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Abstract: Sloshing flows of liquid natural gas (LNG) with multi-phase flow characteristics consisting
of liquids and gases can affect the load conditions and structural response of cargo containment
systems (CCS). The compressible properties of the sloshing flow can limit the maximum pressure, so
a multi-phase fluid model is required to represent the sloshing physics. In this study, we identified a
suitable numerical model to simulate the sloshing flow and structural strength evaluation based on
the inhomogeneous fluid model. The computational fluid dynamics (CFD) is based on a Eulerian
domain model, which is in turn based on the constant volume based finite element method (CVFEM)
in a commercial Reynolds-averaged Navier—Stokes CFD code (ANSYS CEX). It includes the interphase
momentum transfer between the liquids and gasses. The physics for the sloshing assessment were
considered to identify the main aspects of the inhomogeneous multiphase model. For numerical
analysis of the sloshing, we conducted a sloshing simulation on the experimental data of the model
scale to examine the validity of the results. The velocity of the sloshing flow was extended to the
real scale and applied to a local two-way fluid structure interaction (FSI) analysis model. Structural
strength evaluation of the LNG CCS by sloshing flow was performed by FSI analysis. Through
the example of structural response analysis of Mark III type CCS, the results were discussed and
effectiveness of the proposed structural response assessment model by sloshing was reviewed.

Keywords: sloshing; fluid impact; multi-phase flow; computational fluid dynamics; fluid structure
interaction analysis

1. Introduction

Generally, when a containment system filled with fluid cargo is subjected to a distur-
bance from external motion, a fluid free surface may experience large fluctuating motion.
This phenomenon is known as sloshing. When the motion conditions are close to the
resonant frequency, the sloshing sometimes creates structural problems since violent slosh-
ing flows create high impact pressures on the cargo containment system (CCS) in marine
vessels. Therefore, during the structural design and assessment process of a liquified
natural gas (LNG) containment system, it is important that the design procedure should
reflect the sloshing load. The sloshing load on the liquid cargo storage tank always affects
the structural system. In addition, the sloshing load varies irregularly depending on the
loading conditions of the liquid cargo and the operating conditions of the vessel. In studies
related with the sloshing loads, several damage cases caused by the sloshing have been
identified, especially in partially filled tanks [1-3]. Procedures for sloshing load evaluation
are an important part of the LNG CCS design process [4,5]. Therefore, design regulations
also present design procedures for the LNG CCS design by sloshing loads [6-8].

In sloshing conditions, the liquid CCS experiences several types of loads that apply
impact and kinetic loads to the tank walls and occasionally experience severe loads. In other
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words, hydrodynamic forces acting on the CCS lead to structural failure or fatigue damage.
The pressure magnitude and physical characteristics of the hydrodynamic forces influence
the structural response of the CCS. Consequently, the sloshing load causes structural
problems in the structure of the tank and may be a direct or indirect cause a functional
problem of the CCS [5,9-11]. The design procedure should consider the technical problem
when designing CCS for LNG carriers such as LNG carriers and floating production
storage and offloading (FPSO) vessels. Therefore, many researchers have studied the
physical characteristics of sloshing flow in a CCSs. Classification societies and shipbuilding
engineers have conducted research to address the engineering challenges and provided
guidelines to evaluate the sloshing load and structural safety of CCSs [6-13].

In the design stage, the structural assessment methods of the LNG CCS are divided
into two methods (the comparative and direct evaluation methods) by sloshing loads of
LNG ships [12]. The comparative evaluation method is difficult to apply to new design
concept LNG cargo holds as the method requires applying design information for an
existing verified design LNG CCS to the new ship. The direct evaluation method consists
of evaluating the strength of the CCS by the sloshing pressures through either sloshing
experiment or numerical analysis for the new ship’s LNG tanks and then specifying the
sloshing pressure as a design parameter [13]. To evaluate the structural strength of the
CCS based on the direct method, the sloshing pressure is first measured in an experiment
with model scale. The pressure is then idealized in a form applicable as a design parameter.
Then, structural strength evaluations are performed. However, in the direct procedure it
is difficult to investigate the hydro-elasticity effect of the sloshing pressure since the time
series history of the sloshing impact loads is simplified into an idealized triangular form.
In addition, it is especially difficult to consider the interaction between fluid impact and
the behavior of the fluid due to deformation of the cargo hold since the idealized structural
analysis method obtains the sloshing pressure first and then simplifies the structural
analysis. When applying a model test, the structural strength evaluation method generally
estimates the load at real scale by using a scale law since it is not possible to obtain a
pressure history directly measured at the actual scale [13,14].

To evaluate the structural strength of the LNG CCS subjected to sloshing loads,
it is necessary to make a reasonable evaluation that reflects the hydro-elasticity effect
and apply it in a method appropriate to the structural strength evaluation through a
sloshing fluid structure interaction (FSI) analysis method [15,16]. FSI analysis is a method
that can analyze the sloshing phenomenon by simultaneously analyzing fluid flow and
structural deformation. However, it is difficult to obtain both solution convergence and
result accuracy since the fluid flow analysis depends heavily on the numerical calculation
method [13,17]. Therefore, various studies have been conducted and published using
FSI analysis to simulate fluid flow during sloshing impact. Chen and Nokes analyzed
nonlinear and viscous flow of sloshing in a rectangular tank using the finite difference
method (FDM) [18]. The FDM was also used for sloshing flow in a 3D rectangular tank
subjected to harmonic excitation [19]. Kim numerically studied sloshing flows with impact
loads in 2D and 3D liquid containers by FDM to analyze the characteristics of sloshing
impact loads [10]. The finite element method was used to calculate the governing equation
of fluid flow in a differential form assuming a fluid continuum model for analyzing the
sloshing impact in a partially filled tank under irregular excitation [20]. However, most
of the effort undertaken to assess sloshing fluid flow was focused on simple fluid models,
such as continuous fluid or homogeneous multi-phase models, due to relatively low
computational costs and excellent numerical stability [21,22].

The compressibility and multiphase properties of fluids should be taken into account
when modeling the sloshing flow, as fluid is mixed with gases and liquids in the event
of a sloshing impact. Godderidge et al. suggested that an inhomogeneous model is
suitable as a multi-phase model of sloshing flow and compared a homogeneous and an
inhomogeneous multi-phase model for sloshing flow in a rectangular tank subjected to
harmonic excitation [23]. As a time-averaged equation of fluid flow motion, the Reynolds-
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averaged Navier-Stokes (RANS) equation is widely used to simulate sloshing flows. The
RANS equation can be applied with approximations based on information of the properties
of sloshing flow and turbulence properties to provide approximate time-averaged solutions
to the Navier—Stokes equations. This method is used to solve multi-phase fluid flows in
most commercial CFD codes, ANSYS CFX, with various usage of volume of fluid (VOF)
approaches [24].

The present study is designed to evaluate the effect of sloshing impact on structural
strength. The method for evaluating structural strength is to apply the FSI analysis method
and consider the hydro-elastic effect of the sloshing flow. For the FSI analysis method, a
fluid impact model of LNG sloshing was created based on VOF approaches and the RANS.
The CFD models are based on a Eulerian-Eulerian model using the control volume based
finite element method (CVFEM). The inhomogeneous multiphase model included fluid
flow and gas entrapment as well as momentum transfer between liquid and gas. To review
the suggested multi-phase model and the application of fluid impact simulations, analysis
results were compared with experimental results of dam breaking problems presented
by Hu and Kashiwagi, as well as a rectangular sloshing model test [25,26]. The validated
CFD model, combined with the FSI method, performed a structural strength evaluation
of LNG CCS by sloshing impact on the Mark III type CCS model. Finally, we discussed
the results of structural response analysis of Mark III type CCS reviewed in this study and
investigated the effectiveness of the FSI model on structural response evaluation by the
proposed sloshing simulation model.

2. Numerical Scheme

The model of sloshing flow requires the consideration of various flow complexities
such as the multi-phase (gas/liquid) flow, viscosity, and compressibility of the fluids.
Sloshing flow is described by the multi-phase model based on a discretization scheme for
RANS CFD problems. The multi-phase model for the sloshing simulation can determine
the fluid properties using the volume fraction of each fluid. It is the homogeneous multi-
phase model which is similar to the VOF approach. However, the relatively increasing
computational time approach is an inhomogeneous multi-phase model, which generally
uses mass and momentum transfer models to match solutions in separate velocity fields
for each fluid at the fluid interface [23]. The homogeneous models are commonly used in
sloshing simulations due to their relatively low computational time and excellent numerical
stability [23,27]. However, the physics of violent sloshing flows, including breaking fluid
flows, steam jams, and compressible fluid flows, can have different consequences than
assumptions inherent in the homogeneous models [16,23,26-28]. An inhomogeneous
fluid model will be able to calculate a more accurate result because the sloshing impact
phenomenon must be accurately reflected in the sloshing strength evaluation process for
calculating the structural response of the LNG CCS.

2.1. Governing Equations

The RANS CFD method with the VOF model includes pressure boundary conditions
on the free surface of fluid flow [24]. Assuming a homogeneous multi-phase flow model
using the VOF method allows one to ignore the relative motion between phases.

With the homogeneous multiphase flow assumed in most implementations of the VOF
method, it can ignore the relative motion between the phases. The interface momentum
transfer and velocity fields are also resolved using only one set of momentum conserva-
tion equations in both phases. The governing equation for homogeneous flows uses the
following mass and momentum conservation equations:

do 0 _

g"‘afxi(m‘z) =0 1
0 0 _dp 0%u;
&(puz) + ij(puluﬁ - _aixi + Vaxjaxj + bz (2)
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where b; is the external body force, p is pressure, and u; and x; are the Cartesian velocity
and coordinate tensors. Only one momentum conservation equation is used for both fluids.
The homogenous approach uses a dynamic viscosity () and density (o) of the fluid mixture
calculated using the volume fraction (r;) with the constraint } 7, = 1, as expressed in
Equations (3) and (4).

0= Prrk ®3)

H=) it 4)

For inhomogeneous fluid flow, the interfacial momentum and mass transfer is directly
dependent on the interface surface area between the two phases. It is characterized by the
interaction area per unit volume between two phases. Therefore, the interface momentum
transfer and the velocity field are solved for both phases. An inhomogeneous viscous
compressible multiphase flow with two phases (¢ and ) can be described by Equations (5)
and (6).

] d
5 (ko) + aTCi(rkPkui) =m+ Iup )
ou;

%(rkpk”i) + aax] (reoxuinj) = *Tkgjz + aax] (Tkﬂkgz; + ax:> + M+ M +b; - (6)
where I,z is the mass transfer between phases, 1 is the mass source expressed in Equation (7),
M’k is the force on the interface caused by the presence of phase B as expressed in
Equation (8), and M'*# is interphase momentum transfer caused by mass transfer. The
interface momentum transfer (M*) needs to be taken into account as it ties the fluid velocity
fields. This term may be modelled by drag force (MP) as the dominant force acting on the
fluid interface in the sloshing problem, as described in Equation (8).

Lup = tapAap = T — Ty, @)

Mt ~ MP (8)
where, the interphase drag force (MP) is expressed using the drag coefficient, as follows:

D

S re— )
0.50|uq — ug|”A

Cp

where A is interfacial area, D is drag, p is density, and |u,,¢ —u 5| is the velocity between
the phases « and . For the current Newtonian flow regime, a drag coefficient of 0.45 is
used [28].

2.2. Dam Breaking Problem

In order to review the validity of the multi-phase model by the CVFEM and to examine
the application for the fluid impact simulation, the CFD results were examined on the
experimental results of the dam breaking problem presented by Hu and Kashiwagi [26].
The experiment measured the fluid collision pressure of the sensor installed at point A
of the right wall as a 120 mm x 680 mm water column was moved by gravity as shown
in Figure 1a. The experiment was repeated for a total of eight times, and the measured
pressure history was the average value of the pressures as shown in Figure 2a. To verify
the multiphase fluid model, a 2D numerical model with symmetric conditions was applied,
as shown in Figure 1b. The fluid domain consists of multi-phase flow of air and water,
which is defined as a compressible fluid and incompressible fluid in a dispersed form so
that water can be mixed with air at the moment of impact. Furthermore, to improve the
convergence of the numerical model, the upper side of the domain was defined to allow
air to flow of the fluid domain by applying an opening condition with a reference pressure
of “0”. The simulation results show that the fluid flow was caused by gravity, as a result,
the fluid impact occurred to the right wall.
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120 mm <

Pressure
Iy measure

120 mm| 10 mm

v
f: 4 680 mm 500 mm
(a) (b)
Figure 1. Configuration of experiment (a) and CFD model (b) for dam-breaking problem [27].

(©) (d)
Figure 2. Free surface history of dam breaking problem based on water volume fraction: (a) 0.0 s;
(b)0.2s; (c) 0.7 s; (d) 0.9 s.

The experiment was repeated a total of eight times and the measured pressure history
produced a maximum pressure of approximately 1.4-1.7 kPa [26]. The CFD analysis also
generated impact pressure on the right wall, and the max pressure of 1.67 kPa was analyzed
as shown in Figure 3. Comparing the experiments with the CFD results, the max impact
pressure was calculated similarly, and the generation time (about 0.35 s) of the max pressure
and the pressure history were calculated similarly. The results comparison shows that
the inhomogeneous multiphase model presented in this study is suitable for simulating
fluid impacts.

3. Sloshing Simulation
3.1. Sloshing Problem

The proposed numerical analysis approach was applied to the results of small-scale
model tests for verification. The model test experiment was carried out under regular sway
conditions at 1:50 scale with harmonic sway motion defined by Equation (10). The model
test was performed by Daewoo Shipbuilding and Marine Engineering Co., Ltd., (Geoje,
South Korea) a South Korean shipyard. Additionally, the measured impact history was
measured by Seoul National University. The pressure histories obtained from the CFD
model were compared with the experimental sloshing pressure data to evaluate the validity
of the proposed numerical analytical model. Figure 4 shows the apparatus used for the
small-scale model test. In the model test resonant case, the excitation period is 5.388 rad/s
for the 0.02 m amplitude sway motion.

Y = {sin(w-t) (10)
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where ¢ is the excitation amplitude and w is the excitation frequency (rad/s). The excitation
frequency is based on the natural frequency of the fluid motion in the tank expressed in
Equation (11).

2 _ T8, .ﬁ
Wy = tanh(rt L> (11)

where L is length of tank and & is the depth of fluid.

2000 r

F;max:1.67' kPa

500 |- g

Pressure [Pa)

500 i I i I
02 04 06 08 1.0 1.2

Time [s]

Figure 3. Comparison of pressure history of present study.
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<>
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[ ]
>
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<

LY
i 52.5 mm
v
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(b)

Figure 4. Experiment apparatus (a) and sensor locations (b) for the sloshing model test.

3.2. Simulation Model

A CVFEM method based on the Eulerian-Eulerian model was used to simulate the
behavior of the fluid flow during the sloshing model test. An induced sloshing flow in
the experimental condition is modelled using ANSYS CFX commercial Navier-Stokes
VOF-CFD code [24]. The CFD code converts the governing differential equation to a
set of algebraic equations by discretizing the fluid domain using constant volume based
finite element method (CVFEM). The experimental conditions applied in this study are 2D
experiments with regular sway motion conditions. However, the real experiments have
produced in 3D conditions. Therefore, efficient 2D model was considered using 1-layer
grid with symmetry conditions. The model test condition with a filling ratio of 50% of
the tank height creates a violent impact in the upper edge under resonance conditions.
Therefore, the computational grid for the wall of the tank was divided into small pieces
using volume grids as shown in Figure 5. Furthermore, the sloshing model was defined
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using a commercial CFD program (ANSYS CFX) applied with VOF approaches and the
RANS. In this work, grid dependency tests were conducted to examine the uncertainty of
the sloshing CFD models.

Figure 5. Computational grid (a) and boundary condition (b) for sloshing model test simulation.

Yang et al. obtained good results under grid conditions 128by80 with the same sloshing
conditions by CCUP Method [25]. In this study, sensitivity analysis was performed by
varying the number of grids under the conditions of 64by40, 128by80, and 192by120 to
examine the same conditions in the commercial CFD code. When the simulation time
and timestep were selected as 20 s and 0.001 s for each condition analysis. The analysis
times of each analytical model were approximately 6 h, 40 h, and 62 h, respectively,
in workstation environments using i7 intel CPUs. The 192by120 grid condition was
selected by the grid dependency test, and the total of grid of the sloshing CFD model
used 23,040 hexahedral elements.

Since the computational domain is completely enclosed, we have set the reference
pressure by defining the center in the cell as shown in Figure 6. For evaluation of the
proposed model, pressure signals are collected at the same positions as the model test. The
atmospheric reference pressure is specified with reference to the center position node in
the center of the top wall. The body force approach is applied to simulate tank motion. A
standard k-e turbulence model was used in the CFD model.



Appl. Sci. 2021, 11, 7414 8of 18

(@) ()

Figure 6. Comparisons of free surface profiles between model test and CFD: (a) Experiment; (b) CFD;
(c) Experiment; (d) CFD; (e) Experiment; (f) CFD; (g) Experiment; (h) CFD; (i) Experiment; (j) CFD.
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3.3. Simulation Results of Sloshing

Figure 6 shows the comparison of the behavior of the free surface between the CFD
simulation and the model test. When the tank is excited in the resonance state, the liquid
is dispersed in the form of water droplets when the liquid collides against the tank wall
surface, and an irregular free water surface appears. Furthermore, the proposed CFD
model also shows that air flows into the liquid from the wall of the tank when liquid impact
occurs, as seen in the experiment, and the air is distributed in a mixed state inside the
liquid. Therefore, comparing the behavior of the free water surface with the experiment,
the proposed CFD model simulates sloshing shock characteristics well.

3.4. Pressure History of Sloshing Pressure

To investigate the validity of the inhomogeneous multiphase flow model, the CFD
analysis results were compared with the experimental results. The results were also
compared for the conditions of the grid condition considered in the CFD model. The
experimental results showed that the hydro pressure was generated at the lower part of
the free surface at the 50% filling ratio, and the sloshing impact pressure was generated at
the upper part. Each pressure history was examined in detail. When comparing the results
of the hydro pressure history as shown in Figure 7, although some phase differences in
pressure history are found due to experimental errors, the cycle of the sloshing pressure is
well maintained to confirm that the proposed approach is appropriate for CFD modeling
of the sloshing simulation. The phase difference generated at this time is thought to be
from the error that occurs since the motion condition applied in the experiment does not
exactly match the natural frequency of the model test calculated by Equation (10).

10000 T T

T E = : 10000 T T T T T
- xperimen —— Experiment
9000 I~ 30F ' CFD 128by80 9000, [ CFD 128by80
8000 |- "1l | CFD 192by120 8000 [ —— CFD 192by120
7000 - :ig | 1 7000 [-
6000} " 6000 |-

Pressure [Pa]
Pressure [Pa]

55 6.0 65 7.0 75 80 85

Time [s]
(a)
10000 T T T 10000 T T T T
. Experiment —— Experiment

9000 =31 g CFD 128by80 9000 |- CFD 128by80
8000 | ~{L* —— CFD 192by120 8000 |- CFD 192by120
7000 |- ‘ 7000 |-

6000 | ° 6000 [

5000 |- 5000 [

Pressure [Pa)
Pressure [Pa)

6 55 6.0 65 70 75 80 85
Time [s] Time [s]

(b)

Figure 7. Comparison of hydro pressure history under the free water surface between experiment
and CFD analysis at C1 sensor (a) and C2 sensor (b).

And the sloshing impact pressure was observed on sensors located above the free
surface at the 50% filling ratio as shown in Figure 8. Although uncertainty in the experiment
resulted in some differences in C6 sensor positions, it was confirmed that the pressure
history had similar behavior for certain impact pressures at C7 and C9. In particular, the
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30000

CFD models with a grid of 192by120 were found to calculate better behavior of impact
pressure than other models. High impact pressures are occurring repeatedly near the top
corner of the model test. The results show that the proposed CFD model is appropriate for
the sloshing pressure calculation by observing the impact pressure history of the C6, C7
and C9 sensors in Figure 8, which is thought to have the least experimental error. Since the
analysis solution estimated the pressure peaks at steady state, the results did not completely

match the experimental results at the reference points.
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(a) Impact pressure history at C6 sensor
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(b) Impact pressure history at C7 sensor
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(c) Impact pressure history at C9 sensor

Figure 8. Comparison of impact pressure history between experiment and CFD analysis: at C6 sensor (a); C7 sensor (b); C9

sensor (c).
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In this study, the velocity of induced maximum fluid impact loads calculated from the
sloshing CFD analysis is calculated and transferred to the FSI (fluid structure interaction)
analysis. Therefore, the CFD analysis determined when the maximum impact load occurred,
and a pressure of approximately 9 kPa was calculated at the C7 sensor location as shown
in Figure 9.

1x10° " T v T T v T v T ’
010" Loty MaX. pressure at C7: ——C6 |]
: : : : : —C7 |
Ll B e — 8 H
Ll e et I B feressenaseees e '—09 -
o . & o T — ]
E 5“03 _ ............ , ............ , .............. .............. S —— -
a - " . . . e
o 4x10°
(]
S
a

3x10°

2x10°

wo b HHHAHTH A
IAAAAALANERERAEEE
-1“03.0 45 6.0 75 9.0 105 120

Time [s]
Figure 9. Sloshing pressure history in CFD analysis.

4. Fluid Structure Interaction Analysis

To predict the structural response of the LNG CCS to the sloshing fluid impact, the
structural response was analyzed using an FSI analysis. However, the FSI analysis method
requires a long computation time since it performs the analysis in parallel with the fluid
problem and the structural problem at each timestep. Multi-phase fluid flow of LNG and
gas compressibility may have a large effect on excited pressures and structural response.
Therefore, the coupled approaches are introduced using a localized fluid column model, as
shown in Figure 10, as a practical FSI method. This method can simulate the LNG sloshing
and efficiently analyze the structural response of LNG CCS. The structural response of the
FSI model requires a transient analysis scheme. The structural response was iteratively
calculated while the interaction between the motion of the fluid column and the structural
deformation was updated at every time increment in the analysis. The FSI method was
employed to evaluate the structural strength at real scale for a Mark III CCS. As a result,
the analytical results by the FSI model are evaluated to discuss the FSI method for the
sloshing assessment.

Fluid velocity
(scale up)

FSlintdrface

om 00 190000 (ren)

. - - )
— — ) T

CFD Simulation (model scale) Localized FSI model (real scale)

Figure 10. Analysis procedure for structural assessment of CCS.
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4.1. LNG CCS Model

A Mark III CCS was selected for structural assessment. The insulation panel of a
Mark-III CCS consists of a thin corrugated membrane, plywood, reinforced poly-urethan-
form (R-PUF), triplex, and mastic, as shown in Figure 11. It also consists of two layers of
R-PUF divided by triplex material, and it is attached to the hull by mastic. Since the main
interest of this study is to investigate the dynamic response of the R-PUEF, plywood, and
the highly loaded region around the mastic supports, an insulation system without triplex
and membrane is considered for the finite element meshes. Hence, the primary membrane
and triplex is ignored for the structural finite element (FE) model.

Top bridge pad Primary stainless steel membrane

Metallic insert

Inner hull —

Composite seco;\dary membrane (Triplex) Insulafion panel
Figure 11. Schematic view of a Mark III type LNG insulation panel [29].

In this study, we will consider the local FSI analysis method proposed. The struc-
tural analysis should select a model that matches the CCS used in the sloshing strength
evaluation. However, from the viewpoint of examining the methodology of the strength
evaluation method presented in this study, a flat CCS model was selected as shown in
Figure 12.

Figure 12. FE model of a Mark III insulation panel.

The boundary conditions of the FE model for structural analysis are that the bottom
side of the mastic support is fixed, and symmetry is applied to the side surfaces of the
CCS. Moreover, to match the insulation box of Mark III containment, a unit section of the
insulation box is selected from the side shell of LNG vessels. Then an LNG CCS assembled
from plywood, R-PUF, and mastic is modeled as shown in Figure 12. For the FE model of
the insulation box, the mastic and R-PUF were assumed to be isotropic materials and the
plywood was assumed to be an orthotropic material.
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4.2. Impact Velocity of Sloshing

For application of the localized FSI analysis method at the maximum pressure time
in model test simulation, the maximum velocity of fluid obtained is assumed to give the
maximum pressure on the insulation panel. Figure 13 shows the vectors of fluid velocity
at 5.75148 s. The maximum velocity obtained by CFD was scaled up by Froude’s law,
Equation (12). The fluid velocity calculated from the numerical analysis of the experiment
was 1.9 m/s, which corresponded to 13.4 m/s as scaled-up by Froude’s scale law. The scale
parameter (A) used here is 50, the scale of the model test.

st = \/X X Vms (12)

Figure 13. Vector plot of fluid velocity at 5.75148 s.

4.3. Localized Fluid Column Model

The local impact analysis was carried out by FSI using a mesh deformation scheme
and an FSI coupling interface. In the coupling analysis step, in order to evaluate the
structural response caused by the fluid impact load, the interactive analysis performed
repeatedly at each timestep by two-way FSI analysis scheme. The FSI model consists of
both the structure and fluid domains as shown in Figure 14. The localized CFD model
of a fluid column was coupled with the transient structural FE model of an insulation
panel. When the maximum velocities of real scale were determined, a fluid column can be
assumed to generate sloshing impact for hydro-elastic analysis. Therefore, the FSI between
a fluid column and an insulation panel was considered. For the fluid column model, the
height (1) of fluid column is defined by fluid velocity (V) and the rise time (RT) that is
defied by the maximum peak pressure signal as shown in Figure 9. The height (/) of the
column is defined by Equation (13).

h=V xRT (13)

For fully coupling the FSI analysis, the boundary conditions on the FSI interfaces are
that the displacements of the fluid and solid domain are compatible and tractions at these
boundaries must be in equilibrium. To create the FSI analysis conditions, the fluid-structure
interface was applied to set the displacement (u) at the nodes of the fluid region and solid
region following Equation (14). Thus, the fluid and structure velocity at the interface
behave identically. The stress term due to the hydro force is transferred to the solid region
and structural analysis can proceed using Equation (15).

Ufluid = Usolid (14)



Appl. Sci. 2021, 11, 7414

14 0f 18

O fluid M fluid = Csolid Msolid (15)
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Figure 14. Local FSI model using a fluid column: (a) schematic configuration of the FSI model;
(b) volume fraction of the multi-phase in fluid domain.

5. Structural Strength Assessment of the LNG CCS

This study has been carried out to confirm that the use of the suggested method
with appropriate parameters for the sloshing assessment provides an effective method of
investigating LNG CCS design. Figure 15 shows the fluid motion and volume fraction
of the fluid column at impact time in the FSI analysis. In Figure 15, the red region is the
volume fraction of the LNG fluid column, and the blue indicates the volume fraction of the
gas region. The fluid column shows the process of impact and diffusion over time. The
fluid column uniformly impacts the interface. The maximum pressure induced by the fluid
column model is approximately 0.8 MPa with a duration of 0.0067 s, as shown in Figure 16.
The pressure history shows that after the maximum pressure is generated, the subsequent
pressure due to the fluid force is generated. Therefore, sloshing fluid flow modeled as
incompressible fluids present a need for a compressible flow model for fluid and gas. This
is possible since the CFD approach allows us to specify an order that satisfies the dynamic
behavior. When calculating the structural response of Mark III CCS by the FSI model, the
results for each timestep are shown in Figure 17. The maximum equivalent stress occurred
in the mastic member connected with the hull, with a maximum of about 3.3 MPa and
a maximum deformation of about 2.6 mm. In addition, the results were compared with
the structural safety review criteria presented in the ABS guidance to verify the structural
safety of the Mark III LNG CCS applied through the FSI analysis results. According to
the guidance, the structural safety reviews of LNG CCS are evaluated by each structural
member: plywood, R-PUF, and mastic [6]. Table 1 summarizes the maximum structural
response for each member calculated through FSI analysis. In addition, the values shown
in bracket “()” in Table 1 are the safety reference values for each member presented in ABS
guidance. The results showed that all of the calculated results met safety standards.
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(a) 0.001 s (b) 0.002 s

(d) 0.008 s (e)0.01s (f)0.015 s

Figure 15. Local FSI model using a fluid column: (a) at 0.001 s; (b) at 0.002 s; (c) at 0.005 s; (d) at
0.008 s; (e) at 0.01 s; (f) 0.015 s.
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Figure 16. Max. pressure history from the fluid column model.
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Max. Stress= 0.035 MPa — Max. Stress= 0.15 MPa
Max. Def.= 0.0001Tmm B -1 Max. Def. = 0.0006mm

— e
(a) 0.001 s (b) 0.002 s
Max. Stress= 0.89 MPa ELEMENT SOLUTION Max. Stress= 3.32 MPa
Max. Def. = 0.001Tmm o Max. Def. = 2.4mm

() 0.005 s (d) 0.008 s
Max. Stress= 2.73 MPa ELEMENS S0UTTION Max. Stress= 0.33 MPa

Max. Def. = 2.6mm w1 Max. Def. = 0.006mm

(e) 0.010s () 0.015 s
Figure 17. Von-Mises stress distribution and max deformation in CCS: (a) at 0.001 s; (b) 0.002 s; (c) 0.005 s; (d) 0.008 s;
(e) 0.010's; (f) 0.015 s.

Table 1. Structural responses review of Mark III CCS by ABS guidance [6].

Max. Stress [MPal] Max.
3 3 5 Deformation
Equivalent Horizontal Vertical Shear [mm]
Whole CCS 3.32 - - - 2.6
Plywood 6.8 0.3 (40) 1.21 (2) 1.32 (2.8)
R-PUF 0.21 0.26 (2.4) 0.36 (1.4) 0.06 (1.4)
Mastic 1.69 (15) - - - 2.6

Although a simple LNG CCS model was applied to calculate the structural response by
the FSI analysis, the validity of the strength evaluation process of LNG CCS was reviewed
using the proposed FSI model.
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6. Conclusions

In this paper we discuss using an inhomogeneous fluid and localized FSI model as
a structural strength assessment model by sloshing with multi-phase CFD model based
on the Eulerian-Eulerian approach. A typical strength evaluation method is difficult to
consider the interaction between fluid and structure deformation since the slosh pressure
is first obtained, and then structural analysis is performed by simplifying the sloshing
pressure. Sloshing impact loads are affected by compressible viscous conditions of fluid
model at the moment of fluid impact. Therefore, the suggested FSI analysis methods
in this study for the hydro-elastic effects of sloshing phenomena and structural strength
evaluations were also considered. To reflect the effect of the sloshing fluid impact on
structural strength, the physical properties of the sloshing fluid flow were investigated.
The buoyancy and drag forces acting on the gas phase are considered for the transfer
of phase momentum between the multi-phases and are used to evaluate the structural
strength of membrane type CCS of LNG vessels. The numerical scheme contains the
multi-phase characteristics of the sloshing flow. The proposed scheme was validated by
comparison with the results of the dam breaking problem and the rectangular sloshing
model test. We also found that the local fluid column model is an efficient model that
reduces the computational time for FSI analysis without compromising accuracy. Structural
strength evaluation of CCS by sloshing flows was performed by the proposed FSI analysis.
The results of structural response analysis of Mark III type CCS were discussed and the
effectiveness of the structural response evaluation model by sloshing was reviewed. The
proposed FSI model is considering multi-phase sloshing flows to evaluate the strength of
CCS under the sloshing conditions, but more specific research should be conducted since it
was applied to a simple model.
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