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Abstract  

The project is a research on liquid methane. It is stored in a standing and static pressure 

vessel specially calculated for cryogenic purposes. All the simulations have been done 

using the finite element method.  

The finite element method (FEM) or finite element analysis (FEA) is a numerical 

technique to find approximate solutions for partial differential equations and it is used to 

simulate the strength of materials. 

FEM allows the user to visualize the distribution of stresses and displacements. There is 

a wide range of software to do FEM simulations, the software chosen for the project is 

Pro/Engineer Wildfire 4.0.  

Pro-Engineer is a CAD/CAM/CAE software developed by Parametric Technology 

Corporation (PTC). It provides solid modeling, assembly modeling and finite element 

analysis.  

The results obtained in the mechanical analysis executed with the application Pro-

mechanica show that the designed container holds the loads applied and stands stable.  

The thermal analysis of the insulation verifies that the amount of heat exchanged with 

the environment is on acceptable levels. Finally, to protect the integrity of the structure 

the proper paints have been selected.   
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1. Introduction 

This project is a final thesis in mechanical engineering at the University of Skövde in 

Sweden to achieve a bachelor degree. To make it possible, we were helped by Peter 

Höglund (Veprox AB Office Manager), Tomas Walander (Supervisor and M. Sc. 

Student) and Karl Mauritsson (Examiner and Lecturer), both from the Department of 

Mechanical Engineering, at the University of Skövde. 

The report is divided into three main parts. The first part will serve as an overview of the 

project. The second part will introduce the design of the pressure vessel and finally, the 

third part will discuss the mechanical analysis, the thermal analysis and the paint of the 

model together with conclusions. 

Mechanical calculations and simulations were done in order to predict the behavior of the 

different parts of the model. This was done using the finite element method software 

Pro/Engineer Wildfire 4.0. 

Liquid methane is the main component of LNG (liquid natural gas), which is a fossil fuel 

extracted from underground deposits. The percentage of methane in natural gas depends 

on where it is extracted; from 86 % in the foundations of Libya to 92 % in the northern 

sea. It comes on third place in the ranking of energy resources used worldwide, on this 

fact lies the importance of liquid methane. The stored methane will previously be 

submitted to liquefaction. Once it has been liquefied, it is stored at atmospheric pressure. 

Liquefaction involves the removal of certain components, like dust, acid gases, water and 

heavy hydrocarbons, which can produce difficulty downstream. The methane is then 

condensed into liquid at -161.6 °C and atmospheric pressure. This process allows the 

storage of over 580 times more quantity of methane than what would fit of gas methane 

in the same volume.   

2. Aim of the project  
 

This project aims to design a cryogenic pressure vessel to store liquid methane. It 

includes the use of different steel alloys specifically chosen to satisfy the requirements of 

each part of the model, a thermal analysis of the insulation and a study of which paint to 

apply for a correct maintenance. The standing and static container has a capacity of       

28 400 liters satisfying the requirements of Veprox in capacity. 

By the end of this paper, the proper behavior of the whole structure will become more 

apparent. To ensure that the container stands stable under the action of the loads applied, 

it is verified that the yield strength of the material is higher than the effective stresses 

produced by the loads in each part. Some further information of the system is also 

presented in the report, as well as the appropriate valves and other necessary items 

needed for the correct operation of the system. 

http://en.wikipedia.org/wiki/Condensation
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3. Methane technical data 

Methane is the simplest alkane with the chemical formula CH4. Its auto-ignition 

temperature is 595 °C. It has a molecular weight of 16.04 g/mol together with a liquid 

density of 422.62 kg/m
3
 at 1.013 bar. Its boiling point is -161.6 °C.  

Methane is the simplest hydrocarbon and its heat of combustion is 891 kJ/mol, but 

because of its ratio of heat of combustion, it produces more heat per unit mass, 55.7 kJ/g, 

than any other hydrocarbon. 

4. Design of the pressure vessel 

The cylindrical container´s main characteristic is its simplicity. This makes it easy to 

build. The total height of the structure is approximately 9 meters. The methane will be 

stored in the inner vessel with a capacity of 28 400 liters. The inner vessel is made of a 

special steel alloy which is resistant to cryogenic temperatures. There is also an outer 

vessel of a different steel than the inner, because it has different mechanical requirements. 

For the insulation system, expanded perlite has been selected because of its low cost and 

excellent insulating features. Also, there are joints in between the inner and the outer 

vessel necessary to hold both vessels together. Most of the joints will be located in the 

lower part of the vessel since it is there the highest stresses are located due to 

gravitational effects. This vessel is static and stands on four legs which are each attached 

to the ground on a metal plate that has previously been anchored to the ground. The 

design and analysis of the legs and plates are also included in this thesis.  

A general view of the vessel is shown in figure 1. 

 

Figure 1. Parts of the vessel 
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This figure shows the three different parts that form the vessel, the inner and the outer 

vessel with the insulation layer between them. 

4.1. Inner vessel 

The inner vessel is a cylindrical container with two semispherical heads, one on the top 

and another on the bottom of the cylinder. The inner vessel is in direct contact with the 

liquid methane at -161.6 ºC. The capacity which agreed with Veprox is at least 20 000 

liters and the capacity of the inner vessel where the methane is stored is 28 400 liters.  

A 3D model of the inner vessel and the sections are shown in figures 2 and 3. The 

thickness of the metal layer is 8 mm. The inside radius is 1100 mm and the outside radius 

is 1108 mm. 

                         

               Figure 2. Inner vessel                       Figure 3. Inner vessel dimensions.               

Units in mm.                      

The material used for the construction of the inner vessel has to fulfill the requirements of 

cryogenic temperatures and high pressure to ensure safety. Although methane is stored at 

atmospheric pressure, the loss of cold could produce the liquid methane to turn into gas 

and make the pressure inside the inner vessel very high. To solve this problem, a safety 

valve on the top of the container is used. The steel alloy selected for the inner vessel 

needs a high content of Nickel and so the chosen alloy is the international standard 

ASTM A353 [1], [2], containing 9 % Nickel. 

It is of great importance to highlight the yield strength of the material at low temperature, 

950 MPa at -196 ºC, which makes it highly resistant under the conditions assumed during 

the project. It also has a thermal expansion coefficient of 12·10
-6

 ºC
-1

. Additional data has 
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been necessary for the calculus: Poisson´s ratio; 0.27-0.30, Young modulus; 190-210 GPa 

and the density; 7 700-8 030 kg/m
3
. 

4.2. Insulation 

The cavity between both vessels is filled with expanded perlite [3], which is a volcanic 

rock commonly used in cryogenic vessels. The aim of the insulation is to minimize the 

amount of heat that the liquid inside the inner vessel exchanges through the walls because 

of the difference in temperature with the environment outside the vessel. For this purpose 

the empty space between both vessels is completely filled with this material. The 

thickness of the insulation layer is 15 cm. 

 

Figure 4. Location of the insulation.  

As it is shown in figure 4, the insulation is located between the inner and the outer vessel.  

Perlite is not a trade name but a generic term for naturally occurring siliceous rock. 

Perlite has a density of 30-150 kg/m
3 

and a conduction coefficient of  K = 0.018 W/ K·m. 

4.3. Outer vessel 
 

The outer vessel has the same shape as the inner vessel and it is also concentrically 

placed around it. The internal side of the outer vessel is in direct contact with the 

insulation, and the other side, with the environment.  

A 3D model of the outer vessel is shown in figure 5 and its dimensions are shown in     

figure 6. The thickness of the metal layer is 5 mm and the outside radius is 1 263 mm.  
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      Figure 5. Outer vessel.                              Figure 6. Outer vessel dimensions.     

                   Units in mm. 

The requirements for the materials of the outer vessel are different than the inner vessel 

because it does not need to hold cryogenic temperatures. In this thesis it is supposed a 

room temperature of 35 ºC, to confirm that it works in Sweden with a lower room 

temperature. A higher room temperature leads to the gasification of the liquid methane 

which causes an increment of the pressure inside the container, in case this happen it has 

been installed a safety valve, see annex I. The material chosen for this vessel is the 

international standard ASTM A516 grade 70 [4]. This is a very common used steel with a 

yield strength of 260 MPa, a density of 8 063.5 kg/m
3
, a Poisson´s ratio of 0.3 and a 

thermal expansion coefficient of 12·10
-6

 ºC
-1

.  

4.4. Joints 

The joints are small and hollow cylinders and are needed to hold the inner and outer 

vessel together and to stabilize the structure. For thermal reasons, the same steel alloy has 

been selected as the inner vessel as well as the hollowed shape. 

There are thirty-two joints in the whole structure. The section of the joints is a cylindrical 

hollow tube as shown in figure 7.  
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       Figure 7. Cross-section of the joint.     

                       Units in mm. 

 

 

 

Figure 8. Section A-A. Units in mm. 

Figure 8 shows a longitudinal section that passes by the plane of symmetry of the 

structure, so it it possible to observe the symmetrical distribution of the joints inside the 

vessel. The joints are placed perpendicularly and angled due to have a better distribution 

of the loads. 

SECTION A-A 
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Figure 9. Transversal section B-B.  

Figure 9 is a transverse section placed where the lower semispherical head meets the                                                                                

cylindrical part of the container, at 2095.8 mm from the ground. The joints are 

symmetrically distributed. 

4.5. Pipes 

The pipe system is not analyzed in this thesis. There are four pipes for all four valves 

used. One of the pipes is located in the lower semispherical head for the outlet valve. 

Another one is located on the top of the semispherical upper head for the safety relief 

valve and two others for the inlet valves, gas phase and liquid phase. 

The diameter of the pipes is standardized, with an inner diameter of 25.4 mm and an 

outer diameter of 33.7 mm. Figure 10 shows the pipe section and in figure 11, the 

position of the pipes in the vessel is illustrated. 

 

Figure 10. Pipe section. Units in mm. 
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Figure 11. Position of the pipes. Units in mm. 

The material chosen for the pipes is the international ASTM stainless steel 304 [5] with a 

density of 8 030 kg/m
3
, a Poisson´s ratio of 0.3 and a Young´s modulus of 193 GPa. This 

steel exhibits excellent resistance to a wide range of atmospheric, chemical, textile, 

petroleum and food industry exposures and has a yield strength of 290 MPa at room 

temperature. The combination of low yield strength and high elongation permits 

successful formation of complex shapes. 

4.6. Supports 

The container is supported by four angled legs to provide a better balance of the structure, 

since the forces acting split in two directions, one perpendicular to the ground where the 

structure is anchored and the other, parallel to the ground. The angle between each leg 

and the ground is 60˚. The supports are built with the same material as the outer vessel 

with the international standard ASTM A 516 Grade 70. They are symmetrically 

distributed around the axis of revolution. The purpose of the legs is to support the weight 

of the vessel and fix it to the ground to stabilize it.  

Figure 12 shows a 3D model of the leg. Figure 13 is a transverse section of the leg with 

its dimensions. It has a square section. Figure 14 shows the length of the leg and the angle 

between this and the ground.  
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Figure 13. Section of the leg.                          Figure 14. Length and angle of the  

                                leg. Units in mm.  

                                                                                                  

 

 

 

 

 

 

Figure 15. Angle between the vessel                       Figure 16. Angle between the four          

       and the legs.                    legs.        

Figure 15 shows the angle between the vessel and the legs and figure 16 the location of 

the legs. 

 

Figure 12. Model of the leg. 
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4.7. Plates 

There are four plates, built with the steel alloy ASTM A516 Grade 70, one for each 

support. They are welded to the legs and are each intended to be fixed to the ground by 

four bolts.  

 

Figure 17. Model of the plate.       

                              

 

     Figure 18. Plate section. Units in mm. 

The plates have a circular section and four holes for the bolts to fix the structure to the 

ground with a diameter of 4 cm. A 3D model is shown in figure 17, as well as the 

dimensions in figure 18.  
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4.8. Conclusions of the design 

The main feature of the design is its simplicity, two semispherical heads welded to a 

cylinder makes it easy to manufacture. The chamber between the vessels is filled with the 

insulating material expanded perlite. It is inexpensive and easy to replace in case it stops 

working appropriately. 

The structure itself is very stable. The four angled supports together with four bolts in 

each plate keep the vessel fixed to the ground.  

The selection of the materials is another feature of the design. The outer vessel, the 

supports and the plates are made of the same steel alloy A516 grade 70, while the inner 

vessel and the joints are made of the same material A353, since less different materials 

and parts used involves less cost in its manufacturing. 

5. Mechanical analysis of the pressure vessel 

The application Pro/Mechanica of the software Pro/Engineer Wildfire 4.0 has been used 

in this work. The mechanical analyses are executed only in the linear-elastic zone of the 

stress-strength curve of the materials due to software limitations. The vessel is analyzed 

like a whole entity, which means that each part is not simulated individually. Buckling is 

not considered. 

Only one half of the vessel has been modeled. This is possible because, the vessel is 

completely symmetrical except for the pipe system. This means that the joints between 

the vessels are cut in half as well as the legs and the pipes located in the symmetry axis.  

The legs, joints and pipes are modeled in Pro/Engineer as beams, each of them with its 

own section and material. 

The analyses of the model have been made using symmetry considerations, except for the 

plates. However this fact does not affect to the final results as the main function of the 

plates is to fix the structure to the ground.  

Since only one model has been designed with no assemblies and knowing that 

Pro/Mechanica considers the weldings as constraints, the weldings have not been 

designed. In this work it has been assumed that the necessary weldings to fix the different 

parts of the structure fulfill the requirements to keep the structure safe, this means no 

rotation and no translation.  

The space between the vessels is filled with expanded perlite. Only its weight, along with 

its thermal properties, have been taken into consideration in the analysis, but no material 

has been applied in the empty chamber between the outer and the inner vessel. 
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5.1. Loads  

Shown in figure 19 is a 3D model view of the vessel with all the forces applied on it, each 

one will be explained as follows. 

 

Figure 19. 3D model with the forces applied. 

GRAVITY FORCE, mg, where m is the mass and g is the acceleration. This 

acceleration, g, has a value of 9.81 m/s
2
 and its direction is from the center of gravity of 

the container to the center of the Earth.  

 

INTERNAL PRESSURE, Pint, is a radial pressure, caused by the liquid inside the 

container and its direction is against the walls of the inner vessel. The internal pressure, 

which is colored in red, is shown in figure 20. It has a value of -3 bar. 
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Figure 20. Internal pressure 

The internal pressure calculated for the deposit has been over-calculated using a safety 

factor according to the Swedish Standards [6]. 

 

PCL = 1 bar + PS + PL = 2.15 bar 

5% of (PS + 1) = 0.1  Since 0.1 < 0.15, PL cannot be neglected.  

Sf  = 1.4      Safety factor 

Pint = PCL Sf = 3 bar 

In this formula PCL is the pressure during operation when the vessel contains cryogenic 

liquid product. The 1 bar added in both equations comes from the effect of the vacuum. 

Since vacuum has no pressure, it is necessary to add an extra pressure of 1 bar in order to 

equilibrate the gradient of pressures between the vacuum and the inside of the inner 

vessel. PS is the maximum allowable pressure inside the vessel and it has a value of 1 bar; 

PL is the pressure exerted by the weight of the liquid contents when the vessel is filled. Its 

value is 0.15 bar and may be neglected if it has a value less than 5% of (PS + 1). 

Test pressure 

The value used for design purposes shall be higher than PT (test pressure). 

PT = 1.43 (PS + 1) = 2.86 bar 

Pint= 3 bar > PT = 2.86 bar 

EXTERNAL PRESSURE, Pext, is the pressure that the atmosphere exerts against the 

outer container. In figure 21, external pressure is shown in red and has a value of 1 bar. 
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Figure 21. External pressure. 

 

PRESSURE BETWEEN VESSELS, Pbet, is the radial pressure against the inner and the 

outer vessel because of the insulation between them. It has a value of 1 bar. 

 

WEIGHT OF THE METHANE, Wliq, is the force applied just in the inner vessel with 

the same direction of the gravity. The container has been considered to be completely full 

of liquid methane for the calculus made. In figure 22, the weight of the methane appears 

in red, Wliq = 65 kN. This value has been over-estimated from 60 kN to 65 kN to ensure 

the safety of the structure and it corresponds to half of the load according to the 

symmetry. 

Capacity of the inner vessel:           
 

 
      = 28.39    

Here r is the inner radius of the inner vessel and h is the height 

Density of liquid methane at -161.6 ˚C:  ρ = 422.62 kg / m
3
  

 

M methane = ρV  = 11 998 kg 

 

Wmethane  ≈ 120 kN 

 

Wliq = Wmethane / 2 = 60 kN, which has been over-estimated to 65 kN 
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Figure 22. Weight of the methane inside the vessel. 

WEIGHT OF THE METHANE INSIDE AND THE INSULATION, Wliq-per, is the 

load applied to the bottom of the outer vessel from the inside caused by the action of the 

weight of the liquid methane and the perlite, all together with the same direction as the 

gravity. Figure 23 shows the force placed in the model with a value of 67.6 kN, which is 

the result of over-estimating 62.6 kN in 5 kN.   

M insulation = ρV  =  514 kg  

Winsulation  ≈ 5140 N 

M methane = ρV = 11 998 kg 

Wmethane ≈ 119 980 N 

Wtotal  =  Winsulation  +  Wmethane  =  125 120 N  

Wliq-per = Wtotal / 2 = 62 560 N ≈ 62.6 kN, which has been over-estimated to 67.6 kN 
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Figure 23. Weight of the methane and the insulation. 

WIND LOAD, Wwind, is a horizontal force coming from one direction towards the outer 

vessel. In the figure attached below, it is shown in red and has a value of 5 750 N. When 

a construction is designed, either the action of the wind or possible earthquakes are 

considered, not both at the same time. The calculus, are over-estimated using a wind 

velocity of 44.7 m/s.  

 

 

Figure 24. Wind load 
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The calculus of the wind load [7, 8] is based on Standard ANSI/ASCE 7-95. According to 

this, the minimum design wind pressure shall not be less than 478.8 Pa.  

The wind pressure on the projected area of a cylindrical tower shall be calculated by the 

formula: W = Pw · Af. In this formula Pw is the wind pressure and Af is the projected area 

of the tower, i.e. a result of multiplying the height of the tower and its outside diameter.    

qz is the velocity pressure with a value of  1 245 Pa using a wind speed of 44.7 m/s; G is 

the gust response factor and has a value of 1.5 for structures over 6 meters high on plain 

ground with no edifications around; Cf  is the shape coefficient factor with a value of 0.8. 

W = Pw · Af = 20 197.12 N = 2 059 kg 

Pw =  qz G Cf = 1 493.87 Pa 

qz (assuming a wind speed of 44.7 m/s) = 1 244.89 Pa  

G = 1.5  

Cf  =  0.8  

Af  = D · H =  13.52      

5.2. Results of the analysis 

This part of the report focuses on each part of the vessel separately and the stresses acting 

on them. This way it will be proved that all the different parts forming the structure resist 

all the forces and pressures applied. 

Boundary conditions 

The same boundary conditions have been applied on both vessels due to symmetry, 

allowing displacements to be free in radial direction and fixed in the direction of the 

symmetrical rotation axis. Displacements only occur in two directions. The rotational 

degrees of freedom are set so the vessel wall will remain perpendicular to the radius and 

thus the model will preserve the symmetry. 

Outer vessel analysis 

 

As can be seen in figure 25, the outer vessel has a maximum von Mises stress value of  

26 kPa, colored in dark blue. Higher values are given in the scale of the figure, but these 

do not correspond to the outer vessel. They appear where the leg meets the vessel as well 

as two joints to connect the inner and the outer vessel as it is exposed in the legs and 

joints analysis.  
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Figure 25. von Mises stresses acting on the outer vessel. Units in Pa. 

The yield strength of the material applied is 260 MPa. The yield strength has been taken 

as the maximum value it can hold, because the software only executes its analysis in the 

linear elastic zone of the stress-strain curve of a material.  

 

Inner vessel analysis 

Figures 26 and 27 show that the von Mises stresses in the inner vessel are 26 kPa 

everywhere, except the spots where the legs are fixed to the vessel and in the dots where 

the joints and the inner vessel meet. There, the stresses reach up to 375 MPa which is 

lower than the yield stress of the material used, 950 MPa.  
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Figure 26. von Mises stresses in the inner vessel. Units in Pa. 

   

Figure 27. Enlarged view of the von Mises stresses. Units in Pa.     

Figure 27 shows a clear image of the distribution of the stresses in the lower part of the 

container. 
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Joint analysis 

The joints on the side of the vessel are simply used to balance the inner container and the 

ones on the bottom are used to hold the forces applied. The material used for the joints 

has a yield strength of 950 MPa.  

 

Figure 28. von Mises stresses acting on the joint. Units in Pa. 

In figure 28 it can be seen the stresses acting on the joint and its values. The maximum 

von Mises stress is 161 MPa. This is located on the joints placed where the legs meet the 

outer container. 

Pipe analysis 

There are four pipes on the vessel. One is vertical and placed on the lower semispherical 

head. Another is vertical and placed on the upper semispherical head and the remaining 

two are horizontal and placed on one side of the vessel. 

                                     
     

Figure 29. von Mises stresses in the               Figure 30. von Mises stresses in the              

       pipes. Units in Pa.                                                       pipes. Units in Pa. 
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As it is possible to observe in figure 29 and figure 30, the maximum von Mises stress for 

them is 26 kPa and the yield strength is 290 MPa. 

Legs analysis 

All four legs are designed like beams and they do not suffer any significant stress. As it is 

shown in figure 31, the maximum stress is 26 kPa and the yield strength of the material is 

260 MPa.  

 

Figure 31. View of the von Mises stresses of the legs. Units in Pa. 

According to these results, the supports will resist the stresses and the structure will 

remain safe in consequence. 

Plates analysis 

The symmetry of the structure makes the horizontal components of the forces transmitted 

to the plates cancel each other. The material used for the plates has a yield strength of  

260 MPa. Figure 32 shows that the plates would resist except for in areas of the lightest 

blue tone. 
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Figure 32. von Mises stresses in the plate. Units in Pa. 

There are large stresses placed on the spots where the legs are fixed to the plates and 

reach up to 675 MPa. These data are neglected because it is caused by Pro/Engineer 

limitations (incompatibility error). 

Incompatibility error  

The application used to run the mechanical analysis, Pro/Mechanica, has limitations. 

When applying a force on a beam, Pro/Mechanica transforms that superficial force into a 

punctual force. This means that the section of the beam does not interfere much on the 

final result and this is not correct. 

 

                Figure 33. von Mises stresses in plate with holes for beams of                                                                                                                 

 
    8 cm of diameter. Units in Pa. 
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Figure 34. von Mises stresses in plate with holes for beams of  

 

Figures 33 and 34 show an example. In the first one, the beam has a diameter of 8 cm and 

in the second one, the diameter is 50 cm. As shown, the results do not differ greatly. 

Because this discrepancy is clear, it is possible to conclude that the high stresses on the 

figures can be neglected. 

6. Painting  

Following the book by Megyesy [7], the surface treatment “pickling” is applied on the 

outer vessel before the paint is applied. Pickling consists of the complete removal of all 

mill scale, rust and rust-scale by chemical reaction or by electrolysis or by both. The 

surface must be free of harmful acid, alkaline or smut (SSPC-SP 8-63). Next, the paints 

chosen are selected to fit on steel surfaces exposed to different weather conditions, high 

humidity and infrequent immersion in fresh or salt water or to mild chemical 

atmospheres.  

First, one layer of 0.04 mm of the paint zinc chrome alkyd type (TT-P-645) is applied. 

Secondly, one layer of 0.04 mm of white or tinted alkyd paint, types I, II, III, IV (104-64 

No. 104) is applied, and finally, a third layer of 0.03 mm of the same paint as the second 

layer (104-64 No. 104) is applied. 

6.1. Required quantity of paint 

Theoretically, 3.79·10
-3

 m
3
 of paint covers 148.64 m

2
 of surface with one millimeter thick 

coat when it is wet. 

50 cm of diameter. Units in Pa. 
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The dry thickness is determined by the solid (non-volatile) content of the paint, which can 

be found in the specifications on the label or in the supplier’s literature.  

In the case of the vessel designed, it has a surface of 58.19 m
3
, so for the first layer of  

TT-P-645 (3.81·10
-5

 m), the quantity will depend on the water content provided by the 

label of the supplier (2.31·10
-3

 m
3
 / % of water in the paint). For the second layer of 104-

64 No. 104 (3.81·10
-5

 m) are required 4.58∙10
-3

 m
3
 which has a 47-50% water content. 

Finally, for the third layer of 2.54·10
-5

 m, the volume necessary of 104-64 No.104 is 

1.51·10
-3

 m
3
. 

7. Thermal analysis  

Heat transfer is the transmission of temperature from a hotter body to a colder one until 

they are equal in temperature (Law Zero Thermodynamics).  

When two bodies with different temperatures are close to each other, the heat transfer 

between them cannot be stopped, but slowed down. For this reason, expanded perlite is 

used as the insulator for the container. 

The effectiveness of an insulator is indicated by its resistance, R. The strength of a 

material is the inverse of the conduction coefficient, K, multiplied by the thickness, e, of 

the isolation. The units for resistance are in the International System: K·m
2
/W. 

A non-evacuated system has been chosen for the insulation, which means that no vacuum 

valve is necessary. For this thermal analysis, all that has been considered is the layer of 

expanded perlite and not the thickness of the metal layers of the vessel because, there will 

be barely any insulation compared to the expanded perlite. 

7.1. Calculations 

These are the data for the calculations of the heat transferred:  

Conduction coefficient: k = 0.018 W/K·m   

Cylindrical body length: L = 6 m 

Inner temperature: t1 = -163 ºC 

Atmospheric temperature: t2 = 35 ºC 

Internal ratio: R1 = 1.107 m 

External ratio: R2 = 1.257 m 

Formulas used:  

Cylindrical body:  

  Differential Surface of the cylindrical body:    dS = 2 ∙ π ∙ R ∙ dL 

  Heat transferred through the cylindrical body from the atmosphere to the      

  inner vessel:  
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Semispherical heads: 

  Differential Surface of the cylindrical body:    dS = π ∙ R
2 

  
Heat transferred through the semispherical heads from the atmosphere to     

  the inner vessel:  

      
               

     
       

                   

     
 

            

Total heat transferred: 

           Qtot = Qc + Qs = -1 472.8 W  

7.2. Conclusions 

According to the laws of thermodynamics, both systems must be balanced. Due to the 

fact that heat is spontaneously transferred from a warmer body to a colder one, the inner 

part of the vessel absorbs heat from the atmosphere. The minus sign on the results 

indicates that the difference between both temperatures, t1 - t2, remains below 0˚C. 

As the intermediate perlite layer has a very low conduction coefficient, the heat 

transferred from the atmosphere to the inner deposit is not so marked. For a vessel of the 

designed dimensions, the result obtained is reasonable. So the chosen material for 

insulation and the thickness of the layer are good enough for the purpose of this project. 

If an evacuated system would have been required, it would have been necessary to install 

a vacuum valve to make a vacuum in the insulation in order to increase the density of the 

expanded perlite and lower the thermal conductivity coefficient. 

Heat transfer depending on the thickness 

In the following figure it is possible to see the variation of the heat transferred   

depending on the thickness of the insulation.  
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Figure 35. Variation of the heat transferred and its dependence on the thickness 

      of the insulation 

As it is shown in figure 35, the heat transferred decreases significantly in a first range of 

values, but then it is almost constant. The thickness chosen for the insulation is 0.15 m 

which leads to acceptable values of heat transferred. Higher values of the thickness 

involves using more steel for the outer vessel, this means that the structure would be 

heavier and therefore less stable. 

8. Conclusions and future work 

After the analyses of this project, it is possible to conclude that the yield strength of every 

part of the structure is higher than the von Mises stresses produced by the loads applied 

on them. The few places where there seem to be high stresses are caused by 

incompatibility errors due to software limitations. 

The designed vessel has a double metallic layer to assure the isolation of the liquefied 

methane and the proper conditions in temperature (-161.6 ºC) and pressure (1 bar). It 

stands vertically on four angled supports for a better balance. 

The design of a cryogenic vessel offers a wide range of possibilities in terms of material 

choice. The outer vessel, the supports and the plates have been designed with a common 

and cheap steel which when treated with the right layers of paint will remain perfectly 

operative without corrosion. The main requirement for the inner vessel is the need of at 

least a 9% Ni alloy. 

Because of the necessity to keep the liquid inside the vessel at a much lower temperature 

than atmospheric temperature there is a chamber between the two vessels filled with 

expanded perlite to avoid the transfer of heat. The thickness of the layer of expanded 

perlite according to the thermal analysis reduces the transfer of heat to acceptable levels. 
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Another option could have been the inclusion of vacuum valve to isolate and insulate the 

inner vessels. 

All the loads and pressures applied have been overestimated to keep a wide range of 

safety. After the analysis, it is possible to observe the existence of a few places where 

there seem to be high stresses. This is caused by software limitations. 

In addition to this project and for future studies, there is a need to install vaporizers to 

turn the liquid methane inside the vessel into gas. Also, if the liquid is seldom withdrawn, 

it might turn to warm and it will be necessary to add a cooling system.  
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ANNEX I: AUXILIARY DEVICES 

1. Valves  

Two different types of valves have been chosen for the correct behavior of the system, 

each of them with its own purpose. All the valves have been selected from a catalogue 

of the company “Herose” [9], so they are standardized with an inner nominal diameter 

of one inch. 

Check valves 

Check valves are two-port-valves, meaning they have two openings in the body, one for 

fluid to enter, and the other for fluid to exit. Check valves will be used for the supply of 

both gas and liquid methane. They will be located on the side of the container, one 

above the other. There is also one more check valve in the bottom of the lower 

semispherical head to withdraw liquid methane. 

Technical data of the check valve in figure I.a. attached below: 

 

 

Figure I.a. Check valve 

Type: 05419  

Cryogenic lift check valve PN50 Bar Rated, approved for air gases & cryogenic liquids 

Materials: stainless steel with carbon PTFE seal 

Size range: 1” to 6” 

Connections: flanged 

Temperature range: -196 to +120 ºC 
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Safety valve 

The safety valve will be used to release pressure from the inner vessel when necessary. 

For example, it will be used when liquid methane inside the vessel vaporizes while it is 

still inside the vessel which causes an increase of pressure. The safety will be located at 

the top of the semispherical head. 

Technical data of the safety valve in figure I.b. attached below: 

 

 

Figure I.b. Safety valve 

Type: N1 / 10.7    

Angle pattern cryogenic valve approved for steam, gases & cryogenic liquids 

Materials: stainless steel with optional seals 

Size range: 3/8” to 1.1/4” 

Pressure range: 0.1 to 500 bar 

Temperature range: -200 to +280 ºC 

2. Coil system 

The coil system is not in the sketches nor analyzed. It is a control device. When the 

liquid is consumed, the pressure goes down. To avoid this effect a small quantity of 

liquid crosses the coil where it gasifies and goes again into the vessel in its gas stage. 

This contribution of gas produces an increase in the pressure until it resets and the 

pressure regulator shuts down the flux of liquid. 
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The coil is made of cooper aluminum or stainless steel and is located in the lower part 

of the deposit. 

3. Rupture disc 

The rupture disc is a device made of stainless steel and it is used to control the pressure 

which is set up on a minor pressure than the liquid inside. It is in direct contact with the 

gas stage. 

This device is not analyzed in the thesis. 

4. Level 

The level is an electronic device that uses a sensor to determine the volume of liquid 

inside the vessel. 

5. Manometer 

The manometer is used to measure the pressure inside the vessel.  
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ANNEX II: INSTRUCTIONS FOR THE USE, 

MAINTENANCE AND SAFETY OF THE 

INSTALATION 

1. Usages 

The vessel is equipped with the necessary elements to make the use of it simple and 

safe. The first time filling the tank it is necessary to take some extra precautions because 

the temperature inside the inner vessel is close to the temperature outside the vessel, 

which leads to gasification until the inner vessel is cold enough. 

1.1. First filling  

The hose from the truck is connected to the inlet system of the vessel with all the valves 

closed. The rupture disc has to be removed before starting filling because of the increase 

in pressure. Next, slowly proceed to fill the tank from the gas phase making sure not to 

let the pressure rise above the pressure used for the analyses, 1 bar. Once the level 

system detects that there is liquid inside the vessel, the filling follows the same 

procedure as a regular filling which will be described later. It is important to note that 

transfer pumps will never be used. 

1.2. Fillings  

The hose from the truck is connected to the vessel. Then the liquid phase valve and the 

gas phase valve have to be open at the same time. The filling of liquid phase raises the 

pressure while filling in the gas phase lowers it. This way, while using them correctly, it 

is possible to keep the pressure constant. Once the level system detects that the vessel is 

full, the inlet system of the vessel will be shut down. 

1.3. Emptying  

To empty the vessel, the liquid methane inside of it will go through the pipes into the 

vaporizers losing cold and turning into gas. The flow of gas will depend on the features 

of the vaporizer and on the necessity of not keeping the pressure constant during the 

process.  

2. Maintenance and safety 

It is very important to always keep the paint of the outer vessel in perfect conditions to 

prevent oxidation.  

If frost appears in the outer vessel and there is an abnormal rising of the pressure it 

could be because of a leak or because the insulation material is no longer working 

appropriately and it is time to renew it. 
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2.1. Flaming devices 

According to [10] open flames, cutting or welding portable electric tools and extension 

lights capable of igniting LP-Gas, shall not be permitted in the following areas: 

 

Location 

 

 

Extent of classified areas  

Storage containers other than DOT 

(Department of Transportation) cylinders 

Within 15 feet in directions from            

connections, except connections otherwise 

covered in Table H-28.      

Gage vent openings other than those on 

DOT cylinders 

Within 5 feet in all directions from point 

of   discharge. 

 

Beyond 5 feet but within 15 feet in all 

directions from point of discharge. 

 

Relief valve discharge other than those on 

DOT cylinders 

Within direct path of discharge. 

 

Within 5 feet in all directions from point 

of discharge. 

 

Beyond 5 feet but within 15 feet in all 

directions from point of discharge except 

within the direct path of discharge. 

Pumps, compressors, gas-air mixers and 

vaporizers other than direct fired. 

 

Indoors without ventilation. 

 

 

 

 

 

 

Indoors with adequate ventilation (1). 

 

 

Pipelines and connections containing 

operational bleeds, drips, vents or drains. 

 

 

 

Entire room and any adjacent room not 

separated by a gaslight partition. 

 

Within 15 feet of the exterior side of any 

external wall or roof that is not vaportight 

or within 15 feet of any exterior opening. 

 

Entire room and any adjacent room not 

separated by a gastight partition. 

 

 

Within 5 ft. in all directions from point of 

discharge. 

 

Beyond 5 ft. in all directions from point of 

discharge. 

 

  

Container filling: Indoors without 

ventilation 

 

Indoors with adequate ventilation (1). 

Entire room. 

 

 

Within 5 ft. in all directions from 
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Outdoors in open air 

connections regularly made or 

disconnected for product transfer. 

Beyond 5 ft. and entire room. 

 

Within 5 ft. in all directions from 

connections regularly made or 

disconnected for product transfer. 

 

Beyond 5 ft. but within 15 ft. in all 

directions from a point where connections 

are regularly made or disconnected and 

within the cylindrical volume between the 

horizontal equator of the sphere and 

grade. 

 

Table H-28 

Footnote (1) Ventilation, either natural or mechanical, is considered adequate when the 

concentration of the gas in a gas-air mixture does not exceed 25 percent of the lower 

flammable limit under normal operating conditions. 

 

2.2. Safety distances  

 
According to the standard of the United States department of labor (occupational safety 

and health administration) 1910.110(b)(6)(ii) [10], each individual container between    

7.57 – 113.56 m
3
 shall be located with respect to the nearest important building or group 

of buildings at least 15.24 m away.  

 

According to the standard of the United States department of labor (occupational safety 

and health administration) 1910.110(b)(11)(v)(c), the minimum distances between 

storage containers and vaporizer-burners for container over 7.57 m
3
 is 15.24 m. 
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ANNEX III: CALCULUS 

1. Weight of the vessel 

Weight of the inner vessel 

Wcylinder = ρV = ρ         ) = 2 664 kg 

Wheads = ρV =(4/3)         ) = 980 kg 

Winner = Wcylinder + Wheads = 3 644 kg 

Weight of the insulation  

Bigger radius of the insulation layer = R = 1.258 m    

Small radius of the insulation layer = r = 1.108 m 

Vcylinder=         ) = 6.7     

Vheads=(4/3)         ) = 2.7     

V = Vcylinder  + Vheads = 9.4     

Winsulation = ρV = 514 kg 

Weight outer vessel 

Wcylinder = ρV = ρ         ) = 1 916 kg 

Wheads = ρV =(4/3)         ) = 1 604 kg 

Winner = Wcylinder + Wheads = 3 520 kg 

Weight of the 32 joints 

Wjoints = 32 ρV = 32 ρ         ) = 161 kg 

Weight of the 4 pipes 

Wpipes = 4 ρV = 4 ρ         ) = 186 kg 

Weight of the 4 legs 

Wlegs = 4 ρV = 937 kg 

Weight of the 4 plates 

Wplates  = ρ            

Wdrills (one plate) = 4 ρ             
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Wtotal = 4 (Wplates – Wdrills) = 86 kg 

Total weight of the empty structure 

Wstructure = 9 047 kg 

2. Volume of liquid methane 

Capacity of the inner vessel :                  = 28.4    

Inner radius of the inner vessel = r 
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