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Abstract: Thermal insulation panels are installed on the inner walls of liquefied natural gas (LNG)
tanks of an LNG carrier to maintain the cryogenic temperature. Mastic ropes are used to attach
thermal insulation panels to the inner walls and to fill the gap between the walls and panels. Because
the inner walls of the LNG tanks can be corrugated owing to production errors, a large amount
of mastic ropes are required to maintain the flatness of the thermal insulation panels. Therefore,
in this study, an optimization method is proposed to minimize the total amount of mastic ropes
for satisfying the flatness criterion of thermal insulation panels. For this purpose, an optimization
problem is mathematically formulated. An objective function is used to minimize the total amount
of mastic ropes considering constraints to flatten the thermal insulation panels. This function is
applied to the design of membrane-type LNG tanks to verify the effectiveness and feasibility of the
proposed method. Consequently, we confirm that the proposed method can provide a more effective
arrangement design of mastic ropes compared with manual design.

Keywords: mastic ropes; LNG tank; LNG carrier; arrangement design; optimum design

1. Introduction

1.1. Research Background

A liquefied natural gas (LNG) carrier is a tank ship designed for transporting LNG. LNG tanks
are the most important aspect in the design stage of LNG carriers. Because an LNG carrier transports
low-temperature LNG, thermal insulation panels are attached to the inner walls of the LNG tank
to maintain the temperature of the LNG. If the thermal insulation panels are not flat owing to the
corrugation of the inner hull of the LNG tank, the thermal insulation panels may be vulnerable to
impact, and the insulation efficiency may deteriorate. Therefore, wedges are placed on the vertices of
the thermal insulation panels, known as studs, to flatten the thermal insulation panels. The empty
space between the insulation panel and the inside hull of the LNG tank is filled with mastic ropes.
The excessive use of mastic rope increases production costs. Meanwhile, using insufficient mastic
ropes will not satisfy the flatness criterion.

Minimized total amount of mastic ropes and flat thermal insulation panels cannot be satisfied
simultaneously because those two objectives conflict with each other. Manual designs are focused
only on the flatness of the thermal insulation panels. Occasionally, workers overuse mastic ropes

J. Mar. Sci. Eng. 2020, 8, 353; doi:10.3390/jmse8050353 www.mdpi.com/journal/jmse


http://www.mdpi.com/journal/jmse
http://www.mdpi.com
https://orcid.org/0000-0002-0629-5992
https://orcid.org/0000-0001-7972-6848
http://www.mdpi.com/2077-1312/8/5/353?type=check_update&version=1
http://dx.doi.org/10.3390/jmse8050353
http://www.mdpi.com/journal/jmse

J. Mar. Sci. Eng. 2020, 8, 353 2 of 15

without guidelines. Therefore, new approaches based on optimization are required to achieve both
objectives simultaneously.

1.2. Related Studies

Various studies have been performed regarding the insulation efficiency of thermal insulation
panels. Jeon et al. [1] investigated a heat transfer model considering the temperature distribution of
the outer hull of an LNG tank under cryogenic conditions. They discovered the effects of thermal
insulation panel layers, which maintained cryogenic conditions inside the LNG tank.

Furthermore, studies have been conducted regarding the fatigue strength inside the hull of an
LNG tank when the flatness of the thermal insulation panel is uneven. For example, Chun et al. [2]
investigated the dynamic strength characteristics of the LNG insulation system of a membrane-type
LNG tank under impact loads. They developed a custom-built-type dry drop test facility to measure
the performance of the LNG insulation system, and the results can be used for the robust design
and verification of numerical analyses of LNG insulation systems. Kim et al. [3] tested the fatigue
strength of a membrane-type LNG tank for three different locations at room temperature, considering
the sloshing impact loading condition. Consequently, they discovered the limit fatigue strength of the
thermal insulation panel according to the amount of mastic ropes. Similarly, Graczyk and Moan [4] and
Kim et al. [5] investigated the structural response of the inner walls of an LNG tank and the corrugation
by pressure resistance through finite element analysis; they discovered the effect and importance of the
flexibility of thermal insulation panels by deflection and bending.

Several studies have been performed regarding the design of LNG tanks and the cost reduction of
LNG storage. Caprace et al. [6] proposed a multi-objective optimization problem for an LNG carrier
considering production cost, weight, and stiffness. Furthermore, they obtained Pareto frontiers using
the weighted sum of the factors and validated the results with the Bureau Veritas rules. Salarkia et al. [7]
designed an LNG bi-lobe tank using finite elements, a genetic algorithm, and a neural network to
suggest the maximum capacity and minimum cost of the LNG bi-lobe tank. They first used a genetic
algorithm with an objective function, including the results of finite element simulation, the weight of
the LNG bi-lobe tank, and the volume of the LNG bi-lobe tank.

Furthermore, they used a neural network to optimize the design parameters of the entire
continuous region of the LNG bi-lobe tank. Barclay et al. [8] presented a critical study of the effects of
LNG storage capacity and insulation quality. They suggested a marginal cost that involved a tradeoff
between insulation quality and capital cost.

When we investigated previous studies, there are few studies closely related to mastic rope
optimization. Few studies have suggested guidelines for the requirement of mastic ropes considering
insulation efficiency, effect to the hull of the LNG tank, and design cost of the LNG tank. Therefore,
guidelines regarding the total amount of mastic ropes considering the flatness criterion of the thermal
insulation panel are proposed herein.

This paper is organized as follows. Section 2 describes the method for the optimal arrangement
design of mastic ropes. Section 3 describes the application of the proposed method to the inner walls
of the LNG tank; in addition, a discussion is presented with the results obtained from the application.
Section 4 presents the overall results of this study and discussions of future studies.

2. Arrangement Design Method of Mastic Ropes

2.1. LNG Tank Description

Figure 1 shows the overall shape and the name of each side of the membrane-type LNG tank used
in this study. The membrane-type LNG tank was shaped like an octagonal prism, as shown in Figure 1.
The names of all 10 inner walls (simply, walls) were determined by the regulation. The tetragonal
top and bottom sides were denoted walls A and C, respectively. The two octagonal walls were denoted
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wall B for the front side and wall D for the backside of the LNG tank. The other tetragon sides were
denoted walls E, F, G, K, J, and H clockwise from wall B.

16 DA 9

Figure 1. Overall shape of the membrane-type liquefied natural gas (LNG) tank.

The octagonal LNG tank comprised 24 edges and 16 points. The name of each edge was defined
with the name of the two sides that were connected with the edge. For example, the name of the edge
connecting walls A and B is edge BA. The number of each vertex is shown in Figure 1, which starts
from the top-left vertex counterclockwise on wall B to the top-left vertex on wall D.

To ensure that no gap exists between panels and increase the insulation efficiency, the exact
specifications of each wall should be measured. Supposed that four vertices of each wall are on
one plane, the X and Y positions of each vertex and the length of each edge and diagonal were
measured. After measuring the specifications, reference lines were drawn horizontally and vertically
with respect to the centroid of each wall. In each wall, the horizontal and vertical reference lines should
be perpendicular to each other, and the reference lines divide the wall to minimize the difference of the
individual area. After defining the reference lines of each wall, the stud lines were defined at equal
intervals from the reference line. The point at which the stud lines intersected was known as a stud,
and a wedge was installed at each stud to support the vertices of the panel, as shown in Figure 2.
Because of the torsion of the inside hull, the initial height at each stud was uneven and the panel was
tilted. Therefore, the initial height at each stud was measured from the reference laser plane, which was
at a certain height from the floor. The wedge height at each stud was defined considering the initial
heights, and the empty space under the thermal insulation panel was defined using the wedge height.
Because the wedge heights differed, each panel had a different space size under the panel, and mastic
ropes were used to fill the space between the panel and the inside hull of the LNG tank, as shown
in Figure 3.

Figure 3 shows the manufacturing process of the LNG tank. In this figure, the inside hull of the
LNG tank is located in the bottom, and the thermal insulation panels are located on the inside hull of
the LNG tank. To fasten the thermal insulation panels, the wedges are located on the vertices of the
thermal insulation panels and the mastic ropes are used to fill the space.
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If space is enlarged, then more mastic ropes are used to fill the space, which increases the total
cost. Therefore, we must optimize the wedge heights considering both the flatness of the panels and
the total cost of the mastic ropes.

Side view
Mastic rope

Wedge Panel
fa= u\c_@j,g
Stud Stud Stud Stud
Inside hull of LNG tank

- * Stud is the point where the stud lines cross.

C-\Stud ~Stud ~Stud />Stud

Panel Panel Panel

C/Stud stud ~sStud \)Stud

Reference line AN Stud line

Figure 2. Overall mastic rope optimization of LNG tank.

Thermal insulation panel

Mastic rope

T Inside hull of LNG tank

Figure 3. Manufacturing process of LNG tank with thermal insulation panels and mastic ropes.
2.2. Formulation of the Optimization Problem

The optimization problem is composed of design variables, the objective function, and constraints.
In this study, the purpose of the optimization problem is to minimize the total amount of mastic
ropes while satisfying the flatness criterion; furthermore, the optimization problem is mathematically
formulated. Each component of the optimization problem is described in the subsequent subsections.

2.2.1. Input Information

In this study, the X and Y positions and the initial height (P = {p1, p2, p3, ... , pu), pi = (xi, yi, 27)) at
each stud was set as the input information. In particular, the initial height at each stud was defined
as the distance between the inside hull of the LNG tank and the reference laser plane. The reference
laser plane is the imaginary plane over the inside hull parallel with the XY-plane, as shown in Figure 4.
In this figure, to calculate the initial height at each stud, it is needed to define the stud lines, and the X
and Y positions of each stud, as explained in Section 2.1.
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Figure 4. Elevation view of the inside hull of LNG tank and reference laser plane.

Additionally, the connected panel index (N = {Nj, Ny, N3, ..., N;}) at each stud was the
input information.

2.2.2. Design Variables

Hundreds of studs exist in the wall of the inside hull of an LNG tank, and each stud has a wedge to
support the vertices of the panel. Because the initial height of each stud was different, the wedge height
at each stud must be determined to flatten the panel. Therefore, the design variables of the optimization
problem were the wedge heights (X = {hy, hy, h3, ... , h,}) at the studs. To determine the wedge heights,
the input information of the problem must be defined. To calculate the corrugation at each stud and
the slope, the X and Y positions and the initial height (P = {p1, p2, p3, ... , pn}, Pi = (i, ¥i, 2;)) at each
stud were the input information.

After defining the input information, the wedge heights were determined considering the final
height and slope at each stud. The wedge height increased discretely in 0.5 mm increments between 4
and 25 mm. Figure 5 shows an example with 3 X 2 thermal insulation panels and 12 studs. In the example,
the input information was a set of p; for 12 studs and a set of N; for six thermal insulation panels.
The design variables of the example were the wedge heights, which were a set of h; for 12 studs.

ol mpzel’: /\Pp]’s Pyl
N, N, N;
C Ds. I [t y2N> Ds- I
N, N; N;
-/ /
Poshy P>y Pyl Ppshy,

Figure 5. Example of input information and design variables.

As shown in Figure 6, the initial height at each stud was determined as the distance between the
reference laser plane and the hull of the LNG tank at each stud. Because the wedge height at each
stud was determined as the design variables, the final height at each stud was calculated with the
difference between the initial and wedge heights at the stud, as shown in Equation (1). The z; and #;
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in Equation (1) denote the initial height from the reference laser plane and the wedge height at each

stud, respectively.
dz; = z; — h; 1

y
X Reference laser plane

Inside hull of LNG tank
1

Stud 1 Stud 2 Stud 3

Figure 6. Elevation view of the inside hull of LNG tank and calculation of final height at each stud.

2.2.3. Objective Functions

In this study, the primary target of the optimization problem is to decrease the total amount
of mastic ropes. As shown in Figure 7, all panels are flat in the ideal flatness condition. However,
in the ideal flatness condition, more mastic ropes are used. Therefore, we can minimize the total amount
of mastic ropes by maintaining the slope of the thermal insulation panels within the flatness criterion.

Ideal flathess condition

dz dz, dz, dz,

1 2
| | | |

\\

Wedge Inside hull of LNG tank Mastic ropes

Mastic ropes optimization condition

dz de d23 CI’Z4

1

Wedge Inside hull of LNG tank Mastic ropes

Figure 7. Difference between ideal flatness and mastic rope optimization.

We optimized the wedge heights and decreased the total amount of mastic ropes based on the
mastic rope optimization conditions. Five types of mastic ropes exist according to the radius or sectional
area of the mastic rope. The mastic ropes were spread under the panel, and a single type of mastic rope
was used in one panel. A panel comprised four wedges for four vertices, and the type of mastic rope to
be used was decided by the maximum height (e) of the wedges according to the mastic rope reference
shown in Table 1.
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Table 1. Mastic rope reference table.

Maximum Wedge Height (mm) Type of Mastic Rope Sectional Area (mm?)
e<7 C1 200
7<e<12 C2 350
12<e<15 C3 430
15<e<20 C4 580
20<e<25 C5 720

The panel was a rectangle measuring 3 m X 1 m, and the mastic ropes were spread widthwise at
intervals of 100 mm. Therefore, the total length of the mastic ropes was 30 m in one panel, and the
amount of mastic ropes in one panel was calculated with the total length of 30 m and the sectional area,
which was decided based on Table 1.

H; (X) = 30~(7’11'51 + 1y-Sp + n3-S3 + 14-Sy4 + 115'55) (2)

In Equation (2), Hy(X) is the total amount of mastic ropes; n; and S; are the number of panels
and the sectional area of type-i mastic ropes, respectively. Therefore, the objective function of the
optimization problem minimizes the total amount of mastic ropes.

In addition, it is important to not only decrease the total amount of mastic ropes but also to
flatten the thermal insulation panels in this study. Therefore, the objective function can be changed to
flatten the thermal insulation panels. For this purpose, two types of additional objective functions are
proposed instead of minimizing the total amount of mastic ropes. First, to minimize the difference
between the final heights of adjacent studs, an objective function H,(X) was used. This objective
function is used to flatten the thermal insulation panels with a local side.

Hy(x)=Y +3)

Considering studs i and j are adjacent to the y-axis, which mean that studs i and j are placed
on the same line on the y-axis, and stud k is adjacent to the x-axis. Therefore, The first term of H,(X)
means the gradient of two adjacent studs on the x-axis, the second term of H»(X) means the gradient of
two adjacent studs on the y-axis. The second objective function H3(X) minimizes the standard deviation
of the final heights of all studs. This objective function is used to flatten the thermal insulation panels
with a global side.

de—dZZ‘
x]-—xl-

de - dZi

3
=1 ®G)

H;(X) = STDEV (dz;) (4)

The standard deviation of the final heights of all studs is calculated with Equation (5).
In this equation, u is the average of the final heights of all studs, and the number N is the total
number of studs.

STDEV (dz;) = = ®)

The purpose of two objective functions, H»(X) and H3(X), is to consider not only the economics
of the LNG tank but also the quality of the LNG tank in terms of insulation efficiency and strength.
Here, the objective function H»(X) is considering the flatness of the thermal insulation panels in view
of the local side. In comparison, the H3(X) is considering the flatness of the thermal insulation panels
in view of the global side of the whole wall.
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2.2.4. Constraints

Although the primary target of the optimization problem is to decrease the total amount of
mastic ropes, the flatness criterion must be satisfied as well. Three types of constraints pertaining
to the gradients of the wedges and panels were used in this study. First, the gradient between
two adjacent studs in the x- and y-directions is a constraint. The constraint related to the gradient
between two adjacent studs can be calculated using Equation (6) for the x- and y-directions.

de—dZi
xj—xl-

de - dZ,' <

£ 6
v 1 (6)

€1,

Considering studs i and j are adjacent to the y-axis, which mean that studs i and j are placed
on the same line on the y-axis, and stud k is adjacent to the x-axis. Therefore, two inequalities mean
the gradient constraints to x- and y-direction, similar to the objective function H»(X). In Equation (6),
the maximum gradient should be less than the criterion €1, and the value of ¢ is 3 mm per 1 m in
this study.

Next, the twist of each panel is a constraint as well. Even though the gradient between two adjacent
studs is satisfied with the first constraint, the panels can be twisted because no constraints exist between
diagonal studs. The twist of the panel can be calculated as the difference between the maximum and
minimum values of the final height at four studs in a panel, as shown in Equation (7).

|max(dz) - min(dz)lpmel <& (7)

In Equation (7), dz means the set of stud heights that supports one panel, and it is composed of
four studs for four vertices of the panel. The max(dz) is the maximum value, and the min(dz) is the
minimum value of the final height at the four studs in one panel. Therefore, this equation means that
the difference between the maximum and minimum values of the final height at the four studs should
be less than that of criterion €5, and the value of €, was 4 mm in this study.

Finally, the difference between two adjacent gradients for the x- and y-directions is a constraint as
well, as shown in Equation (8).

le - dZ]' dZ]' - le'
xl—x]- xj—xl-

Az, — dzy B dzy — dz;
Ym = Yk Yk~ Yi

®)

€3,

In Equation (8), studs i, j, and / are adjacent to the y-axis, and stud j is the middle stud between studs
iand I. Meanwhile, studs i, k, and m are adjacent to the x-axis, centering around stud k. In this equation,
the difference between two adjacent gradients should be less than that of criterion €3, and the value of
€3 was 3 mm per 1 m, i.e., the same as that of ¢; in this study.

The first and second constraints are related to the slope or twist in one panel; however, the slope
between panels must be considered as well. Therefore, the last constraint represents the slope between
panels adjacent to the x- and y-directions. If no constraint exists regarding the slope between panels,
then the panels cannot maintain the flat condition. Therefore, this optimization problem is a type
of constrained optimization problem that comprises many design variables, one objective function,
and three forms of inequality constraints.

With the example based on the 3 X 2 panels and 12 studs as shown in Figure 5, 15 constraints exist
for the gradient between two adjacent studs, nine constraints for the x-direction, and six constraints for
the y-direction. Furthermore, because each panel has a constraint for the twist, six constraints exist for
the six panels. Finally, six constraints exist for the x-direction and three constraints for the y-direction
for the slope between two adjacent panels.
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2.3. Optimization Algorithm

Generally, optimization algorithms comprise two types of algorithms: global and local optimization
algorithms. A few types of local optimization algorithms, including sequential linear programming [9],
sequential quadratic programming [10], and a method for feasible directions [11] can be used to obtain
the optimum solution effectively. However, if the problem contains many design variables and becomes
complicated, the local optimization algorithms obtain a local optimum that is relatively close to the
starting point.

To overcome the limitation of local optimization, we used the nondominated sorting genetic
algorithm (NSGA)-II [12] global optimization algorithm, which is a well-known and proven genetic
algorithm [13,14]. The NSGA-II algorithm shows good performance to find the global optimal solution
for non-linear optimization problems. Generally, the genetic algorithm starting from a random initial
population selects the best solution set in the current generation and obtains the optimum solution via
crossover and mutation [15-17]. However, because the mastic rope optimization problem involves
many design variables and constraints, it is difficult to obtain the optimum solution that satisfies all
constraints from the random initial population. Therefore, the seed solution that is calculated from the
last optimization and satisfies all constraints was used as one of the initial solutions; this is known
as a seed-based genetic algorithm [18]. In this study, hundreds of design variables and thousands
of constraints exist in the wall of the LNG tank. Therefore, a seed that satisfies all constraints at the
minimum was used to obtain the global optimum effectively for the optimization problem having many
design variables and constraints. The minimum condition seed is based on an approach to minimize the
total amount of mastic ropes. Figure 8 shows the overall process of the seed-based genetic algorithm.

Seed i+ Parents Selection

Crossover

|

Population Mutation

........................................

Conventional GA

Better than Seed?

Figure 8. Overall process of the seed-based genetic algorithm.

2.4. Summary of the Proposed Method for Mastic Rope Optimization

As described previously, the optimization problem for mastic ropes can be summarized as follows:

Find X ={hy,hy, h3,--- , hy} : Design variables
Minimize Hy(X) =30:-(n1-S1 + 12:Sp + n3-53 + 14-S4 + n5-Ss5),  : Objective functions
_ v|dzi—dzi dzy—dz;
Hy(X) = Z|—x]._xi + X)) and
Hs(X) = STDEV (dz;)
. dzj—dz; dzy—dz; . :
Subject to x; = 1, ﬁ <eq, : Constraints
|max(dz) - min(dz)|panel < &, and
dzj—dzj  dzj—dz; e dzw—dz; _ dzg—dz; e
Xj=Xj Xj—Xi 37 Ym—VYk Yk—Yi 3
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Herein, the optimization problem is proposed to decrease the total amount of mastic ropes
satisfying the flatness criterion of thermal insulation panels for the design of a membrane-type
LNG tank.

The design variables of the optimization problem are the heights of the wedges that support and
decrease the slope of the panels. The objective function minimizes the total amount of mastic ropes,
and three types of constraints exist regarding the gradient of two adjacent studs, the twist of panels,
and the difference between the two adjacent gradients. To solve the constrained optimization problem,
the seed-based genetic algorithm with NSGA-II, which is one of the global optimization algorithms,
was used.

3. Applications of the Proposed Method

To solve the mastic rope optimization problem, we developed a prototype program based on the
proposed method. To verify the feasibility and applicability of the program, we applied it to wall A of
the membrane-type LNG tank and compared the results with the manual design.

3.1. Prototype Program for the Proposed Method

The prototype program is composed of the LNG tank generation module, the optimization module,
and a user interface. The prototype program is an in-house program developed using the C# language
in the Microsoft Visual Studio 2017 environment. Using the program, the user can easily perform
mastic rope optimization and review the results. Figure 9 shows a screenshot of the prototype program.

00 ¥ osk
RibbonlView
oaa st Pl e
g .
1 Shows the buttons such as create, :
| compute, import and export 'l
N o -
—.v,\\ —————— \
1 Shows alistof 1
: tanks and sides |
Ve ————
IDatal&IPanel\View,
Pl TS
SOt U o -
1 Shows the input data and result of :
: wedge heights and panels }
| R ——— -

Figure 9. Screenshot of the prototype program for mastic rope optimization.

In the prototype program, the user interface comprised four types of views. First, the ribbon and
tree views generate the LNG tank and import or export the results. Next, the data view shows the
specifications of each stud, including the wedge number, initial height, final height, wedge height,
and connected panel number. Finally, the panel view shows the visualization of the result of mastic
rope optimization, and the color of each panel represents the type of mastic rope that is used on
the panel. Gray, blue, green, yellow, and red panels represent mastic ropes of types C1, C2, C3, C4,
and C5, respectively.
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3.2. Definition of Various Cases with the Proposed Method

The prototype program demands the specifications of each stud, including the location,
stud number, initial height, and connected panel number, as input data. The test case that is the
tetragonal wall A of the membrane-type LNG tank contains 360 panels, 418 studs (design variables),
and 1910 constraints.

As explained in Section 2, the objective function of this study can be changed for the optimization
problem. In this study, to compare the difference in the optimization result based on various purposes,
we performed several cases of changing the objective function. The cases are divided into three
according to objective functions as following:

- Case 1: H1(X), to minimize the total amount of mastic ropes
- Case 2: Hy(X), to minimize the difference between the final heights of the adjacent studs
- Case 3: H3(X), to minimize the standard deviation of the final heights of all studs

First, Case 1 contained the H1(X) objective function to minimize the total amount of mastic ropes.
In Cases 2 and 3, the objective function was changed to H»(X) and H3(X), respectively, to minimize the
difference between the final heights of the adjacent studs and to minimize the standard deviation of the
final heights of all studs. As explained in Section 2, each objective function H»(X) and H3(X) represents
the local and global sides of the flatness of the thermal insulation panels, respectively. Therefore,
the total amount of mastic ropes and the flatness of the thermal insulation panels were compared
according to the objective function for Cases 1, 2, and 3.

3.3. Result and Discussion

In Table 2, the number of Ci type (i = 1 to 5) is the number of panels that use the Ci-type mastic
rope. For example, two panels use the C1-type mastic ropes; 214 panels use the C2-type mastic ropes;
and 86, 43, 5 panels use the C3-, C4-, and C5-type mastic ropes in the manual design, respectively.
However, 246 panels were used in the proposed method. Because the manual design is focused on
the flatness between the panels, the proposed method decreases the total amount of mastic ropes
by reducing the usage of the C3 type, which has a larger sectional area compared with the C2 type.
This means that the total amount of mastic ropes will be increased if mastic ropes of types C3, C4,
and C5 (green, yellow, and red panels, respectively) are increased.

Table 2. Result of the proposed method for all cases.

Item Manual Design Case 1 Case 2 Case 3
Number of C1 types 2 - - -
Number of C2 types 214 246 232 202
Number of C3 types 86 71 63 93
Number of C4 types 43 27 41 46
Number of C5 types 5 4 12 7
Total amount of mastic 3895.36 L 3784.76 L 3?39.88 L 3?87.48 L
ropes (H1(X)) (3% decreased) (1% increased) (2% increased)
Height difference between 1.62 mm 1.58 mm 1.25 mm 1.41 mm
adjacent studs (H»(X)) (2% decreased) (23% decreased) (12% decreased)
Standztrjdcsle(ﬁjz;))r)l ofel 8.33 724 (2% decreased) 50, ;égfeased) (29% dii?eased)
Average wedge height 107 mm (S%iizcr?e?se@ (5°/018§c$;2ed) (30/0121?;22@

Furthermore, we compared the average wedge height between the manual design and the
proposed method, because the decrease in the average wedge height can increase the available capacity
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of the LNG tank because the panels would be closer to the hull of the LNG tank, as shown in Figure 10.
From this comparison with the manual design, we can see that the proposed method can increase the
capacity of the LNG tank; furthermore, it can increase the economics of the LNG tank.

Inside hull of LNG tank

Thermal insulation panels
with manual design

Thermal insulation panels
with the proposed method

Inside of LNG tank

I
[}
1
I
1
|
1
1
I
1
1
1
1
I
1
’

[ increased space
[ mastic ropes

Figure 10. Increasing the capacity of LNG tank by decreasing the average wedge height.

Table 2 shows the detailed results of the proposed method. In this study, the primary target of the
proposed method was H1(X), which means to minimize the total amount of mastic ropes. The relative
and total amounts of mastic ropes between the proposed method and the manual design are compared
in Figure 11.

Relative amount (%) Total amount (L)
104 4000
102 3900
100

3800
98

3700
96

3600
94
9 3500
90 3400

Manual design Case 1 Case 2 Case 3

EEE Relative amount  —@—Total amount

Figure 11. Graphs of the relative and total amounts of mastic ropes.

In Case 1, the total amount of mastic ropes decreased by approximately 3%, and the average
wedge height decreased by approximately 8% compared with the manual design. The result of Case 1
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shows the greatest decreased rate for both the total amount of mastic ropes (H1(X)) and average wedge
height. This means that a higher capacity can be set for the LNG tank with a lower cost in Case 1.
Furthermore, the height difference between adjacent studs (H(X)) and the standard deviation of all
studs (H3(X)) decreased by approximately 2% in Case 1 compared with the manual design. This means
that the mastic rope optimization shows more flatness of the thermal insulation panels than the manual
design. Therefore, the maximized economical design of the LNG tank can be obtained in Case 1.

Because the purpose of Cases 2 and 3 is to decrease the slope between two adjacent panels,
the total amount of mastic ropes (H;(X)) increased only slightly compared with the manual design
because the number of panels using C3-, C4-, and C5-type mastic ropes increased. However, in both
cases, the average wedge height decreased compared with the manual design. Furthermore, the height
difference between adjacent studs (H»(X)) and the standard deviation of all studs (H3(X)) decreased
significantly in Case 2, i.e., approximately 23% and 15%, respectively; and approximately 12% and 29%,
respectively, compared with the manual design. Therefore, the flatness of the thermal insulation panels
increased in Cases 2 and 3 without decreasing the economics of the LNG tank significantly. This means
that Cases 2 and 3 can be used to consider both the economics and flatness of the thermal insulation
panels. Figure 12 shows a visualization of the result of mastic rope optimization for all cases.

C1
(]
a3
c4
cs

Case 1
* Number of C1-types: 0

* Number of C2-types: 247
* Number of C3-types: 71

* Number of C4-types: 27
* Number of C5-types: 4

C1
Cc2
a3
Cc4
cs

Case 2
* Number of C1-types: 0

* Number of C2-types: 232
* Number of C3-types: 63
* Number of C4-types: 41

* Number of C5-types: 12

C1
2
ca

cs

Case 3
* Number of C1-types: 0

* Number of C2-types: 202
* Number of C3-types: 93
* Number of C4-types: 46
* Number of C5-types: 7

Figure 12. Visualization of the results of all cases by using the proposed method.

Figure 12 shows the visualization of the optimization results of Case 1, 2, and 3. We can see that
the larger number of C2-type matric ropes is used, the smaller amount of mastic ropes is used. Case 1,
2, and 3 uses 247, 232, and 202 of C2-type mastic ropes, respectively. Therefore, the smallest amount of
mastic ropes was used for Case 1, whereas the largest amount was used for Case 3.
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4. Conclusions and Future Work

In this study, an efficient method for mastic rope optimization, considering both the total amount
of mastic ropes and the flatness of the thermal insulation panels, was mathematically formulated as
an optimization problem. With the input information of studs, the set of wedge height at each stud
was considered as the design variable, and the total amount of mastic ropes was used as the objective
function to minimize the amount of mastic ropes. In the process, three types of constraints were defined
in relation to the slope between adjacent studs and the twist of panels to satisfy the flatness criterion.
To solve the complicated optimization problem with the numbers of design variables and constraints,
the initial solution set that satisfied all constraints was used as the seed for the genetic algorithm.
Consequently, the total amount of mastic ropes decreased by approximately 3%, and the average
wedge height decreased by approximately 8% compared with the manual design. The cost of mastic
ropes could be calculated with the price per unit volume of the mastic ropes. The decrease in the total
amount of mastic ropes leads to a reduction in the total cost of mastic ropes. Also, the reduction in
the average wedge height results in an increase in the available capacity of the LNG tank. As a result,
these improvements will bring us hundreds of thousands of dollars in savings. These results indicated
that the proposed method provided an efficient arrangement design of mastic ropes in terms of the
economics of the LNG tank.

Furthermore, with the various purposes of mastic rope optimization, the objective function was
changed to minimize the difference between the final heights of adjacent studs and minimize the
standard deviation of the final heights of all studs. By changing the objective function, the proposed
method required a slightly increased total amount of mastic ropes, but the average wedge height
decreased compared with that of the manual design. Therefore, the results demonstrated that the
proposed method can select the objective function based on the purpose, the most economical
arrangement design, or both the economics and quality of the LNG tank.

In the future, other global optimization algorithms will be performed to compare the results and the
computation time of mastic rope optimization. Using various global optimization algorithms [19-21]
and tools [22,23], we expect that we can find a better solution than that of this study. Furthermore,
the proposed method will also be applied to the problems for different types of LNG tanks to enhance
the usability of the proposed method.
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