Journal of
Marine Science

and Engineering

Article

A Methodology

to Assess the Sloshing Effect of Fluid Storage

Tanks on the Global Response of FLNG Vessels

Diego F. Hernandez-Ménez 12, Ivan Félix-Gonzalez 3, José Hernandez-Hernandez %*
and Agustin L. Herrera-May 14*

check for
updates

Citation: Hernandez-Ménez, D.F.;
Félix-Gonzilez, 1;
Hernédndez-Hernédndez, J.;
Herrera-May, A.L. A Methodology to
Assess the Sloshing Effect of Fluid
Storage Tanks on the Global
Response of FLNG Vessels. |. Mar.
Sci. Eng. 2023, 11, 1435.
https://doi.org/10.3390/
jmse11071435

Academic Editors: Bin Xu,

Yanmei Jiao and Xi Shen

Received: 24 May 2023
Revised: 15 July 2023

Accepted: 16 July 2023
Published: 18 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Facultad de Ingenieria de la Construccion y el Habitat, Universidad Veracruzana, Boca del Rio 94294, Mexico
Facultad de Ingenieria Mecénica y Ciencias Navales, Universidad Veracruzana, Boca del Rio 94294, Mexico
Exploration and Production Technologies Center, Mexican Petroleum Institute, Boca del Rio 94286, Mexico;
Sifelix@imp.mx

Micro and Nanotechnology Research Center, Universidad Veracruzana, Boca del Rio 94294, Mexico

*  Correspondence: josehernandez02@uv.mx (J.H.-H.); leherrera@uv.mx (A.L.H.-M.);

Tel.: +52-229-775-2000 (A.L.H.-M.)

Abstract: The sloshing effect of fluid storage tanks of a Floating Liquefied Natural Gas (FLNG)
vessel causes variations in its global motion response. These acceleration and motion alterations
can affect the safe performance of the FLNG vessels. The classification societies’ rules are employed
to standardize the storage tanks’ configuration of FLNG vessels. Herein, we report a methodology
to assess the sloshing effect on the global motion response of an FLNG vessel considering four
geometrical arrangements of tanks and different fluid filling fractions. This methodology includes
the hydrodynamic effect in operating and storm conditions from the Gulf of Mexico using a return
period of 100 years. In addition, our methodology considers the influence of the internal fluid of each
tank to estimate the accelerations and motions of the vessel. This methodology can be implemented
to estimate the stability of an FLNG vessel under different environmental conditions. Thereby, the
naval engineers could choose the best geometrical configuration of the storage tanks for safe behavior

of a vessel under different operating and extreme environmental conditions.

Keywords: sloshing effect; FLNG; hydrodynamic analysis; vessel; fluid storage tank

1. Introduction

Floating Liquefied Natural Gas (FLNG) vessels can operate in remote ocean areas
transporting liquefied natural gas, which during the LNG upload process are presented
with different filling fractions in tanks. Sloshing occurs in transport operations, when
liquid movement occurs inside tanks; the impact probably happens on tank walls, with
damage. Hu et al. [1] reported that LNG-tank sloshing has an important contribution to roll
motion while its influence on the other motion modes is relatively negligible on an FLNG
vessel. In addition, they indicated that the inner tank sloshing has a significant influence
on the roll motion of the FLNG vessel. The impact of inner tank sloshing on roll motion
is related to the wave-approaching angle and inner-tank filling fraction. Generally, the
sloshing motion of this fluid is only considered in the initial design of a vessel. However,
this sloshing phenomenon should also be studied if the vessel is modified to move other
fluid cargo types. For the design and operation of an FLNG vessel, the naval designers
must investigate the sloshing effect of the internal fluid in the tanks on the global motion
response and the vessel’s structural behavior in order to ensure the safe performance of the
vessel under different operating and extreme environmental conditions [2-5].

In conventional ship-motion analysis, the effects of inner free surfaces and sloshing
inside the tanks are usually ignored; however, recent experimental and numerical studies
have shown that the effects, between a fluid cargo and the LNG ship motion, can be
significant at certain filling levels [6-8]. The coupling effect between the vessel motion and
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sloshing in tanks generates forces and moments that can cause large deformations and
stresses on the internal structure of tanks [9,10]. The sloshing flow can be increased when
the external wave frequency agrees with that of the vessel motion coupled with cargo in the
tanks. Moreover, vessel stability with partially filled tanks depends on both external wave
motion and internal flow [11-13]. Thus, the study of this coupling effect is very important
to obtain the reliable structural design of the tanks and maintain the stability of vessels.

Zhuang and Wan [13] described the coupling effects between the motion of a Floating,
Production, Storage, and Offloading (FPSO) and sloshing in LNG tanks using Computa-
tional Fluid Dynamics (CFD) simulations. They studied this coupling effect between the
impact of different wave amplitudes and frequencies and liquid filling conditions. DNV-GL
described a methodology to evaluate the structural behavior of tanks containing natural
gas and the loads generated by the sloshing motion [14,15]. In addition, the Bureau Veritas
Society [16] reported a guidance note to calculate the design sloshing loads in a cargo
membrane tank that contains liquefied natural gas (LNG). This guidance note is applied to
offshore LNG floating units employing membrane tanks, obtaining the sloshing loads on
the cargo tanks and on the inner hull structure. Dioni [17] studied the sloshing effect in the
hydrodynamic interaction between two vessels using numerical simulations. Dumitrache
and Deleanu [18] registered the fluid—structure interaction of ballast tanks using numerical
simulations with the transient module. These simulations determined the pressure on the
structure of the tanks due to the sloshing motion of two fluids (seawater and air) inside the
tanks. Furthermore, the distributions of the deformation and von Mises stress on the struc-
ture of the tanks were obtained. Liu [19] developed a nonlinear coupled numerical model
to predict the liquid sloshing in LNG tanks affected by ship motions. This model included
the coupling effects between nonlinear-viscous sloshing flows and nonlinear ship motions.
Krata and Wawrzyriski [20] studied the rolling amplitude of a ship considering the liquid
sloshing in partly filled tanks using CFD simulations. This investigation estimated the
typical and extreme rolling values of a vessel. He et al. [21] studied the response of a ship
with and without a tank using CFD models and experimental results. They investigated
dissimilar working conditions and the influence of the liquid height in the tank, tank size,
and the wavelength ratio of the incident wave on the vessel motion. Kawahashi et al. [22]
performed tests to investigate the coupling effect of FLNG motions with internal sloshing
flow. This test included an FLNG model equipped with six square tanks under a fixed
solid-cargo condition and a liquid-cargo condition. They observed nonlinear free surface
motion for the case of low filling level in tanks. Lyu et al. [23] described a computational
procedure to estimate the free surface flow in tanks and the ship motion in regular head
and beam waves.

Herein, we propose a methodology to predict the sloshing effect on the global motion
response of an FLNG vessel considering four geometrical arrangements of tanks with
different fluid filling fractions. This sloshing motion is obtained based on the hydrodynamic
influence for both operating and storm cases from the Gulf of Mexico using a return period
of 10 years to operative conditions (calm sea) and 100 years to hurricane conditions (storm).
Furthermore, the proposed methodology considers the effect of the dynamic of the internal
fluid of the tank to determine the acceleration and motion of the FLNG vessel. This
methodology can be used to study the stability of vessels coupled with partially filling
tanks under different hydrodynamic conditions. Our methodology can be used for the
analysis of the behavior of stored fluid with six degrees of freedom, focusing on motions
and accelerations due to sloshing effects.

2. Method

The proposed methodology was applied to an FLNG vessel considering four different
geometric arrangements of storage tanks and variable filling fractions. This methodology
included the following three stages (see Figure 1):
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Stage 1: Four 3D hull models of an FLNG vessel with different geometric arrange-
ments of storage tanks are built through SeSam GeniE DNV software. These models
incorporated the distribution of compartments in the hull.

Stage 2: Based on HydroD SeSam DNV software, the hydrodynamic analysis for
the 3D hull models is achieved. For this analysis, the data are processed employing
PostResp SeSam DNV. These data are obtained regarding the operational area for
the FLNG vessel. For this case, the data used consider the operating and hurricane
environmental contours from the Gulf of Mexico, including a return time of 100 years.
Stage 3: The maximum responses of each 3D hull model are estimated employing the
hydrodynamic data. Later, all data are compared to study the sloshing effect on the
global motion response of the FLNG vessel.

3D HULL MODEL WITH 4 GEOMETRIC i

CONFIGURATIONS OF STORAGE TANKS

1 ‘GLOBAL HYDRODYNAMIC
RESPONSE FROM VESSEL
* WET SURFACE + SHIP'S RESPONSE SPECTRA IN
*  COMPARTMENTALIZATION (OPERATIONAL AND STORM
*  TANKLOADING CONDITIONS
CONDITION
0
ANALYSIS
DATA PROCESSING
* HYDRODYNAMIC MODEL
INTRODUCTION
* WAVE SPECTRA
+ GRAPHS OF DEGREES OF
RARESEORSESEECIRA FREEDOM, MASSES, FORCES.
+ GRAPHS OF RESPONSE
SPECTRA IN EACH DEGREES OF
FREEDOM
RS
HYDRODINAMIC DATA PROCESSING

Figure 1. Schematical view of our methodology to estimate the sloshing effect on the global motion
response of an FLNG vessel with four geometric arrangements of storage tanks. (RS: Results review
and SF: Final results analysis).

2.1. D Hull Models of an FLNG

Table 1 depicts the 3D hull models of an FLNG vessel, which are drawn with SeSam
GeniE DNV software. These models regarded the compartments for the natural gas and
the ballast tanks of water storage, and a housing module of the FLNG (see Figures 2 and 3).
The housing module represents a weight that is added to the FLNG. Figure 4 illustrates the
3D models, which consider the wet surface of the FLNG vessel created with SeSam GeniE
DNV software. Figure 5 shows the meshed models of the FLNG vessel, which include the
mass related to the housing module. Figures 6-8 show the dimensions for each geometric
storage tank. Figure 9 illustrates the dimensions of the FLNG hull model.

(a) (b) (©)

Figure 2. 3D hull models with compartments of the FLNG vessel with (a) prismatic tanks,

(b) spherical tanks, and (c) cylindrical tanks drawn with SeSam GeniE DNV software.
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Table 1. 3D hull models and volume capacities of the FLNG vessel developed using SeSam GeniE

DNV software.
Tanks Volume by Tank Total Volume
Model Number (m3) (m3)
4 33,032 132,128
L}
\ 8 16,516 132,128
L
4 13,524 54,096
K
24 2879.8 69,115.2

(a) (b) ()

Figure 3. 3D hull models with housing module of the FLNG vessel with (a) prismatic tanks,
(b) spherical tanks, and (c) cylindrical tanks obtained with SeSam GeniE DNV software.

(a) (b) (c)

Figure 4. 3D hull models that regard the wet surface of the FLNG vessel with (a) prismatic tanks,
(b) spherical tanks, and (c) cylindrical tanks obtained with SeSam GeniE DNV software.
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(a) (b) (c)

Figure 5. Meshed 3D hull models of the FLNG vessel with (a) prismatic tanks, (b) spherical tanks,
and (c) cylindrical tanks considering the mass of the housing equipment module. These models are
developed using SeSam GeniE DNV software (Manager V6.1-02).

2016m

(a) (b)

Figure 6. View of the (a) 3D model and (b) dimensions of the prismatic storage tank of the FLNG
vessel drawn with SeSam GeniE software (manager V6.1-02).

(a)

Figure 7. View of the (a) 3D model and (b) dimensions of the divided prismatic storage tank of the

FLNG vessel drawn using SeSam GeniE software (manager V6.1-02).

in
%,
%,

(a) (b)

Figure 8. Dimensions of (a) spherical storage tank and (b) cylindrical storage tank of the FLNG vessel

obtained using SeSam GeniE software (manager V6.1-02).
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27651 m

42m

283393 m
(d)
Figure 9. 3D hull model of the FLNG: (a) depth, (b) breadth, (c) storage tank area, and (d) length.

The panel model is employed to determine the hydrodynamic loads and responses
using the potential theory. The panel model includes panels representing the wet ship
surfaces. In the paper, the panel is modeled in SeSam GeniE DNV using a standard size of
finite elements of 1.6 m. The panel is constructed using segments of straight lines between
corner nodes of the sides of finite elements. For a panel, the wet surface is obtained through
a dummy load on the panel model in SeSam GeniE DNV, regarding a load case number of
1 to all external wet surfaces of the model [24].

2.2. Hydrodynamic Analysis

The velocity potential theory is applied to determine the effects of first-order radiation
and diffraction on large-volume structures using the 3D panel method to assess the velocity
potentials and hydrodynamic coefficients. The free surface conditions are linearized using
the first-order potential theory. The radiation and diffraction velocity potentials on the
wet surface of the structure are estimated from the solution for the integral equation
obtained by Green’s theorem by considering free surface potentials as Green's functions.
Boundary value problems are solved with Green’s theorem to obtain integral equations
for the radiation and diffraction velocity potentials on body boundaries. The integral
Equation (1) considers the radiation velocity potentials f; on the body boundary [25]:

8G(§

27 (x) + [, #1(2) xdc I, miG @ x)de )

where 5; is the mean wet surface of the body and 7 is the unit vector. Green’s function
G(¢; x) is the velocity potential at field point x caused by a point source located at point ¢.
Total diffraction velocity potential ¢p is shown in Equation (2) [25]:

( x)

27 (x) + [, ¢p(6) =5 dE = 47go(x) @)
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The components of one-time fluid velocity are determined, and the integral equation
is transformed in the following general form for source instead of velocity potential (see

Equation (3)), [25]. G ;
20 (x) + fbe (&) a(i’cx) g);;f)

For 3D hull models of the FLNG vessel, their hydrodynamic analyses are described
with the following issues:

e = 3)

e  The hydrodynamic analysis considers the following two cases: with and without the
dynamic effect of internal fluid. In this analysis, the variation of the vessel performance
using both cases with and without the sloshing motion is compared.

e  Twenty-four orientations of wave directions are studied to describe the location of the
vessel to the plane in increments of 15° from 0 to 360°.

o  FEight filling fractions in the tank are studied to obtain the behavior of the sloshing
effect, which ranges from 10 to 80 percent in increments of 10%.

e  For all models, the base draught for the FLNG vessel is established at 9.6 m.

These issues are the main conditions to determine the hydrodynamic analysis of the
FLNG vessel. Furthermore, the wave periods that generate the most significant energy
are selected. The maximum magnitude of the period is established at 35 s. The wave
period begins in 3 s because at this time the energy begins to be important. Figure 10
shows a wave-scattering diagram that describes the estimated environmental contour for
the sea area of the Gulf of Mexico. In this paper, the data used is for 100-year prediction.
Table 2 shows the parameters of the environmental fluids and gravity employed in our
hydrodynamic analysis. The characteristics of the hydrodynamical model are indicated
in Table 3. Wave analysis by diffraction and Morrison Theory (Wadam), used by HydroD
SeSam DNV in hydrodynamic analysis, used a global response analysis for a ship with no
forward speed [25].

=

-

.2

@
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@©

o)
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)
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= 10 years
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50 years
100 years
500 years

4 L L L L s L L
3 4 5 6 7 8 9 10 1

Wave height (m)

Figure 10. Environmental contours used for the sea area of the Gulf of Mexico.

Table 2. Parameters of the fluids and gravity employed in the hydrodynamic analysis of the FLNG vessel.

Kinematic

. 3 2
Parameter Density (kg/m?) Viscosity (m?/s) Depth (m) Value (m/s”)
Gravity - - - 9.80665

Air 1.266 1462 x 107° - -

Water 1025 1.19 x 107° 1000 -
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Table 3. Characteristics of the hydrodynamical model of the FLNG vessel.

Position Value (m)
Baseline z 0
AP x —6
FP x 280

Table 4 depicts the number of panels for each model. The basic part of the panel is
modeled as one first-level superelement. The coordinate system for the model is located at
the water level above the center of gravity [25]. In each load case, the filling level by the
tank is determined to employ the ideal equilibrium state for each filling fraction. Table 5

shows the density of the cargo fluids used in the hydrodynamic analysis.

Table 4. Number of panels of each model and the geometric configuration of the tank.

Number of Generated-Basic Panels

Permeability
Prismatic Divided Prismatic Spherical Cylindrical
10% 3096 3096 4703 4942
20% 3258 3258 4922 5120
30% 3441 3441 5080 5330
40% 3632 3632 5303 5503
50% 4084 4084 5437 5702
60% 4084 4084 5949 5876
70% 4084 4084 5754 6248
80% 4084 4084 5935 6248

Table 5. Values of the densities of the cargo fluids stored in the FLNG storage tanks.

Fluid Density (kg/m3)
Liquid natural gas (LNG) 450
Sea water 1025

In each load case, the equilibrium condition of the FLNG vessel is affected by the
filling level for each tank. For this condition, the tanks are individually built. Next, the
hydrodynamic analysis of the FLNG vessel evaluates the off-body points (see Table 6)
that establish the representative location for the sea level. Figure 11 illustrates the 3D
hydrodynamical model in the equilibrium state of an FLNG vessel, which is developed
employing the SeSam HydroD DNV software. Equation (4) shows the viscous damping
matrix used for the hydrodynamic analysis, which considers its effect on the response of all
freedom degrees [3].

Do ooc oo

(4)
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Table 6. Offbody point definition for hydrodynamic analysis of an FLNG vessel.

Item Value (m)
Max point x 392
Max point y 38
Min point x —-119
Min point y —38

@)
©

(d)
Description:
(a) Location (b) Offbody Points (b)
(c) LNGTank (d) Sea Water Tank

Figure 11. View of the 3D hull model of an FLNG vessel. This model regards the sea position for its
hydrodynamic analysis, which is evaluated through the SeSam HydroD software.
2.3. Data Analysis

Figure 12 depicts the stages of the algorithms used in the data processing of the hydrody-
namic analysis of an FLNG vessel, which is implemented in MATLAB 2017b software.

Algorithm for JLN file
creation for the

— < Algorithm for review . .
Obtaining output files and processing of Algorithm for reading

(.LIS) from PostResp A T results from text files
SeSam DNV. (.TXT).

Graphing algorithm of

final results.

analysis process in
PostResp SeSam DNV. (.TXT) files.

\3 N N

N

Figure 12. Data processing of the hydrodynamic analysis of a FLNG vessel.

The Response Amplitude Operators (RAOs) assess the performance of the vessel in its
six degrees of freedom for a unit wave value and the global motion response of the vessel
including the sloshing effect. These RAOs can be determined using Equation (5):

M5 + Bx + Kx = f(t) (5)
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where M is the mass, B is the damping and K is the hydrostatic stiffness coefficient of the
ship, and f(t) is the function of external environmental force.
By using the frequency domain with w? = K/ M, the following constant C is used to
predict the RAOs [2]:
1

F
TR

(6)

where F is the magnitude of force, wg is the excitation angular frequency, w is the natural
angular frequency, p is the damping factor, and i the imaginary unit.

The Pierson-Moskowitz (PM) wave spectra (Spyw) are studied by using the environ-
mental contours of the location [2] with a return time of 100 years, which describes the sea
state conditions at the specific location (hypothetically).

5/ w

5 .2 4 5 -
w= 2w 7
Spme = 1 Hs"wp'w eXP[ 4<wp) @)

where wy, is the spectral peak angular frequency and H; is the wave height. Then, the
model response spectra (Sg) are determined by Equation (8).

SR - CZSpMu} (8)
With these spectra, the most probable maximum responses are calculated.

3. Results and Discussion
3.1. Dynamic of Internal Fluid

The hydrodynamic analysis of the FLNG vessel with four geometric configurations of
storage tanks includes the sloshing effect using the Wadam Wizard with a panel model in
the frequency domain considering Pierson-Moskowitz wave spectra. The most probable
maximum responses are compared including (or not) the dynamics of internal fluid, storm
(hurricane) case, and regular operating (calm sea) conditions. Figure 13 depicts the com-
parative graphs of the most probable maximum responses of the sloshing effect between
acceleration and fluid motion in the six degrees of freedom. The maximum responses
regarding the sloshing effect under acceleration under regular operating and storm condi-
tions are 71% and 69%, respectively. In addition, the maximum results of sloshing effects
in motion under regular operating and storm conditions are 62% and 58%, respectively.
Tables 7 and 8 indicate the filling fractions of the highest most probable maximum responses
between cases that consider the dynamic internal fluid for both regular operating and storm
conditions under acceleration and in movement, respectively.

Table 7. Comparison of the highest probable maximum acceleration responses between cases with
and without considering the effect of the internal fluid dynamics for the regular operating and storm
cases of the four geometric arrangements of the storage tanks. The numbers represent eight analyses.

Acceleration
Freedom Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Degree oP H oP H oP H or H
D ND D ND D ND D ND D ND D ND D ND D ND

Heave 5 1 5 1 6 1 6 1 5 3 5 3 5 1 5 1
Surge 8 0 8 0 7 0 8 0 8 0 8 0 7 0 7 0
Sway 7 1 5 1 7 1 7 1 5 3 5 3 6 1 6 1
Yaw 4 4 3 5 6 2 6 2 4 4 4 4 7 1 6 2
Roll 3 5 2 6 7 1 7 1 4 3 4 3 6 1 6 1
Pitch 2 6 2 6 4 4 3 5 2 6 2 6 4 3 5 2
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Results yp
(29%) Results

(31%)

Results

Results (69%)

(71%)

(a)
Results yp
(38%)
Results Results
(62%) (58%)
(©

(b)

Results yp
(42%)

(d)

Figure 13. Comparative graphs of the most probable maximum responses of the sloshing effect

for the six degrees of freedom: (a) Acceleration under regular operating conditions (calm sea),
(b) acceleration under storm conditions (hurricane), (c) motion under regular operating conditions
(calm sea), and (d) motion under storm conditions (hurricane). Note: D and ND represent the
dynamic and non-dynamic internal fluid conditions.

Table 8. Comparison of the highest probable maximum motion responses between cases with and
without considering the effect of the internal fluid dynamics for the regular operating and storm
cases of the four geometric arrangements of the storage tanks. The numbers represent eight analyses.

Motion
Freedom Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Degree oP H oP H oP H oP H
D ND D ND D ND D ND D ND D ND D ND D ND

Heave 2 4 1 5 7 1 6 2 4 3 4 3 6 1 6 1
Surge 8 0 8 0 8 0 8 0 8 0 8 0 8 0 8 0
Sway 1 7 0 8 5 3 5 3 4 4 4 4 5 2 5 2
Yaw 1 7 0 8 6 2 6 2 4 4 4 4 6 2 6 2
Roll 1 7 1 7 7 1 6 2 4 3 4 3 7 1 6 2
Pitch 1 7 0 8 4 4 4 4 3 5 2 6 5 2 5 2

In the acceleration case, the highest response spectra prevail when considering the
dynamics of internal tank fluid, but prismatic and spherical tanks have a greater tolerance
in rotational freedom degrees. This quality is altered by reducing the containment space in
cylindrical and divided prismatic tanks. In the case of freedom degrees, translational ones
are more affected by internal fluid dynamics than rotational ones.

In the motion case, the influence of internal fluid dynamics is a condition for the
amplitude of contained space. The prismatic and spherical tanks show more tolerance
under both operating conditions, but cylindrical and divided prismatic tanks depict the
highest response spectra when the internal fluid dynamic is considered.

In both cases, motions and accelerations, the trend shows the most reliability in the
cases considering the dynamics of internal fluid in tanks for all the geometries analyzed,
since there are few cases where the highest value of analysis does not contemplate the
internal dynamic of fluid stored in tanks.
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3.2. Sloshing Effect in Heave

Tables 9 and 10 show a summary of the most probable maximum acceleration and
motion responses of the sloshing effect considering four tank geometries on an FLNG
vessel, respectively. The number 0 represents a negligible response between considering
(or not) the internal fluid dynamics. The number 1 indicates the highest response between
considering (or not) the internal fluid dynamics. Figures 14 and 15 depict the graphs of
the maximum sloshing effect in the heave for the regular operation (calm sea) and storm
(hurricane) cases, respectively. For the geometric arrangements of storage tanks, the highest
sloshing effect in heave is obtained using the divided prismatic tank in regular operating
and storm conditions with accelerations of 1.569 m/s? and 2.096 m/s2, respectively, as well
as motions of 3.624 m and 5.994 m for regular operative and storm conditions, respectively.

Table 9. Acceleration results of hydrodynamic analysis of sloshing effect in the heave of an FLNG
vessel. Note: The number 0 represents a negligible response between considering (or not) the internal
fluid dynamics. The number 1 indicates the highest response between considering (or not) the internal

fluid dynamics.
Acceleration
Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction oP H oP H oP H oP H
D ND D ND D ND D ND D ND D ND D ND D ND
10% 0 1 0 1 1 0 1 0 1 0 1 0 0 0 0 0
20% 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
30% 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
40% 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
50% 1 0 1 0 0 1 0 1 0 1 0 1 1 0 1 0
60% 0 0 0 0 1 0 1 0 0 1 0 1 0 1 0 1
70% 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
80% 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0
Table 10. Heave motion results of hydrodynamic analysis of sloshing effect of an FLNG vessel.
Note: The number 0 represents a negligible response between considering (or not) the internal fluid
dynamics. The number 1 indicates the highest response between considering (or not) the internal
fluid dynamics.
Motion
Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction or H or H or H or H
D ND D ND D ND D ND D ND D ND D ND D ND
10% 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0
20% 0 0 0 1 1 0 1 0 1 0 1 0 1 0 1 0
30% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
40% 1 0 0 1 1 0 1 0 1 0 1 0 1 0 1 0
50% 1 0 1 0 0 1 0 1 0 1 0 1 1 0 1 0
60% 0 1 0 1 1 0 1 0 0 1 0 1 0 1 0 1
70% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
80% 0 0 0 0 1 0 1 0 0 1 0 1 1 0 1 0

3.3. Sloshing Effect in Roll

Tables 11 and 12 indicate a summary of the most probable maximum rolling accel-
eration and motion responses of the sloshing effect of the four tank geometries on an
FLNG vessel, respectively, for each filling fraction. In both tables, the number 0 indicates a
negligible response between considering (or not) the internal fluid dynamics. The number
1 represents the highest response between considering (or not) the internal fluid dynam-
ics. Figures 16 and 17 show the response of maximum rolling acceleration and motion
considering the sloshing effect for regular operation and storm cases, respectively. For the
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geometric arrangements of storage tanks, the highest sloshing effect in roll is achieved with
the divided prismatic tank in regular operating and storm conditions with accelerations
of 10.07° /s? and 15.34° /s?, respectively, as well as motion of 27.89° and 56.24° for regular
operative and storm conditions, respectively.

Heave acceleration (m/:
Heave acceleration (m/sz)

0 20 40 60 80 100 120 “o 20 40 60 80 100 120
Wave spectra Wave spectra

(a) (b)

)
©

> o

Heave acceleration (m/sz)
& b

Heave acceleration (m/s?)
o

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Wave spectra Wave spectra

(c) (d)

>
)
=

- o

o
3

Heave acceleration (m/sz)
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o
)

o
=
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Ny

20 40 60 80 100 120 0 20 40 60 80 100 120
Wave spectra Wave spectra

(e) ®

o

o

EN

N

Heave acceleration (m/sz)
o
3

Heave acceleration (m/sz)

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Wave spectra Wave spectra

(8) (h)

Figure 14. Sloshing effect on the heaving acceleration of FLNG vessel in four tank geometries with
filling fraction of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, (f) 60%, (g) 70%, and (h) 80%. The
lines highlighted with the colors red, pink, green, and blue represent prismatic storage, divided
prismatic storage, spherical storage, and cylindrical tanks, respectively. The continuous and dotted
lines indicate the dynamic and non-dynamic fluid conditions, respectively.
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Figure 15. Sloshing effect on the heaving motion of FLNG vessel in four tank geometries with
filling fraction of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, (f) 60%, (g) 70%, and (h) 80%. The
lines highlighted with the colors red, pink, green, and blue represent prismatic storage, divided
prismatic storage, spherical storage, and cylindrical tanks, respectively. The continuous and dotted
lines represent the dynamic and non-dynamic fluid conditions, respectively.
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Table 11. Rolling acceleration results of hydrodynamic analysis of sloshing effect of an FLNG vessel.
Note: The number 0 represents a negligible response between considering (or not) the internal fluid
dynamics. The number 1 indicates the highest response between considering (or not) the internal

fluid dynamics.
Rolling Acceleration
Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction oP H oP H oP H oP H
D ND D ND D ND D ND D ND D ND D ND D ND
10% 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0
20% 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0
30% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
40% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
50% 1 0 0 1 0 1 0 1 0 1 0 1 1 0 1 0
60% 0 1 0 1 1 0 1 0 0 1 0 1 0 1 0 1
70% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
80% 0 1 0 1 1 0 1 0 0 1 0 1 1 0 1 0
Table 12. Rolling rotation results of hydrodynamic analysis of sloshing effect of an FLNG vessel.
Note: The number 0 represents a negligible response between considering (or not) the internal fluid
dynamics. The number 1 indicates the highest response between considering (or not) the internal
fluid dynamics.
Rolling Rotation
Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction or H or H or H or H
D ND D ND D ND D ND D ND D ND D ND D ND
10% 0 1 0 1 1 0 0 1 0 0 0 0 1 0 1 0
20% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
30% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
40% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 0 1
50% 1 0 1 0 0 1 0 1 0 1 0 1 1 0 1 0
60% 0 1 0 1 1 0 1 0 0 1 0 1 0 1 0 1
70% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
80% 0 1 0 1 1 0 1 0 0 1 0 1 1 0 1 0
3.4. Sloshing Effect in Pitch
Tables 13 and 14 indicate a summary of the most probable maximum pitch acceleration
and motion responses to sloshing effect analysis of the four tank geometries on an FLNG
vessel, respectively, at each filling fraction. Figures 18 and 19 illustrate the response of the
maximum sloshing effect in pitch for regular operation and storm cases, respectively. For
the storage tanks’ geometric arrangements, the highest sloshing effect in pitch is obtained
using the spherical tank for regular operating and storm conditions with accelerations of
0.601°/s? and 0.739° /s?, respectively, and pitch rotation of 1.239° and 2.028° for regular
operative and storm conditions, respectively.
Table 13. Pitch acceleration results of hydrodynamic analysis of sloshing effect of an FLNG vessel. Note:
The number 0 represents a negligible response between considering (or not) the internal fluid dynamics.
The number 1 indicates the highest response between considering (or not) the internal fluid dynamics.
Pitch Acceleration
Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction or H or H or H or H
D ND D ND D ND D ND D ND D ND D ND D ND
10% 1 0 1 0 0 1 0 1 0 1 0 1 0 0 0 0

20% 1 0 1 0 0 1 0 1 0 1 0 1 0 1 0 1
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Table 13. Cont.

Pitch Acceleration

Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction or H or H or H or H
D ND D ND D ND D ND D ND D ND D ND D ND
30% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
40% 0 1 0 1 0 1 0 1 0 1 0 1 0 1 1 0
50% 0 1 0 1 0 1 0 1 0 1 0 1 1 0 1 0
60% 0 1 0 1 1 0 0 1 0 1 0 1 0 1 0 1
70% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
80% 0 1 0 1 1 0 1 0 0 1 0 1 1 0 1 0
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Figure 16. Sloshing effect on rolling acceleration of FLNG vessel for four tank geometries with
filling fraction of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, (f) 60%, (g) 70%, and (h) 80%. The
lines highlighted with the colors red, pink, green, and blue represent prismatic storage, divided

prismatic storage, spherical storage, and cylindrical tanks, respectively. The continuous and dotted

lines represent the dynamic and non-dynamic fluid conditions, respectively.
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Figure 17. Sloshing effect on rolling motion of FLNG vessel for four tank geometries with filling
fraction of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, (f) 60%, (g) 70%, and (h) 80%. The lines
highlighted with the colors red, pink, green, and blue indicate prismatic storage, divided prismatic

storage, spherical storage, and cylindrical tanks, respectively. The continuous and dotted lines

represent the dynamic and non-dynamic fluid conditions, respectively.
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Figure 18. Sloshing effect on pitching acceleration of FLNG vessel for four tank geometries with
filling fraction of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, (f) 60%, (g) 70%, and (h) 80%. The lines
highlighted with the colors red, pink, green, and blue indicate prismatic storage, divided prismatic
storage, spherical storage, and cylindrical tanks, respectively. The continuous and dotted lines
represent the dynamic and non-dynamic fluid conditions, respectively.
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Figure 19. Sloshing effect on pitching motion of FLNG vessel for four tank geometries with filling
fraction of (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50%, (f) 60%, (g) 70%, and (h) 80%. The lines
highlighted with the colors red, pink, green, and blue indicate prismatic storage, divided prismatic
storage, spherical storage, and cylindrical tanks, respectively. The continuous and dotted lines
represent the dynamic and non-dynamic fluid conditions, respectively.
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Table 14. Pitch rotation results of hydrodynamic analysis of sloshing effect of an FLNG vessel.
Note: The number 0 represents a negligible response between considering (or not) the internal fluid
dynamics. The number 1 indicates the highest response between considering (or not) the internal

fluid dynamics.
Pitch Rotation
Prismatic Tank Divided Prismatic Tank Spherical Tank Cylindrical Tank
Filling
Fraction or H or H or H or H
D ND D ND D ND D ND D ND D ND D ND D ND
10% 1 0 0 1 0 1 0 1 0 1 0 1 0 0 0 0
20% 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1
30% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
40% 0 1 0 1 1 0 1 0 1 0 1 0 1 0 1 0
50% 0 1 0 1 0 1 1 0 0 1 0 1 1 0 1 0
60% 0 1 0 1 1 0 0 1 0 1 0 1 0 1 0 1
70% 0 1 0 1 0 1 0 1 1 0 0 1 1 0 1 0
80% 0 1 0 1 1 0 1 0 0 1 0 1 1 0 1 0

4. Conclusions

A methodology was developed to predict the sloshing effect on the global response of
an FLNG vessel with four geometrical arrangements of storage tanks. The methodology
considered the hydrodynamic analysis of the FLNG vessel employing environmental data
from the Gulf of Mexico based on a return time of 10 years for a calm sea and 100 years
for a stormy sea. FEM models and rules of DNV-GL society were used to estimate the
sloshing effect behavior regarding regular operating (calm sea) and storm (hurricane) cases.
In addition, the responses of the hydrodynamic analysis with and without considering
the internal fluid dynamic in storage tanks of the FLNG vessel were compared. The
maximum values of the sloshing effect were achieved for the divided prismatic tank for
heave and roll accelerations and motions for regular operating and storm conditions. For
pitch accelerations, the maximum value of the sloshing effect was shown for the spherical
tank for regular operating conditions and the cylindrical tank for storm conditions. For
pitch motions, the maximum value of these effects was obtained for the cylindrical tank
considering regular operating and storm conditions.

Our results showed the importance of internal fluid dynamics in cargo tanks. The
maximum responses calculated from the response spectrum were higher when internal
fluid dynamics were included. Furthermore, the tank geometry and the filling fraction had
an important impact on the behavior of the sloshing phenomenon. When fluid volume in
tanks was smaller, the sloshing effects were higher.
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