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Abstract. A comprehensive set of  ten artificial neural networks is developed to suggest optimal dimensions of  
type ‘C’ Bi-lobe tanks used in the shipping of  liquefied natural gas. Multi-objective optimization technique 
considering the maximum capacity and minimum cost of  vessels are implemented for determining optimum 
vessel dimensions. Generated populations from a genetic algorithm are used by Finite Element Analysis to 
develop new models and find primary membrane and local stresses to be compared with their permissible ranges 
using PYTHON coding. The optimum design space is mathematically modeled by training ten artificial neural 
networks with design variables generated by the Taguchi method. The predicted results are compared with 
actual design data and the 93% achieved accuracy shows the precision of  the developed design system. 

Keywords: Liquefied Natural Gas, Bi-lobe tank, Finite Element Method, Genetic algorithm, Artificial Neural Network, 
Taguchi method. 

1. Introduction 

Without any doubt and by increasing energy demand, Natural gas (NG) is pronounced a perfect option for bridging 
the gap between the current energy market with pollutant fuels and the next decade's new energies [1]. Natural gas is also 
recognized as an environmentally friendly [2, 3], economical [4, 5], safe [6, 7] and clean [8, 9] fuel with lower emissions 
(NOX, SOX, …) in comparison with heavy fuel oil (HFO) and other relevant fuels. The remarkable issue about NG is the 
increasing demand for Liquified Natural Gas (LNG) in the global market, which makes it one of  the fastest-growing and 
issues in the energy industry [1]. Recently, due to many superiorities from environmental and economic aspects, LNG and 
its related issues has attracted the attention of  many scientists regarding LNG market and trading [10, 11]; transport section 
including railroad [12, 13], road [14, 15] and heavy-duty vehicle [16]; marine transportation [17, 18], infrastructure and its 
impact [19-21]; gas station [22]; LNG Tankers [23-25] and cargo containment system [26-28]; and LNG tank design [29, 
30]. Because of  significant reduction of  volume, transportation of  NG in liquefied states, i.e., Liquefied Natural Gas (LNG) 
and Liquefied Petroleum Gas (LPG) [31] by specific ships (Liquefied Gas Tankers or Gas Carriers) increases the economic 
advantages of  using these fuels [32]. Thus, from the transportation point of  view and due to the special properties of  LNG, 
the affordable and economical way to transport LNG is using cargo ships. Meanwhile, regarding the widespread 
consumption of  LNG as an appropriate alternative fuel [33] and dramatic increase of  energy demand in one hand, and its 
sufficient accessible resources considering current production rate, on the other hand, gas fuel will last over 50 years more 
than oil (52.5 years). Hence, considering the impressive changes made in LNG equipment and construction technologies 
and based on the International Energy Agency estimation, there is sufficient supply for 250 years of  consumption [33-35], 
and by considering the impressive changes made in LNG equipment and construction technologies, the necessity for 
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scrutinizing LNG fuel tanks and carriers looks more and more inevitable [18-21]. Generally, various types of  tanks with 
different capacities are used for transporting LNG including prismatic, spherical, membrane, semi-membrane and 
independent tanks [36]. On the other hand, there are 3 independent types of  tanks including Type ‘A, B, and C’; while 
type ‘C’ also is divided into 3 subtypes: Cylindrical, Bi-lobe and Tri-lobe. According to IMO1, type ‘C’ tanks are more safe 
and reliable, with easier fabrication and installation process [37, 38]. Independent type ‘C’ tanks are flexible and 
competitive, and the demand for small and medium LNG carriers have been increased for coastal operation, nowadays 
[30]. The flexibility of  this type of  vessel during Boiling of  Gas (BOG) and its pressure management zone accompanied 
by the fact that no secondary barrier is required for them, increase the interest of  industrial authorities for utilizing them. 
Hence, Wang et al. [39] studied the strength evaluation of  independent Type ‘C’ LNG carriers using finite element method 
(FEM). They analyzed bi-lobe tanks and their major components including tank shell, longitudinal central bulkhead, 
stiffener rings, and saddle supports, considering ASME2 Boiler and Pressure Vessel (BPV) [40] requirements and IGC3 
codes [41]. Buckling of  bi-lobe tanks under external pressure was studied and a complete procedure for evaluating the 
structural strength of  a tank and its other accessories was derived. The analysis of  spherical type LNG tanks under diverse 
static loads was also addressed by Shin and Ko [23]. Stress analysis of  saddle support for horizontal pressure vessels was 
addressed by Kumar et al. [42] using ANSYS software and applying the mathematical method based on ASME BPV codes 
[40]. Yao et al. [43] determined the thickness of  various parts of  type ‘C’ LNG tank by implementing ANSYS FEM 
software under various loads. Shin et al. [44] used ASME Sec VIII Div. 2, IMO and IGC codes [41] to design a type ‘C’ 
LNG fuel storage tank with capacity of  500 m3. Senjanović et al. [45] requested for a remedy for misalignment of  bi-lobe 
tank heads in LPG carriers. The results of  their research indicated that the reason for this unwanted phenomenon is the 
high-stress concentration that occurs in Y-joint.  

Bi-lobe tanks have also two great privileges compared with cylindrical tanks including; lower construction cost than 
that of  2 individual cylindrical tanks with the same volume, and lower occupied space than 2 individual vessels, considering 
the need for respecting minimum standard space between two cylinders. Hence, because of  increasing interest in the 
application of  bi-lobe tanks, this paper scrutinized the optimum design of  type ‘C’ LNG Bi-lobe tanks, used for carrying 
and transporting LNG by ships and marine transport sector. Accordingly, no comprehensive study has been found in the 
literature that addresses the optimum design of  LNG Bi-lobe tank design. Considering an available space for installing an 
LNG tank, there is no code or approved procedure for designing optimum vessel dimensions. Here, a comprehensive 
design methodology was presented for determining the optimum dimension of  bi-lobe tanks for various available spaces. 
In other words, considering width, length, and height of  available space in a ship, determining optimum dimensions of  a 
bi-lobe with maximum capacity and minimum cost has not been addressed before. Hence, by considering codes and 
standards, design conditions, construction method and determining other technical parameters such as mechanical 
properties of  proposed material (AISI 304L) at the specific working temperature; optimal design of  Bi-lobe tanks has been 
studied by simultaneous employing FEM and Genetic Algorithm (GA) optimization method. The aim of  this multi-
objective optimization problem was to concurrently increase tank capacity and reduce its construction cost. Subsequently, 
it was shown that how the results of  144 designed cases were used to train a set of  accurate Artificial Neural Networks 
(ANN) and develop an applicable tool for designing an optimum bi-lobe for any specific space. 

2. Methodology 

A type ‘C’ Bi-lobe tank can be imagined as two horizontal cylindrical tanks joined together as shown in Fig. 1). This 
vessel can be defined by its major dimensions: shell length (l’), body radius (r), and deviation of  each tank from the 
symmetry plane (a). Therefore, the total length (l) and width (w) of  the vessel can be calculated as follows: 

𝐥 = 𝐥ᇱ + 𝟐𝐫 
(1) 

𝑤 = 2(𝑟 + 𝑎) 

Initially, the dimensional constraints of  Bi-lobe tanks were selected as variables based on desired tank volume and their 
dimensional ratios. To meet relevant tank installation location and ship dimensions mandatory IGF4 codes [46] , and to 
guaranty independency of  tank design from rules, regulations and restrictions; these constraints, as ships’ installation space, 
were presumed as hypothetical rectangular cubes (HRC) whose sides (L, H, and W) act as upper limits for designed tanks 
outer dimensions (l, h, and w). In other words, it is required to determine optimum dimensions of  a Bi-lobe, i.e. l, h, and 
w, that can be inscribed in a rectangular cube with length L, height H and width W (Fig. 1). 
After determining the levels of  an experiment for volume and dimensional ratios of  HRC and saddle angles, 72 cases for 
constraints were created by the factorial method. Afterward, the multi-objective optimization function was proposed to 
maximize tank capacity and minimize construction cost, simultaneously. Hence, considering 2 different states of  cost-to-
volume importance factors (IF), 144 cases were analyzed and optimized by integration of  FEM and GE. Eventually, the 
optimum outputs, including best dimensions and objective functions, were separately used for training 10 ANNs, whose 

                                                           
1 International Maritime Organization (IMO) 
2 the American Society of Mechanical Engineers (ASME) 
3 International Gas Carrier (IGC) 
4 International Code for Ships Fuelled by Gases or Other Low-Flashpoint Fuels (IGF) 
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best architectural structure was selected by Taguchi Design of  Experiments (DOE) algorithm, to comprehensively forecast 
the feasible region of  optimal design. The schematics of  this trend is illustrated in Fig. 2. 

 

Fig. 1. Schematics of  a Bi-lobe tank inscribed in HRC 

 

Fig. 2. Methodology schematics 

Before any attempt for generating a method for determining bi-lobe tanks optimum design and parameters, design 
parameters, constraints, and objectives are needed to be specified. 
At the design temperature of  -163° C, the design vapor pressure of  type ‘A’ tanks -considered as atmospheric tanks- is less 
than 0.7bar, while it is about 4.5 bar for independent type ‘C’ Bi-lobe tanks. At this temperature, the total carrying capacity 
for ships with 3 and 4 Bi-lobe tanks is about 25000m3 and 35000m3 respectively [47]. Thus, to cover all considerable 
volumes and acceptable dimensions, the desired volume range of  HRC, in which tanks are inscribed, is considered between 
500 to 9000m3. This continuous range of  volume should be covered appropriately in this study. Therefore, to reach a finite 
number of  problems, 4 amounts out of  this range were considered in this research. Besides, to cover various dimension 
ratios, every volume was considered for 9 different dimensional ratios (Table 1). These ratios were selected deliberately to 
omit large and small ratios of  L/W and W/H that lead to thin shells with low volume or thick shells with high cost. 

Table 1. Levels of  change for dimensional constraints 

Variable Levels of change 
Volume (m3) 500, 3000, 6000, 9000 

L/W 2, 3, 4 
W/H 1, 1.5, 2 
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Hence, 36 various sets of  dimensions were specified (Table 2) and each was utilized in 4 different optimization problems 
considering 2 different saddle angles based on relevant codes [48], i.e. 120° or 150° [48] and 2 diverse cost-to-volume IF 
ratios, i.e α/β = 0/1 and 0.2/0.8. Obviously, when using 0 for cost the main objective was to just consider maximum 
volume during optimization. On the other hand, during considering 0.2 for cost and consequently 0.8 for volume, the effect 
of  the cost was a little increased during optimization. The reason for delimiting IF between these two amounts is that; 
further increasing cost IF did not lead to any better design parameters since the effect of  maximum volume during 
optimization was more important than the effect of  cost for a ship. On the other hand, values of  volume IF out of  this 
specified range led to a point where tank’s volume was very small and unreasonable. Consequently, the optimization 
problem were solved for 144 cases via a super-computer by implementing GA optimization in the ABAQUS environment 
using PYTHON scripting. In this study, whole calculations were thoroughly based on three-dimensional FEM analysis 
performed according to standard design specifications of  LG1 carrier ships and IGC code [41] requirements. 

Table 2. Factorial design of  geometrical constraints 

No. V (m3) W (m) H (m) L (m) No. V (m3) W (m) H (m) L (m) 
1 500 6.3 6.3 12.6 19 6000 14.4 9.6 43.3 
2 3000 11.4 11.4 22.9 20 9000 16.5 11.0 49.5 
3 6000 14.4 14.4 28.8 21 500 5.7 3.8 22.9 
4 9000 16.5 16.5 33.0 22 3000 10.4 6.9 41.6 
5 500 5.5 5.5 16.5 23 6000 13.1 8.7 52.4 
6 3000 10.0 10.0 30.0 24 9000 15.0 10.0 60.0 
7 6000 12.6 12.6 37.8 25 500 7.9 4.0 15.9 
8 9000 14.4 14.4 43.3 26 3000 14.4 7.2 28.8 
9 500 5.0 5.0 20.0 27 6000 18.2 9.1 36.3 
10 3000 9.1 9.1 36.3 28 9000 20.8 10.4 41.6 
11 6000 11.4 11.4 45.8 29 500 6.9 3.5 20.8 
12 9000 13.1 13.1 52.4 30 3000 12.6 6.3 37.8 
13 500 7.2 4.8 14.4 31 6000 15.9 7.9 47.6 
14 3000 13.1 8.7 26.2 32 9000 18.2 9.1 54.5 
15 6000 16.5 11.0 33.0 33 500 6.3 3.1 25.2 
16 9000 18.9 12.6 37.8 34 3000 11.4 5.7 45.8 
17 500 6.3 4.2 18.9 35 6000 14.4 7.2 57.7 
18 3000 11.4 7.6 34.3 36 9000 16.5 8.3 66.0 

 
The Type of  material has a great role in the design of  LNG Bi-lobe tanks. 36% Ni-Fe steel, 9% Ni steel, stainless steel type 
AISI 304L, and Aluminum alloy type 5083 are generally used for fabricating LNG tanks at cryogenic temperature of  -
163°C [49]. Since austenitic stainless steel sheets SA240 -Tp 304L is the most common material used for Bi-lobe tanks, it 
was selected as design material in this research. The chemical and mechanical properties of  304L are presented in Error! 
Not a valid bookmark self-reference. and Error! Reference source not found. respectively: 

Table 3. Typical chemical compositions of  304L used in LNG tanks [49] 

Alloy 
Element (Maximum Weight %) 

UNS C Si Mn S P Ni Cr Fe 

304L S30403 0.03 1.00 2.00 0.030 0.040 8.0-12.0 18.0-20.0 Bal 

Table 4. Physical and mechanical properties of  SS304L [49, 50] 

 

 

 

 

 

 

                                                           
1 Liquefied Gases (LG) 

Property T °C Value 
Density (Kg/m3) - 7900 

Elastic Modulus E (GPa) 
+20 
-196 

193 
205 

Thermal Conductivity, (w/m°C) 
+20 
-196 

13.4-15.1 
9 

Yield stress, (MPa) 
0 

-196 
250 
400 

Ultimate tensile stress, (MPa) 
0 

-196 
590 
1525 

Elongation to break, (%) 
0 

-196 
60 
40 
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3. Finite Element Simulation 

The main objective of  using finite element technique in this research was to find the stresses at critical points during 
pressure loads and compare them with their permissible amounts. Accordingly, there are three important issues that must 
be considered in this step: 

1- Specify the design points of  Bi-lobe tanks and find the stresses in various design points.  
2- Determine the category of  stresses in design points. 
3- Specify the permissible values for each stress categories an compare them with the stresses in design points. 

Accordingly, tanks with various dimensions were needed to be simulated using FE software. These simulations were then 
used during optimization for determining optimum Bi-lobe parameters. Hence, a Bi-lobe tank with spherical heads, a 
longitudinal bulkhead, and shell reinforcing internal rings, was modeled and meshed in ABAQUS software. The element 
used here was S4R, i.e. a quadrilateral, stress/displacement shell element with reduced integration, whose converged size 
was determined during analysis. However, since optimization step was performed for various vessel sizes and it seems that 
for each stage of  optimization convergence test should be performed, mesh size was converged by considering mesh-to-
tank radius ratio, instead of  its size. After trying various ratios of  element size to tank radius, and considering the resulted 
von Mises stress, this ratio was finally chosen to be 1:25. During FE analysis, tanks deadweight, weight of  carrying liquid 
and internal pressure generated from vapor pressure and specified by USCG1 [51] and IMO [45], were the loads considered 
during analysis. Saddles apply reaction forces to the tank, and they have freedom of  slight movement along tank axis to 
diminish the effect of  any longitudinal thermal expansion. Thus, to simulate the effect of  saddles, mechanical boundary 
conditions were considered to limit movements of  saddle-shell contact area along transverse and vertical directions, i.e., 
Y and X axes respectively.  
As explained in the above list, the design points, stress in design points and their categories must be calculated and specified. 
The design points are shown in Fig. 3. These points consist of: 

a) Junctions of  two surfaces where the stresses are primary local, i.e., head to head (D), shell to head (E), shell to 
reinforcement ring (F), and shell to shell (G). 

b) Points far from junctions on the head (A), shell (B), or bulkhead (C), where the stresses are primary membrane.  
The maximum amount of  primary membrane stresses must not exceed permissible strength of  the shell and head material 
at design temperature and the maximum amount of  primary local stresses must be less 1.5 times permissible strength of  
shell material [48]. 

 
Fig. 3. Spots for reading stress on the vessel 

 

4. Optimization 

The next step for optimum design generation was a combination of  GA and FEM to optimize the cases defined within 
the defined dimensional constraints, using Python coding. The optimization code was included in a PDE file, generated 
during modeling Bi-lobe tanks, for determining optimum tank dimensions shown in Fig. 4. This trend, depicted in Fig. 5., 
was repeated for each generated set of  constraints in the previous step. The design parameters should clearly show Bi-lobe 
design dimensions, hence, tank radius (r), deviation from the symmetry plane (a), shell length (l’), saddle angle (Ɣ), head 
thicknesses (t1), shell thickness (t2), stiffener rings thickness (t3), and longitudinal  bulkhead thickness (t4) are the required 
design parameters; while, total width (w), length (l), and height of  the tank (h), are considered to be 3 of  4 inputs to the 
problem. To have a good image from the proposed Bi-lobe type ‘C’ tank, a vessel with its dimensional parameters is shown 
in Fig. 4. 
Thereafter, the multi-objective function should be defined considering minimum construction cost and maximum capacity 
(volume). After a primary investigation from market and pressure vessel manufacturers, two parameters were found to be 
more effective on the cost of  the vessel, i.e. weight and manufacturing cost. Though the price of  various metals does not 
remain constant and many political, economic, etc. issues affect their prices, in this research the cost of  SS304L at the time 
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of  this study was considered to be 2.9 $/Kg. Considering about 30% extra cost for manufacturing per weight of  the vessel, 
the cost function is 1.3 times vessel weight multiplied by 2.9 $/Kg. The cost function must be minimized while the tank 
volume must be maximized and these two objective functions must be considered simultaneously. On the other hand, these 
two functions do not have the same order and their effect on the combined objective function needed to be balanced. After 
getting the price of  various Bi-lobe tanks from the manufacturers, it was found that 280 $/m3 could be a suitable factor for 
volume function in this research. Obviously, this factor depends on material price, manufacturing costs, etc. and varies 
from time to time. Hence, the final objective function is defined as follows: 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝑓) = −𝛼𝐶 + 𝛽𝑉
= − 𝛼(𝑣𝑒𝑠𝑠𝑒𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 ∗ 2.9) + 𝛽(𝑡𝑎𝑛𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 ∗ 280) 

(2) 

C and V stand for cost and volume of  a tank respectively, and (α,β) are the weights or Importance Factors (IF) of  cost and 
volume respectively, which were the 4th input to this optimization problem. These factors were considered to be (0,1) or 
(0.2,0.8) in this research. By using (0, 1) factors, only volume was intended to be maximized. However, considering 
maximum volume without including the cost of  fabricating a vessel during optimization is nonsense and only maximum 
volume regardless of  its price are investigated. On the other hand, increasing the weight of  cost would lead to a tank with 
less volume while volume is more important than the cost and the payback time of  CNG tanks is not much. Therefore, it 
was found that the maximum IF of  0.2 for Cost and 0.8 for volume fulfills this research’s requirements. 

 

Fig. 4. Bi-lobe tank dimensional parameters 

To guarantee the creation of  Bi-lobe tanks with proper geometry and enough strength under loading, two sets of  
constraintsshould be satisfied during various stages of  the analysis. To avoid unnecessary analyses of  tanks with improper 
Bi-lobes dimensions, the constraints shown by Eq. (3-a). were checked immediately after the creation of  a new population 
(Bi-lobe tank dimensions) by GA. Besides, the maximum stress in different locations of  Bi-lobes was checked as specified 
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by constraints in Eq. (3-b). during FE analysis. The maximum limits for stress constraints were designed according to 
ASME Sec II, part D subpart 1 [40] at specific design temperature for two local and primary stress categories. In this 
research, the minimum acceptable amount of  maximum stress was also considered during optimization to avoid 
unreasonable thicknesses especially when 0 was taken as the weight for cost in the objective function. In other words, when 
there is no lower limit for maximum stress, all thick dimensions for thicknesses satisfy the upper constraints which 
consequently increase the weight and cost of  fabricating a tank. Therefore, when a lower limit is considered for maximum 
stresses during optimization, thick shells were rejected during analysis. 
Since both primary local stresses at the two cylindrical shells or head-shell junctures, and primary membrane stresses were 
generated on shells or heads far from the junctures or any discontinuity (Fig. 3), it was necessary to consider the permissible 
strength for each separately. As explained before, this important strength limit was considered in the constraints specified 
in Eq. (3-b). 

1 < 𝑤/ℎ < 2 

1 < 𝑙′/𝑤 < 3 
(3a) 

𝑆஼௥௜௧௜௖௔௟  (𝑆஼) = Min ൬
2

3
𝑆௬ ,

𝑆௨௧

3.5
൰ 

0.8 𝑆஼ < 𝑆௉௥௜௠௔௥௬ ௠௘௠௕௥௔௡௘ < 𝑆஼  

1.2 𝑆஼ < 𝑆௉௥௜௠௔௥௬ ௅௢௖௔௟ < 1.5 𝑆஼ 

(3b) 

In the next step of  analysis, a parametrically modeled Bi-lobe tank in ABAQUS finite element software was recalled 
and during each optimization step, the generated parameters (population) by GA were used as new parameters for the 
model. It should also be noted that some other necessary design constraints were considered in PYTHON coding. For 
example, it was considered that head thickness (t1) cannot be lower than shell thickness (t2), thus, t1 is greater or equal to 
t2. 

 

Fig. 5. Simulation and optimization trend 
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Fig. 6. Convergence diagram (optimization function) 

 

Fig. 7. Predicted vs simulated optimum outputs (normal values) 

Hence, considering the depicted approach in Fig. 5, the optimization process was performed for each output individually, 
and the convergence trend for optimization of  the objective function (f) is shown as an example in Fig. 6. Finally, during 
optimization, the most suitable vessel dimensions were determined for each of  144 designed experiments, and the results 
were shown in Table A.1 (see the Appendix A). 

5. Developing Artificial Neural Networks 

Since, the optimization process just presents a set of  discrete optimum points, which are not capable to cover all feasible 
region, the ANNs were implemented to predict the whole continues region of  Bi-lobe tanks design parameters. The 
ultimate step for developing an optimum Bi-lobe tanks design system was to train and develop ANNs for predicting design 
parameters for any unexperienced problem. Hence, feedforward backpropagation ANNs were used to predict 
unexperienced optimal states by training them with optimal modes obtained from the previous steps. The developed ANNs 
were used to forecast all points in the optimal feasible region, whose meticulous performance was ensured by allocating 
one separate network with best architectural structure to each output (design parameter). In order to attain the best possible 
structure for neural networks, Taguchi Design of  Experiments (DoE) algorithm was used and 18 sets of  ANN features for 
proper coverage of  design hyperspace were generated (Table 5). 

Table 5. Possible structural states to create ANN 

Training algorithm Number of Hidden Layers Number of neurons Transition function 
Trainlm 
Traingda 
Traingdm 

1 
2 

1st layer: 6 – 8 
2nd layer: 4 – 6 
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Every created ANN was trained and tested 3 times with optimum outputs, and after evaluating the average amount of  
each accuracy estimator parameter (MPE1 , MSE2 , R-squared3), eventually, the structures with a maximum mean of  
accuracy were chosen as the best possible structures to predict each output parameter individually. There are various 
algorithms for training a neural network i.e. gradient descent, Newton method, conjugate gradient, quasi-Newton, and 
Levenberg-Marquardt. In this research, the Levenberg-Marquardt Algorithm (LMA), which is the fastest method and 
known as the Damped Least-Squares (DLS), was employed for training, although it usually requires a lot more memory. 
Hence, the process of  randomly reserving 35% of  each data for test and training ANN with the remaining ones, was 
repeated for each structure till achieving accuracy criteria of  R2>0.95. The favorite ANN structures and their R-squared 
amounts after training were shown in Table 6 and the accuracy of  trained ANNs could be observed by means of  their QQ-
plot depicted in Fig. . The developed optimum designer has the ability to predict optimum Bi-lobe tank dimensions for all 
inexperienced states. The schematics of  this process is shown in Fig. 8. 

Table 6. Employed ANNs parameters 

Output Training 
algorithm 

Number of Hiden 
Layers 

Number of 
neurons 

Transition 
function 

Coefficient of 
determination 

r Trainlm 1 7 Tansig 0.9746 
a Trainlm 1 7 Tansig 0.9507 
l Trainlm 2 5,7 Logsig, Tansig 0.9756 
t1 Trainlm 1 8 Logsig 0.9519 
t2 Trainlm 1 7 Tansig 0.9749 
t3 Trainlm 2 4,8 Tansig, Tansig 0.9152 
t4 Trainlm 2 6,7 Tansig, Logsig 0.9706 

Multi objective 
function Trainlm 1 8 Logsig 0.9743 

Cost function Trainlm 1 7 Tansig 0.9715 
Volume function Trainlm 1 7 Tansig 0.9838 

 

Fig. 8. Mathematical modeling trend 

To validate the accuracy of  the developed optimum designer system, it was necessary to compare the results with available 
designs. Consequently, an unexperienced set of  design parameters within their permissible ranges was defined and 
analyzed using GA-FEA, and its optimum design parameters were compared with those predicted by the developed ANNs, 
as shown in Table 7. The maximum amount of  6.4% error shown in Table 7 depicts the acceptable accuracy of  the 
developed design system. 

                                                           
1 Mean Percentage Error (MPE) 
2 Mean Squared Error (MSE) 
3 Coefficient of Determination (R2) 
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Table 7. Validating ANN results 

Inputs 

W (m) 15.74 
H (m) 12.11 
L (m) 39.35 
Ɣ (°) 140 

Cost-to-Volume IF (0.1:0.9) 

Outputs 

 Simulated optimum state Predicted optimum state Prediction Error (%) 
Tank radius (m) 4.7 5.0 6.4 
Deviation (m) 3.15 3.3 4.8 

Shell length (m) 20.1 19.5 3 
Head thickness (mm) 24 26.2 9.2 
Shell thickness (mm) 24 22.8 5 

Stiffener thickness (mm) 25 27.8 11.2 
Bulkhead thickness (mm) 9 9.3 3.3 

Objective function 262021.751 282983.5 8 
Cost function 1709617.871 1589944.6 7 

Volume function 2696.184 2938.8 9 
Average prediction error (%) 6.8% 

6. Results and Discussion 

In this investigation, more than half  a million tanks were generated by GA and about 120000 ones, which had passed 
dimensional constraints, were analyzed by FEM. Input design parameters and GA results are presented in Appendix A 
Table A.1. 
The results of  this study were divided to 3 parts: FEA, GA, and ANNs. Since junctures D, E, F and G in Fig. 3Error! 
Reference source not found. experience primary local stresses, they were known as critical areas with stress concentration. 
GA results presented in Appendix A Table A.1 show that by switching volume IF from 0.8 to 1, the required thicknesses 
increase significantly, because of  neglecting cost effect. Besides, in more than 80% of  cases, the optimum value of  deviation 
(a) was between 0.35r and 0.80r. Hereafter and before discussing ANN results, it should be noted that all variables have 
been normalized between 0 to 1 for ANNs to gain a more rational engineering result. Besides, from construction and 
manufacturing viewpoint and considering commercial sheet thicknesses, the thicknesses and lengths were rounded up with 
scale of  1mm and 1cm respectively. 
Fig. 9 illustrates the effect of  each parameter on the objective function, while other parameters were set to the middle of  
their domains. This figure compares the effect of  volume and volume-to-cost IF on the objective function, with up to 35% 
and 29% influence respectively. 
Figure 10 shows the effect of  selected inputs within their normalized range on output while 4 other inputs were kept 
constant at their midrange. 

 

Fig. 9. Parameters effect percentage on objective function 

Using 5 specified inputs and ten trained networks predicts one output, the optimal predicted design spaces were 11 
unimaginative 6-dimensional hyperspaces. On the other hand, 3D curves could only be implemented to show the effects 
of  a maximum of  3 parameters on output while keeping the rest of  variables constant. In Fig. 11, 3D trend of  outputs in 
response to two inputs was shown. By varying the amounts of  constant parameters, sets of  quadric surfaces completely 
change. Thus, these charts may be used to point the general behavior of  output variables and not just for simple individual 
analysis. Regarding the number of  inputs and outputs, 100 other sets can be plotted to show various responses. 
Figure 11.a shows the increasing effect of  volume and volume-to-cost IF on the objective function. Figure 11.b shows tank 
capacity has the main effect on thickness and Fig. 11.c depicts that L/W and W/H do not have a considerable effect on 
tank thickness. 

35%

27%

5%
4%

29%

Volume W/H L/W Saddle angle Volume-to-cost IF
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Figure 10. Outputs response to inputs 

(a) (b) 

 

(c) 

Fig. 11. Output response to multiple inputs 
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7. Conclusions 

A comprehensive study has been conducted for the optimum generation of  Bi-lobe tanks for LNG fuel transportation. 
The developed optimum designer receives dimensions of  available space for installing a Bi-lobe tank and suggests designs 
with maximum volume and best fabricating cost. The most applicable dimensions were considered and the optimum 
design of  tanks was generated using GA and FEA using Python coding in ABAQUS software. The results were then 
utilized to train 10 ANNs to predict the optimum Bi-lobe dimensions for a new design. Accordingly, the most important 
results can be summarized as follows: 
 The FEA results show that stress concentration occurs in the junctures of  shell-shell, horn of  saddles, shell-head or 

head-head. The self-limiting characteristics of  stresses at junctures form secondary [48] stresses and beside primary 
membrane stresses, generate primary local stresses and are allowed to increase up to 1.5 times tank material permissible 
strength. However, even with this increased amount of  permissible strength, it is recommended to use a stiffener ring 
for saddles. 

 GA results show that the best value for the tank deviation parameter (a) is between 0.35r and 0.80r.  
 Since stress concentration at the horn of  saddle with 120 contact angle is more than other angles, the volume of  Bi-

lobe tanks with 0.8 IF is much less than the rest. The results also show that lower thicknesses, less volume and reduced 
amount of  cost were obtained by applying cost IF. 

 The resultant optimum design parameters of  Table 8 lead to the following conclusions:  
1. Increasing saddle angle leads to decrease in stress concentration and therefore a reduction in minimum required 

shell thickness. 
2. Increasing the cost IF leads to cheaper tank but smaller in capacity.  
3. Escalation of  volume leads to more shell thickness and cost, while augmentation of  saddle angle reduces the 

thickness 
4. Optimum saddle angle for smaller tanks is around the midrange (120 to 150), meanwhile, larger tanks require larger 

saddle angles. 
5. Tanks with higher volume, require more shell thickness. Meanwhile, for the relatively wider tank, the thicker plate 

is required. 
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Nomenclature 

a Deviation of  each tank from the symmetry plane Sy Yield Stress 
α Weight importance factor Sut Ultimate tensile Stress 
β Volume importance factor t1 Head thicknesses 
Ɣ Saddle Angle t2 Shell thickness 
H Height of  hypothetical rectangular cubes t3 Stiffener rings thickness 
l’ Shell length t4 Longitudinal  bulkhead thickness 
l Total length of  the tank V Tank Volume 
L Length of  hypothetical rectangular cubes w Tank width 
r Body radius W Width of  hypothetical rectangular cubes 
R2 Coefficient of  determination   
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Appendix A 

Table A.1. Optimum states generated by GA 
No W 

(m) 
H 

(m) 
L 

(m) 
Ɣ 
(°) 

Volume 
importance 

factor 

r 
(m) 

a 
(m) 

l’ 
(m) 

t1 

(mm) 
t2 

(mm) 
t3 

(mm) 
t4 

(mm) 
Objective 
function 

Cost 
function 

Volume 
function 

1 6.2996 6.2996 12.5992 120 0.8 1.95 1.05 8.65 8 8 6 3 24106.492 92895.95 190.561 
2 11.4471 11.4471 22.8943 120 0.8 3.2 2.25 13.7 17 13 23 5 95643.379 397813.7 888.678 
3 14.4225 14.4225 28.845 120 0.8 4.8 2.15 16.45 21 21 20 7 253804.87 1184841 2190.951 
4 16.5096 16.5096 33.0193 120 0.8 5.05 3.05 16.55 29 24 49 8 224021.61 1773303 2583.402 
5 5.5032 5.5032 16.5096 120 0.8 1.6 1.05 12.7 8 8 5 3 21119.687 106509.7 189.382 
6 10 10 30 120 0.8 2.85 2.1 16.2 25 15 22 5 63886.911 576433.3 799.882 
7 12.5992 12.5992 37.7976 120 0.8 4.2 2.05 16.25 21 20 17 7 177682.21 964714.5 1654.576 
8 14.4225 14.4225 43.2675 120 0.8 4.8 2.2 19.75 29 28 18 10 220339.93 1780241 2573.162 
9 5 5 20 120 0.8 1.4 1.05 13.55 6 6 5 3 19974.116 77438.06 159.05 

10 9.0856 9.0856 36.3424 120 0.8 3.4 1.05 16.3 16 16 10 6 110047.37 529982.5 964.482 
11 11.4471 11.4471 45.7886 120 0.8 3.4 2.05 16.5 18 15 26 5 120093.98 656747.7 1122.516 
12 13.1037 13.1037 52.4148 120 0.8 4.2 2.3 17.3 21 21 20 7 182209.52 1091867 1788.317 
13 7.2112 4.8075 14.4225 120 0.8 2.3 1.3 9.65 7 7 6 3 45172.891 110641.2 300.456 
14 13.1037 8.7358 26.2074 120 0.8 3.55 1.85 13.2 14 13 13 5 128885.84 450139.8 977.294 
15 16.5096 11.0064 33.0193 120 0.8 5.45 2.1 17.9 26 26 23 9 322163.86 1766508 3015.471 
16 18.8988 12.5992 37.7976 120 0.8 6.25 2.25 18.5 33 33 26 11 392641.43 2668762 4135.687 
17 6.2996 4.1997 18.8988 120 0.8 1.9 1.15 12.5 7 7 7 3 35743.277 112535.8 260.047 
18 11.4471 7.6314 34.3414 120 0.8 3.55 2.15 16.6 16 16 25 6 135161.57 708707 1236.174 
19 14.4225 9.615 43.2675 120 0.8 4.7 2.1 17.65 22 21 25 7 245832.45 1259271 2221.816 
20 16.5096 11.0064 49.5289 120 0.8 4.9 2.3 20.45 30 30 19 10 222870.75 2004594 2784.775 
21 5.7236 3.8157 22.8943 120 0.8 1.8 0.95 16.45 8 8 10 3 34669.197 152024.3 290.509 
22 10.4004 6.9336 41.6017 120 0.8 3.35 1.75 16.15 13 13 28 5 124334.99 536789.5 1034.343 
23 13.1037 8.7358 52.4148 120 0.8 4.25 1.6 19.45 25 25 11 9 169055.52 1262256 1881.726 
24 15 10 60 120 0.8 4.95 2.35 20.55 30 30 21 10 230237.63 2056819 2683.675 
25 7.937 3.9685 15.874 120 0.8 1.85 1.25 12.1 7 7 6 3 33274.411 108310.1 245.252 
26 14.4225 7.2112 28.845 120 0.8 3.55 2.15 12.05 11 11 27 4 126006.33 407260.3 926.153 
27 18.1712 9.0856 36.3424 120 0.8 4.5 2.3 17.35 31 25 23 9 166701.44 1317368 2071.992 
28 20.8008 10.4004 41.6017 120 0.8 4.75 2.35 16.75 44 27 23 9 144963.91 1088979 2189.025 
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29 6.9336 3.4668 20.8008 120 0.8 1.7 1 11.6 8 6 9 3 25687.931 85895.63 191.371 
30 12.5992 6.2996 37.7976 120 0.8 3 1.35 17.75 16 13 21 5 95816.555 487805.6 863.293 
31 15.874 7.937 47.622 120 0.8 3.75 2.05 18.6 22 21 17 7 136027.7 1003967 1503.666 
32 18.1712 9.0856 54.5136 120 0.8 4.45 2 19.15 22 22 26 8 215135.03 1302556 2123.421 
33 6.2996 3.1498 25.1984 120 0.8 1.5 1.2 14.55 7 7 11 3 22423.885 110956.7 199.175 
34 11.4471 5.7236 45.7886 120 0.8 2.8 1.7 17.1 14 13 25 5 81223.889 463974 776.869 
35 14.4225 7.2112 57.69 120 0.8 3.55 1.85 20.65 21 21 23 7 120075.69 1033372 1458.705 
36 16.5096 8.2548 66.0385 120 0.8 3.95 1.55 25.5 29 27 29 9 120252.9 1710784 2064.329 
37 6.2996 6.2996 12.5992 120 1 2 1.1 8.55 13 7 19 3 55940.564 112697.1 199.788 
38 11.4471 11.4471 22.8943 120 1 3.45 2.1 15.5 47 20 31 7 306615.46 1003925 1095.055 
39 14.4225 14.4225 28.845 120 1 4.5 2.65 19.65 42 36 28 12 658585.53 2328600 2352.091 
40 16.5096 16.5096 33.0193 120 1 4.9 3.3 22.85 47 42 47 14 927745.03 3584068 3313.375 
41 5.5032 5.5032 16.5096 120 1 1.55 1.15 13.3 12 10 6 4 53620.295 142556.7 191.501 
42 10 10 30 120 1 2.9 2.05 23.95 38 10 28 4 334346.85 686984.9 1194.096 
43 12.5992 12.5992 37.7976 120 1 4.15 2.05 29.45 49 48 19 16 773096.69 3533035 2761.059 
44 14.4225 14.4225 43.2675 120 1 4.85 2.25 29.9 48 45 27 15 1067833.5 4064255 3813.691 
45 5 5 20 120 1 1.35 1.1 14.65 41 10 7 4 45581.571 174835 162.791 
46 9.0856 9.0856 36.3424 120 1 3.25 1.25 26.7 41 28 9 10 398969.8 1412836 1424.892 
47 11.4471 11.4471 45.7886 120 1 3.15 2.55 34.1 49 43 27 9 576778.55 3206156 2059.923 
48 13.1037 13.1037 52.4148 120 1 4.45 2.05 32.6 48 47 30 16 964263.66 4123113 3443.799 
49 7.2112 4.8075 14.4225 120 1 2.35 1.2 9.7 12 7 18 3 86649.661 145451.8 309.463 
50 13.1037 8.7358 26.2074 120 1 4.3 2.2 17.35 48 27 27 9 520530.47 1651350 1859.037 
51 16.5096 11.0064 33.0193 120 1 5.3 2.9 22.15 46 34 30 12 1019118.1 3023515 3639.708 
52 18.8988 12.5992 37.7976 120 1 6.25 3.1 23.85 50 47 28 16 1513122.6 4874987 5404.009 
53 6.2996 4.1997 18.8988 120 1 1.85 1.25 14.95 27 11 17 4 84023.927 249198.5 300.085 
54 11.4471 7.6314 34.3414 120 1 3.75 1.9 26 47 38 25 13 561901.73 2377999 2006.792 
55 14.4225 9.615 43.2675 120 1 4.35 2.7 29.7 47 44 30 15 910556.56 3787612 3251.988 
56 16.5096 11.0064 49.5289 120 1 4.75 3.25 23.25 42 40 27 14 886945.35 3948636 3747.548 
57 5.7236 3.8157 22.8943 120 1 1.85 0.8 13.6 47 15 4 5 68406.978 210634.6 303.291 
58 10.4004 6.9336 41.6017 120 1 3.3 1.9 30.35 45 42 29 14 516631.92 2639479 1845.114 
59 13.1037 8.7358 52.4148 120 1 3.9 2.35 34.95 49 49 26 17 842577.94 4167883 3009.207 
60 15 10 60 120 1 4.5 2.8 30.2 47 46 29 16 992440.46 4135275 3544.43 
61 7.937 3.9685 15.874 120 1 1.95 1.55 11.95 31 14 7 5 78262.372 279513.7 279.508 
62 14.4225 7.2112 28.845 120 1 3.55 3.05 21.6 47 31 28 11 475047.72 1961300 1696.599 
63 18.1712 9.0856 36.3424 120 1 4.35 2.6 22.15 47 37 16 13 686641.89 4157668 3329.67 
64 20.8008 10.4004 41.6017 120 1 4.9 3.35 24.65 43 42 30 14 998767.51 3652512 3567.027 
65 6.9336 3.4668 20.8008 120 1 1.7 1.45 17.25 32 10 26 4 86064.702 270889.9 307.374 
66 12.5992 6.2996 37.7976 120 1 3.1 2.4 31.4 47 46 24 16 509499.44 3017102 1819.641 
67 15.874 7.937 47.622 120 1 3.75 3.1 29.35 49 49 14 17 711419.97 3797471 2540.786 
68 18.1712 9.0856 54.5136 120 1 4.5 3.4 26.05 49 48 29 16 901661.06 4062372 3220.218 
69 6.2996 3.1498 25.1984 120 1 1.5 1.25 16.35 31 8 8 3 63124.374 174315.8 225.444 
70 11.4471 5.7236 45.7886 120 1 2.8 2.4 30.85 49 42 13 14 417498.31 2551896 1491.065 
71 14.4225 7.2112 57.69 120 1 3.55 2.7 35.2 50 50 29 17 746055.27 4194648 2664.483 
72 16.5096 8.2548 66.0385 120 1 4.1 3.35 30.5 50 50 23 17 882755.52 4447146 3152.698 
73 6.2996 6.2996 12.5992 150 0.8 2 1.1 8.55 6 6 5 3 30329.012 72117.2 199.788 
74 11.4471 11.4471 22.8943 150 0.8 3.65 2.05 15.5 17 17 9 6 139203.24 661765.8 1212.305 
75 14.4225 14.4225 28.845 150 0.8 4.8 2.25 19.5 25 25 11 9 260579.07 1515518 2516.44 
76 16.5096 16.5096 33.0193 150 0.8 5.15 3.05 21.5 23 22 36 8 380676.7 1892402 3389.095 
77 5.5032 5.5032 16.5096 150 0.8 1.6 1.1 11.75 7 7 5 3 22046.279 89037.33 177.918 
78 10 10 30 150 0.8 2.85 2.1 22.45 15 14 27 5 111028.75 670194.8 1094.052 
79 12.5992 12.5992 37.7976 150 0.8 4 2.25 21.45 19 18 20 6 225649.79 1080599 1972.185 
80 14.4225 14.4225 43.2675 150 0.8 4.75 2.4 21.1 23 23 13 8 302832.74 1533434 2721.069 
81 5 5 20 150 0.8 1.35 1.1 14.7 6 6 5 3 20042.784 82723.82 163.337 
82 9.0856 9.0856 36.3424 150 0.8 3.35 1.15 20.95 16 14 21 5 137684.82 641949.3 1187.833 
83 11.4471 11.4471 45.7886 150 0.8 4.3 2.1 17.45 20 17 10 6 236533.49 890652.8 1851.179 
84 13.1037 13.1037 52.4148 150 0.8 4.35 2.15 23 20 20 23 7 273046.84 1356957 2430.528 
85 7.2112 4.8075 14.4225 150 0.8 2.35 1.2 9.7 7 7 6 3 47070.274 111247.3 309.463 
86 13.1037 8.7358 26.2074 150 0.8 3.8 2.65 18.4 20 17 16 6 179835.24 450139.8 1611.544 
87 16.5096 11.0064 33.0193 150 0.8 5.35 2.2 22 26 25 17 9 393071.34 1937911 3485.061 
88 18.8988 12.5992 37.7976 150 0.8 6.15 2.7 22.05 32 31 21 11 489904.49 2892843 4769.969 
89 6.2996 4.1997 18.8988 150 0.8 2 1.1 14.85 8 8 5 3 44416.554 149149.9 331.458 
90 11.4471 7.6314 34.3414 150 0.8 3.75 1.9 24.55 25 20 12 7 188545.04 1188916 1903.251 
91 14.4225 9.615 43.2675 150 0.8 4.7 2.35 27.9 28 28 28 10 287345.82 2387317 3414.327 
92 16.5096 11.0064 49.5289 150 0.8 5.4 2.55 20.85 27 26 14 9 384315.79 1984883 3487.912 
93 5.7236 3.8157 22.8943 150 0.8 1.85 0.9 16.2 8 8 4 3 38127.222 141206.5 296.288 
94 10.4004 6.9336 41.6017 150 0.8 3.3 1.9 25.15 20 17 25 6 149781.24 980833.5 1544.41 
95 13.1037 8.7358 52.4148 150 0.8 4.05 2.4 23.35 23 23 14 8 207223.84 1445077 2215.354 
96 15 10 60 150 0.8 4.95 2.4 22.2 27 24 15 8 332645.21 1784981 3078.756 
97 7.937 3.9685 15.874 150 0.8 1.95 1.5 11.75 7 7 8 3 37346.721 119329.5 273.271 
98 14.4225 7.2112 28.845 150 0.8 3.5 1.95 14.5 12 12 20 4 140744.17 465357.7 1043.82 
99 18.1712 9.0856 36.3424 150 0.8 4.5 2.2 24.1 48 23 27 8 214230.59 1651919 2746.211 

100 20.8008 10.4004 41.6017 150 0.8 5.1 2.45 22.25 32 24 17 8 347054.7 1938188 3279.876 
101 6.9336 3.4668 20.8008 150 0.8 1.65 0.9 13.5 6 6 4 3 28966.338 83004.57 203.425 
102 12.5992 6.2996 37.7976 150 0.8 3.1 2 27.35 18 18 28 6 128744.79 1055408 1517.082 
103 15.874 7.937 47.622 150 0.8 3.75 2.3 22.45 21 19 18 7 188397.8 1114683 1836.314 
104 18.1712 9.0856 54.5136 150 0.8 4.45 2.2 22.9 24 22 16 8 271261.61 1487929 2539.497 
105 6.2996 3.1498 25.1984 150 0.8 1.5 1.2 13.5 6 6 8 3 23255.913 85783.18 180.413 
106 11.4471 5.7236 45.7886 150 0.8 2.75 1.9 22.15 15 14 19 5 100802.37 602795.4 988.221 
107 14.4225 7.2112 57.69 150 0.8 3.55 2 23.35 17 17 22 6 180857.19 961154.6 1665.572 
108 16.5096 8.2548 66.0385 150 0.8 4.1 2.15 22.25 20 20 17 7 230642.18 1212659 2112.383 
109 6.2996 6.2996 12.5992 150 1 2 1.1 8.2 11 9 44 3 53892.363 148630.6 192.473 
110 11.4471 11.4471 22.8943 150 1 3.45 2.2 15.95 33 17 22 6 317761.37 815067 1134.862 
111 14.4225 14.4225 28.845 150 1 5 2.15 18.65 33 26 36 9 739329.48 1854884 2640.462 
112 16.5096 16.5096 33.0193 150 1 4.6 3.6 23.75 46 45 43 15 868773.98 3749433 3102.764 
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113 5.5032 5.5032 16.5096 150 1 1.6 1.1 13.25 50 50 5 1.7 55898.703 674228.5 199.638 
114 10 10 30 150 1 2.8 2.15 24.35 41 20 20 7 322915.28 1065525 1153.269 
115 12.5992 12.5992 37.7976 150 1 3.6 2.65 30.5 46 45 15 15 662283.89 3285297 2365.299 
116 14.4225 14.4225 43.2675 150 1 4.85 2.35 33 48 38 27 13 1181245.7 3907209 4218.735 
117 5 5 20 150 1 1.4 1.05 14.7 38 8 11 3 48213.419 153469.8 172.191 
118 9.0856 9.0856 36.3424 150 1 3.3 1.15 26.55 44 26 27 9 400215.12 1443843 1429.339 
119 11.4471 11.4471 45.7886 150 1 3.45 2.2 33.7 49 35 29 12 643528.71 2724761 2298.317 
120 13.1037 13.1037 52.4148 150 1 3.8 2.7 37.75 45 37 26 13 900523.3 3575544 3216.154 
121 7.2112 4.8075 14.4225 150 1 2.25 1.3 9.8 33 7 22 3 81816.035 209599.7 292.2 
122 13.1037 8.7358 26.2074 150 1 4.3 2.2 17.45 50 20 11 7 1333023.6 1353518 1868.458 
123 16.5096 11.0064 33.0193 150 1 5.15 3.05 22.55 43 29 19 10 990770.16 2585209 3538.465 
124 18.8988 12.5992 37.7976 150 1 6 3.4 25.75 48 46 15 16 1524919.5 4841308 5446.141 
125 6.2996 4.1997 18.8988 150 1 2.05 1.05 14.5 37 14 5 5 93770.847 306125.2 334.896 
126 11.4471 7.6314 34.3414 150 1 3.65 2.05 26.6 43 27 10 9 557396.82 1744802 1990.703 
127 14.4225 9.615 43.2675 150 1 4.75 2.2 33.05 46 38 29 13 1119944 3773929 3999.8 
128 16.5096 11.0064 49.5289 150 1 5.2 3 34 48 45 20 15 1466337.7 5115186 5236.92 
129 5.7236 3.8157 22.8943 150 1 1.85 0.95 16.75 36 9 14 3 86877.031 235479.5 310.275 
130 10.4004 6.9336 41.6017 150 1 3.4 1.75 29.4 44 32 8 11 516772.1 1944777 1845.615 
131 13.1037 8.7358 52.4148 150 1 4.15 2.35 37.6 45 44 23 15 1008296.4 4210034 3601.058 
132 15 10 60 150 1 4.75 2.4 40.55 48 47 19 16 1385248.2 5358758 4947.315 
133 7.937 3.9685 15.874 150 1 1.95 1.7 11.85 39 9 28 3 78794.618 255461.6 281.409 
134 14.4225 7.2112 28.845 150 1 3.35 2.05 21.8 39 16 25 6 396111.23 1841298 1640.638 
135 18.1712 9.0856 36.3424 150 1 4.5 3.7 26.8 49 34 30 12 941176.9 3295496 3361.346 
136 20.8008 10.4004 41.6017 150 1 5.1 4.55 31.1 50 48 29 16 1418424.3 5907689 5065.801 
137 6.9336 3.4668 20.8008 150 1 1.7 1.5 17.4 31 14 7 5 87375.454 330975.8 312.055 
138 12.5992 6.2996 37.7976 150 1 3.05 2.65 31.65 42 37 12 13 510014.99 2542766 1821.482 
139 15.874 7.937 47.622 150 1 3.7 3 39.6 42 40 30 14 924665.84 4069942 3302.378 
140 18.1712 9.0856 54.5136 150 1 4.45 3.1 38.95 48 47 26 16 1272824 5365751 4545.8 
141 6.2996 3.1498 25.1984 150 1 1.5 1.35 17 30 8 21 3 66626.787 193520.5 237.953 
142 11.4471 5.7236 45.7886 150 1 2.4 2.4 29.95 45 25 12 9 405478.31 1577428 1448.137 
143 14.4225 7.2112 57.69 150 1 3.55 3.15 37.8 47 40 25 14 828212.15 3921646 2957.901 
144 16.5096 8.2548 66.0385 150 1 4.05 3.3 38.5 49 43 26 15 1080742.8 4730146 3859.796 
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