 K LNGC (1/50 scale)

Fig. 8 Locations of pressure sensors in model tests. a Conventional tank. b Modified tank
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became a set of sampled peaks in the statistical analysis.

Peak pressures were defined as the maximum pressure

value from each global peak signal. In present study,

threshold pressure and sampling time window are fixed as

2.5 kPa and 0.2 s, respectively.

To compare the sloshing severity of the two different

tanks, probable extreme pressures were estimated by ex-

treme distribution function fitting. The three-parameter

Weibull function was used to represent the probable dis-

tribution function of the peak pressures. The cumulative

distribution function of the three-parameter Weibull dis-

tribution could be written as

FðxÞ ¼ 1� exp � ðx� dÞ=b½ �cð Þ; ð3Þ

where d is the location parameter, b the scale parameter,

and c the shape parameter. Here, x should be larger than the

location parameter d. The method of moments was applied

to estimate these three parameters; the first three model

moments, mean (l), variance (r2), and skewness (c1) were
matched with the corresponding sample moments [16].

3.3 Comparison of test results

Sloshing model tests were conducted for various filling and

wave conditions for both the conventional and modified

tanks, and measured sloshing pressures were compared.

Examples of snap shots for the 0.30 H filling, beam sea

case are shown in Fig. 10. It was not easy to define the

sloshing load severity by comparing the recorded movies

or snap shots. It was observed that when the internal flow

approached the corner of the lower chamfer, the conven-

tional tank case showed a very strong impact. For the

modified tank, however, the impact was relatively mild and

it appeared as major flows climbed up the side wall. This

meant that a difference in tank shape possibly changed the

sloshing impact hotspots. Movement of sloshing hotspots

was therefore also investigated when comparing the pres-

sures on the two tanks.

Examples of pressure time history from two different

tanks are shown in Fig. 11. Test condition is 0.20 H filling

in beam sea, and pressures are measured at the lower

corner of tank side wall which is located at C09 in Fig. 8.

Pressure peaks showed irregular trend in both tanks, and

large sloshing peaks were occurred at different times in the

two tanks. Generally, it appeared as the modified tank re-

duces sloshing pressure. For more quantitative inspection,

statistical pressures needed to be compared.

Figure 12 shows the sloshing pressures of the conven-

tional tank test and given values are scaled to real size.

Both the quartering and the beam sea results are shown

with changing wave periods. The magnitude of the bar

indicates the probable extreme pressure for a 3 h return

period. The sloshing peaks were sampled from all sensors

installed on the tank. Results of three different fillings were

plotted in one graph. The dotted line is an example of the

structural dynamic capacity of the membrane LNG CCS on

a 0.1-m2 panel with utilization factor 0.7 [2, 17]. The ca-

pacities of the membrane LNG CCS could be changed

depending on the CCS type.

Generally, the conventional tank caused very large

sloshing loads in the 0.20 and 0.30 H filling depths

(Fig. 12). This is why classification societies placed tank

filling restriction on LNG carriers. For the 0.30 H filling,

beam sea condition in particular, every four wave periods

showed high pressures that exceeded the LNG CCS ca-

pacity. To enable partial filling for this conventional tank,

it was necessary to increase the LNG CCS capacity by

more than two times, which was not practical.

Exceedance probability plots for the sloshing pressure

peak measured by all the sensors are shown in Fig. 13.

The symbols indicate measured data, and lines represent

a fitted Weibull distribution function. Probabilities of the

conventional tank tests are more weighted toward the

right than those of the modified tank tests. This means

that, in the same probability level, modified tank expect

lower extreme pressure than conventional tank. The

difference of pressures between the two tanks becomes

larger after the probability exceeds 10-2. From this

comparison, it could be shown that modified tank is

Table 3 Sloshing experiment conditions of conventional and mod-

ified tank

Tank type No. 2 tank of 160 K LNGC (both conventional

and modified tank)

Wave heading Quartering (150�) and beam (90�) sea
Sea states

(North Atlantic

no. 34)

40-year return periods for quartering sea

condition

1-year return period for beam sea condition

Wave periods 7.5, 9.5, 11.5, 13.5 s

Filling depth 0.20, 0.30, 0.40 H

Ship speed 5 knots

Test time 5 h in full scale

Fig. 9 Peaks over threshold method
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effective to mitigate several rarely occurring large

sloshing peaks.

Sloshing pressures from the two different tanks were

compared (Figs. 14, 15, 16). The 3 h maximum pres-

sures of the conventional and modified tank test are

expressed as black and white columns, respectively.

Pressures from the 0.40 H filling depth conditions are

shown in Fig. 14. In these conditions, the modified tank

pressure was not much reduced and some cases showed

a slightly increased pressure compared to the conven-

tional tank.

For the 0.30 H filling depth condition, the sloshing

pressures of the developed modified tank were, however,

much lower than those of the conventional tank (Fig. 15).

Especially for the 0.30 H filling with the beam sea condi-

tion, the modified tank reduced sloshing loads to nearly

half that of the conventional tank and all the pressures were

below the capacity limitation.

Tank shape change also changed the critical heading

angle. In the 0.20 H fillings, the conventional tank

showed the largest pressures at the quartering sea con-

dition and some cases exceeded the load capacity

(Fig. 16). In the modified tanks, the beam sea was,

however, much more critical than the quartering sea.

Those pressures were, however, also small compared to

the conventional tank pressures. Therefore, all modified

tank pressures were therefore below the LNG CCS

capacity.

Fig. 10 Free surface movement of model test for 0.30 H filling depth with the beam sea condition: Modified tank. a Perspective view. b Frontal

view

Fig. 11 Time histories of dynamic pressures measured at the lower corner of tank side wall, C09, with a 0.20 H filling depth and beam sea

condition, Tz = 7.5 s. a Conventional tank. b Modified tank

J Mar Sci Technol (2015) 20:640–651 647
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It is known that beam sea condition is more critical in

low filling depth condition. However, due to the highly

nonlinear and stochastic character of sloshing phe-

nomenon, exceptional circumstance can arise occasion-

ally (Fig. 16a). Critical heading angle is closely

related with water filling depth, tank shape, and wave

condition. In an extremely low filling condition, wave

breaks very much and fluid is not easy to focus to make

large impact. In that case, quartering sea condition

concentrate wave to the corner of the tank which has

short lower chamfer height (similar height with water

filling depth). Those circumstances make it possible to

generate high sloshing impact at quartering sea condition

rather than beam sea condition in 0.20 H filled conven-

tional tank.

Until now, sloshing severity of the two tank tests was

defined based on the measured sloshing peaks sampled

from all pressure sensors. It was difficult to compare the

sloshing pressures on a specific location. Therefore, ex-

treme pressures from each cluster panels were compared

(Fig. 17). As mentioned above, the pressure measuring

points of two tanks were not exactly the same. Common

hot spots were, however, generally covered and named as

‘Cxx.’ In the 0.40 H filling (Fig. 17a), no panel showed

significantly increased sloshing pressures. Increasing the

lower chamfer length made C12 and C13 close to the water

filling depth, and those two panels showed larger pressure

values in the modified tank rather than in the conventional

tank. In the 0.30 H filling, C08, which was located on the

lower part of the side wall, showed significantly larger

Fig. 12 Sloshing pressures on the conventional tank with various filling depths. a Heading angle = 150�, b heading angle = 90�

Fig. 13 Comparison of exceedance probability distribution of sloshing peaks between the conventional tank and modified tank, with a beam sea,

Tz = 7.5 s. a Filling depth = 0.30 H. b Filling depth = 0.20 H

648 J Mar Sci Technol (2015) 20:640–651
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Fig. 14 Comparison of sloshing pressures between the conventional tank and modified tanks: 0.40 H filling depth. a Heading angle = 150�.
b Heading angle = 90�

Fig. 15 Comparison of sloshing pressures between the conventional and modified tanks: 0.30 H filling depth. a Heading angle = 150�.
b Heading angle = 90�

Fig. 16 Comparison of sloshing pressures between the conventional tank and modified tanks: 0.20 H filling depth. a Heading angle = 150�.
b Heading angle = 90�

J Mar Sci Technol (2015) 20:640–651 649
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sloshing pressures compared to the other cluster panels. For

the modified tank case, however, pressures on C08 reduced

dramatically and showed a similar sloshing severity to

adjacent panels, such as C05 and C09.

It was obvious that for critical filling depths, the mod-

ified tank reduced sloshing pressures on common hotspots.

It was a concern whether the modified tank changed the

hotspots for sloshing impact and would cause increased

sloshing pressures on unexpected regions. Also, in the

modified tank, the internal flows showed a tendency to

climb up the side wall and a relatively large amount of

water reached the upper chamfer region compared to the

conventional tank. Regarding the wave conditions consid-

ered in this study, modified type did not significantly in-

crease sloshing loads near the upper chamfer region (C01–

C04, C07, C10). This was advantageous for the proposed

modified tank.

When considering all results together, the present study

showed a possibility of the SHI-designed modified tank as

an LNG CCS for all filling operations. For practical ap-

plication, more detailed sloshing assessments of the mod-

ified tank shapes should be carried out, with more test

cases, changing panel sizes, and repeated model tests fol-

lowing Class procedures [1, 2].

Fig. 17 Comparison of

sloshing pressures on each

cluster. a Filling

depth = 0.40 H, beam sea,

Tz = 9.5 s. b Filling

depth = 0.30 H, beam sea,

Tz = 9.5 s. c Filling

depth = 0.20 H, beam sea,

Tz = 9.5 s
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4 Conclusions

The present study suggested an efficient way to reduce

sloshing pressures on a conventional LNG cargo tank by

tank shape optimization. Numerical sloshing analysis was

carried out to find the modified tank design that is appro-

priate for all filling operations. After tank design opti-

mization, 1/50 scale sloshing model tests were carried out

for validation purposes. The following conclusions could

be made:

• Conventional LNGC tank design, which has a small

lower chamfer, was not applicable for all filling

operation. In a 1/50 scale conventional tank, very large

sloshing pressures were measured at 0.30 H filling,

beam sea conditions. In these conditions, any zero-

crossing wave period from 7.5 to 13.5 s could be

critical to the tank structure.

• Several optimized tank models were suggested by

increasing lower chamfer length. Based on numerical

results, it was found that sloshing load was sensitive to

lower chamfer size. For sloshing reduction, a lower

chamfer length of about 30 % tank height was

suggested.

• Effectiveness of optimized tank design was validated

not only in numerical calculation but also in ex-

perimental analysis. In the 1/50 scale model tests,

extreme sloshing pressures of the modified tank were

less than half those of the conventional tank in critical

filling depth condition.

• There was a slight change in sloshing hotspots in the

modified tank. Pressures on the lower chamfer were

increased, but this was not critical for CCS design.

Regardless, the 0.30 H filling showed relatively large

sloshing pressures compared to the other filling depth

condition. Also, the modified design did not significant-

ly increase sloshing loads on unexpected regions, for

example, the corner of the upper chamfer.

• In summary, the developed modified tank shape

provided a possibility for all filling operations of the

160 K LNG CCS.
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