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Résumé 
Le but de ce projet est d’analyser le concept d’un accumulateur de stockage thermique à double paroi 

avec du vide poussé entre les deux parois afin de réduire de manière considérable les pertes 

thermiques. Les principales applications visées par ce produit sont les installations solaires thermiques 

intégrées aux procédés de chaleur industrielle, mais il peut également servir pour des applications 

résidentielles et avec d’autres sources d’énergie. 

 

Pour mener à bien cette étude, les activités suivantes ont été réalisées en 2018 : 

 recherche bibliographique sur l'état de l'art des systèmes TES, études et applications 

 analyse structurelle du concept VITES 

 analyse thermique préliminaire du concept VITES 

 participation à l'annexe 30 et à l’IEA Tâche 58/annexe 33 de l'AIE 

 

Summary 
This project aims to analyse the concept of a high performance, double-wall vacuum insulated thermal 

storage container in order to significantly reduce heat losses. The main applications for this product are 

solar thermal systems integrated into heating processes, but it can also be used for residential 

applications and with other energy sources. 

 

In order to carry out this study, the following activities were performed in 2018: 

 literature review of the state of the art of TES systems and review of existing 

research on vacuum insulated container technology and applications 

 structural analysis of the designed VITES concept 

 preliminary thermal analysis of the VITES concept 

 participation to ECES Annex 30 and IEA Task 58/Annex 33 
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1 Introduction 

The Swiss Energy Strategy 2050 sets an approach to reach a sustainable energy supply in Switzerland 

by 2050. In addition to the phase-out of nuclear power, the strategic objectives include measures to 

increase the use of renewable energy and the energy efficiency of buildings, mobility, industry and 

appliances [1]. However, most renewable energy sources are intermittent in nature so that energy 

production is not in phase with energy demand. Energy storage has, therefore, become an important 

research topic and the development of efficient, inexpensive energy storage systems as important as 

the quest for new energy sources [2]. 

 

Thermal energy accounts for some 75% of the final energy consumption in Switzerland. More than 50% 

of this energy is used for space heating, domestic hot water production and industrial process heating 

[3]. In these applications, full use of renewable energy can only be achieved by providing adequate 

energy storage options. Therefore, thermal energy storage (TES) could play a major role in global 

energy efficiency improvement by increasing the share of renewable energy production and of waste 

heat recovery. In addition, the Federal Energy Research Masterplan [4] considers decentralised heat 

and cold storage as one of the research area to be focused by 2020. Still, for a better market penetration, 

major challenges need to be overcome not only on the technical side (long-term capacity, longer lifetime, 

higher efficiency, improved safety) but also on the financial side with better return on investment. 

 

In recent years, some developments have been made regarding insulation of TES. Double-wall vacuum 

insulated systems for sensible heat storage, using low levels of vacuum and gap filling materials to 

increase thermal resistance, are one of them.  

 

The goal of this project is to develop the concept of a high performance, double-wall hot water thermal 

storage container with high vacuum and no filling material in the gap between the walls to decrease heat 

losses. Such a device must have an acceptable cost and should be of interest to solar thermal industrial 

and residential systems as well as to store thermal energy from any other energy source.  

 

This research in line with the Swiss Energy Strategy 2050 through:  

- Valorisation of solar heat and other renewable energies 

- Improvement of the performance of sensible TES  

- Improvement of energy efficiency in buildings and industrial processes 

- Reduction of environmental impacts  

 

Participation to the Annex 30: Thermal Energy Storage for Cost-effective Energy Management and CO2 

Mitigation [5], have not only allowed to deeper the knowledge of this topic but also to evaluate current 

challenges in the development of TES, some of them addressed in this project.  

 

Beginning 2017 a joint SHC Task 58/ECES Annex 33 entitled Material and Component Development 

for Thermal Energy Storage [6] was launched dealing with advanced materials for latent and chemical 

storage. Although the focus in on materials, the current project for which the development of a novel 

TES concept is aimed, fits well with the overall work developed in this joint task/annex. 
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2 Project aim 

The aim of this project is to develop a high performance, double-wall vacuum insulated hot water thermal 

storage container. In this concept, for which a high vacuum level (less than 0.001mbar) is foreseen, 

losses by convection and conduction should tend towards zero. The main heat losses of the tank being 

limited to radiation and to the thermal bridges present in the wall of the tank and fittings. In addition, this 

new container will have to be competitive from a financial point of view compared to standard insulated 

containers on the market. To achieve this goal, several parameters will be investigated, in particular:  

 structural analysis of the VITES concept 

 the optimisation between the level of vacuum achieved, the performance and cost  

 the need to use reflective surfaces 

 the need to minimise thermal bridges 

 the behaviour of the container according to the hydraulic connections. 

Target applications for this device would be in the industrial sector, as temperature levels are normally 

higher than in building applications so that storing energy losses are equally larger. In addition, 

temperatures over 100 °C prevents the use of polyurethane foam as insulating material, which greatly 

increases insulation costs. However, this project will also tackle the individual and collective housing 

market because the energy saving potential of this technology appears to be significant even at lower 

temperatures as the potential market is significantly higher. All these developments are in line with the 

strategy of meeting industry demands with the expertise of TVP Solar. 

In terms of investment cost, the goal of this project is to design a storage device that does not exceed 

the maximum acceptable storage capacity cost (SCCacc) as defined in the IEA SHC Task 42 / ECES 

Annex 29 [7], see Figure 1. Thus, for a solar thermal application in the building sector the cost of the 

TES should not exceed 300€/kWhcap (€ per kWh of installed storage capacity), while for the industry 

sector, acceptable prices should be below 100€/kWhcap for a process that needs several cycles per day. 

 

 

Figure 1: Maximum acceptable storage capacity costs SCCacc for three user classes as a function of storage cycles per year Ncycle; 

enthusiast high/low case (green solid/dashed line), building high/low case (blue solid/dashed line), and industry high/low case (red 

solid/dashed line) [7]. 
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To develop a sound vacuum insulated storage container, this project will make use of the renowned and 

comprehensive experience of TVP Solar, experts on thermal vacuum power charged technology and 

industrial partner of this project. 

 

It has been estimated to about 1.4 million GWh/year, the potential savings from a wider use of hot and 

cold storage systems in the industrial and domestic sectors in Europe [8]. Within the Swiss context, the 

estimated value is about 4500 GWh/year in the building sector alone. The use of TES for industrial waste 

heat recovery is also of great importance with a 5.3 TWh of waste heat estimated in the Swiss industry 

[9]. 

2.1 Project steps 

The project is divided into 3 work packages: 

- WP1: Concept development 

- WP2: System integration 

- WP3: Dissemination 

In order to successfully develop the VITES storage device, the following objectives have been defined: 

- literature review of existing concepts, products and research in the field of TES, particularly for 

hot water thermal storage 

- structural analysis of the VITES container to validate the proposed design, ensure conformity 

to the target applications and assess the impact of changing conditions 

- thermal design analysis to assess the heat transmission process, temperature distributions 

and the influence of several parameters on the overall thermal behaviour of the VITES 

container 

- numerical simulation of the annual performances of the VITES container under different 

conditions and for different applications and assessment of potential gains 

3 Literature review 

3.1 Thermal energy storage (TES) 

Thermal energy storage is defined as the temporary storage of thermal energy at high or low 

temperature levels. These systems are required when the heat demand is not in phase with heat 

production. Of great importance in many engineering fields, they are particularly used in buildings for 

short-term storage of domestic hot water and industrial processes. However, long-term storage is also 

possible but imply larger storage containers to harvest large quantities of energy, such as waste heat 

from industrial processes, to use, for example, in large-scale central heating systems. 

 

The technology offers, in this way, the possibility to offset the mismatch between demand and availability 

of thermal energy by collecting and storing energy for use at a later time. Primarily designed to store 

solar energy, these systems can also be employed to store any other timely-based energy source such 

as waste heat for which availability and utilisation periods differ.  
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The advantages of a well design TES system can be summarised as follows: 

- improved energy efficiency 

- increased reliability of the required supplied energy 

- reduced investment and maintenance costs 

- reduced environmental impacts 

According to the storage mechanism, TES can be classified into: 

- sensible heat storage: by heating or cooling a liquid or a solid storage medium 

- latent heat storage: by the phase change of the storage medium (melts and vapour) 

- thermochemical heat storage: by thermochemical reactions 

Storage of heat has been traditionally in the form of sensible heat with water as the most common 

storage medium. Latent heat storage as become an important research topic in the last decade due to 

its operational advantages of smaller storage containers and small temperature variations. This review 

will concentrate on sensible heat storage for water heating applications. 

 

A key aspect of TES systems is the insulation of the tank to reduce heat losses. The state of the art for 

thermal storages is conventional building insulation materials such as mineral wool, expanded 

polystyrene and polyurethane foam [10]. Improving the current insulation factor of these materials is 

difficult because of their high thermal conductivities and large insulation thicknesses. Therefore, 

advanced insulation materials have been developed and tested in real case studies, see for example 

[11,12]. 

 

The open literature indicates an important research and development activity taking place in Europe 

particularly for vacuum insulated TES. The availability of some commercial products based on this 

technology is also acknowledged in different case studies. 

3.2 Sensible heat storage technologies 

The most common material used in sensible heat storage is water as it has a high specific heat capacity 

and is cheap in comparison to any other storage medium. At low temperature, water is one of the best 

storage medium and the most widely used for solar water heating applications. Due to the boiling point 

constraint of water, high temperature applications require increasing the system pressure [13].  

Research have shown that water tank storage is a cost-effective option but with room for improvement 

in terms of internal stratification temperatures and thermal insulation [14]. For this latter, research is now 

focus on evacuated super-insulation materials with much lower effective thermals conductivities and 

with no moisture deterioration, as is the case in the most common insulation materials [15].  

 

Underground storage of sensible heat is typically used in large-scale applications and is well suited for 

seasonal storage, i.e. using summer season stored heat in the heating season. According to a recent 

review [16], TES systems based on sensible heat storage have storage efficiencies between 50 to 90% 

depending on the storage medium and insulation technology. In general, sensible heat storages are 

simpler in design than latent or thermochemical storages but are bigger in size. 

3.3 Vacuum insulated materials 

Super insulating materials have been used in the past to insulate passive houses. [17] reported a 

building related application with the integration of vacuum insulation into different building elements.  
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Vacuum insulation panels and aerogel based products have 6 to 10 times lower thermal conductivity 

[18] and, consequently, lower insulation thickness when compared to traditional insulating materials. 

They offer a suitable option for insulating TES.  

The characterisation of the effective thermal conductivity of the most widely proposed nanostructured 

insulants, such as expanded perlites and fumed silica, under different operating conditions lead to a 

number of publications [12,15,19,20]. Results demonstrate that super insulating materials are best for 

TES with certain dimensions and for large TES these materials are less effective and not economical. 

The study [12] demonstrated that vacuum insulation with perlite is an appropriate and economic method 

for high temperature (up to 300 °C) since effective thermal conductivities remain low. 

3.1 Vacuum insulated TES: research and market  

The potential of vacuum insulation materials for different hot water storage sizes and operating 

temperatures has also been addressed in the open literature.  

 

The use of concrete long-term hot water thermal storage of 100 m3 with vacuum insulated panels (fumed 

silica) have shown a 90% reduction in emissions and 80% in storage losses [11]. The project also shows 

that additional costs for the TES are covered by the energy savings. 

 

Another storage concept was developed and tested for hot water applications [18]. The 15.5 m3 

evacuated double vessel filled with pearlite and containing water at 86 °C presented an overall cooling 

rate of 0.23K/day including thermal bridges.  

 

This development led to a commercialised German product capable to ensure long-term operation 

without considerable heat losses [21]. Manufacturing the tank is indicated to be a major issue because 

it requires precise welding and leaks inspection. The evacuation process also takes long. The price of 

a 10 to 15 m3 vacuum storage is indicated to range from EUR 20’000 to 25’000. From 35 m3 on, the 

price of a vacuum TES and a conventional tank are reported to be the same. 

 

Within the framework of a research project financed by OFEN (COLAS) [22], the LESBAT had the 

opportunity to measure the performance of two TES tanks in an industrial application for bitumen 

storage. It was observed that the 40 years old thermal insulation in place was no longer effective, which 

lead the industrial partner to replace them. Despite this measure, one of the new TES tanks presented 

heat losses up to 10 times higher than the expected theoretical value for this type and thickness of 

insulation. In some cases, heat losses could represent 15 to 40% of energy consumption like in the 

COLAS project [23]. The reason for this problem was the permeability of mineral wool to air and the 

effect of moisture on the air conductivity. This case highlights the importance of using insulation that is 

not affected by moisture or aging, such as in a vacuum TES. 

 

In Switzerland, efforts are currently made to develop high temperature TES relevant to industrial 

applications such as the case of VITES. [24] made a comprehensive analysis of the potential of 

integration of vacuum insulated TES in Swiss industries and found that 70% could profit from this 

technology. It has also been identified that replacing existing TES insulation is not possible with vacuum 

insulation.  

 

Research is also focusing on seasonal TES of low temperature for building applications:  space heating, 

domestic hot water and industrial processes [25]. Seasonal storage is a fundamental domain of action 

to meet the Energy Strategy 2050 objectives. 
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From these findings and constraints, the development of a new vacuum insulated TES is needed to 

reduce thermal losses at an affordable cost in order to meet Swiss energy engagements. 

4 VITES design conception 

The VITES concept is a vacuum insulated hot water heat storage that can be charged with solar energy 

or any other renewable energy and even waste heat. Its functional principle is to store heat in the form 

of temperature-layered hot water over long periods. 

 

By definition, vacuum (space devoid of matter) is often considered to be the best known insulator. In 

fact, the lack of matter greatly minimises heat losses by conduction and convention and only radiation 

can occur. In the VITES concept, the vacuum insulation is obtained in the gap between the two 

concentric metal cylinders that form the container.  

 

The VITES target design specifications are presented in Table 1. 

 

Purpose Heat storage 

Container volume  Up to 3 m3 (reference 0.8 m3) 

Storage medium  Water 

Storage medium temperature  Up to 180 °C (reference 160 °C) 

Storage medium pressure Up to 16 bar 

Container material AISI 316L 

Insulated material Vacuum 

Vacuum level Less than 0.001 mbar 

Vacuum insulation conductivity 0.01 W/m K 

IR surface coating material of outer wall of inner tank copper 

Global heat loss coefficient 0.03 W/m2 K 

Design cost Up to 300 €/kWh (building sector) 
Up to 100 €/kWh (industrial sector) 

Table 1: Target design specifications of the VITES concept 

4.1 Structural analysis 

Because of the design operating pressures: up to 16 bar inside the container, less than 0.001 mbar in 

the double-wall gap and atmospheric pressure at the outside, the structural assessment of the proposed 

design was performed. The geometry and the structural analysis of the VITES concept is presented 

here.  

 

VITES consists of two concentric stainless steel cylindrical tanks with hemispherical end caps. The inner 

tank contains pressurised hot water. The outer tank must withstand the vacuum between the two 

cylindrical shells to isolate the inner tank and minimise the heat exchange between the water and the 

outside ambient conditions.  
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For the structural analysis, the following characteristics are considered: 

 Container capacity : 1 m3  

 Minimised heat exchange 

 Four pipes for water circulation 

 Attachment points on the top of the tank 

 Minimised gap between the two cylindrical shells 

The Final Element Analysis (FEA) of the VITES concept was performed with ANSYS [26]. It aimed to 

verify the total integrity of the chosen wall thicknesses and the buckling safety.  

 

Two design prototypes were considered with characteristics differing in the supporting feet and 

thicknesses of the concentric tanks. The main geometrical dimensions of prototypes 1 and 2 are 

provided in Table 2. 

 

 

Length 2127 mm 

Outer shell external diameter  1000 mm 

Inner shell external diameter 8000 mm 

Inner shell thickness: cylindrical body Prototype 1=8 mm; Prototype 2=5 mm 

Inner shell thickness: hemispherical end caps Prototype 1=8 mm; Prototype 2=12 mm 

Outer shell thickness (cylindrical and hemispherical ends) 3 mm 

Number of reinforcement C rings 3 

Number of supporting feet 4 

Table 2 : Main geometrical dimensions of prototypes 1 and 2 

 Material properties and allowable stresses 

The material proposed for the VITES concept is a AISI 316L stainless steel. This molybdenum bearing 

austenitic stainless steel is commonly used for vacuum applications as it shows enhanced corrosion 

resistance and ductability [27]. The mechanical properties of this stainless steel are given in Table 3 

[28]. 

 

Material AISI 316L 

Young’s modulus  210 GPa 

Poisson’s ratio  0.3 

Density   8000 kg/m3 

Elastic limit  205 MPa 

Ultimate tensile strength 515 MPa 

Table 3: Material properties used for the VITES concept [28] 

  



 

13 
 

 Design of prototype 1 

Figure 2 shows the design of prototype 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The outer tank is reinforced with C shape rings to resist buckling caused by the vacuum between the 

two tanks. The inner tank is supported by four tubes welded to the hemispherical bottom end.  
  

Figure 2 : Overview of prototype 1 
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 Design prototype 2 

Figure 3 shows the design of prototype 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The outer tank is also reinforced with C shape rings to resist buckling caused by the vacuum between 

the two tanks. The inner tank is supported by spacers welded at the inner side of the outer tank and the 

outer side of inner tank but not on the hemispherical end caps. The supporting feet are welded at the 

outer side of the outer tank cylindrical body.  
  

Figure 3 : Overview of prototype 2 
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 FEA results 

The main results of the structural analysis are provided in Table 4. 

 

 Prototype 1 Prototype 2 

Mass, kg 655 462 

Global stress of inner tank, MPa     300 192 
1Membrane stress of inner tank, MPa 190 134 

Buckling (load multiplication) 6.2 9.6 

Table 4 : Comparison of the structural analysis results for prototypes 1 and 2 

Simulations show that prototype 2 with improved wall thicknesses presents lower constraints, in addition 

to a reduced overall mass when compared to prototype 1. A buckling analysis was also performed to 

check the stability (collapsing of the VITES container) of the prototype designs. Prototype 2 presents a 

buckling load 9,6 times higher than the nominal load and 1.5 times higher than prototype 1. Under these 

conditions no risk of buckling is foreseen. Given the results, prototype 2 is structurally acceptable and 

is retained for the remaining part of this project.  

 

Please refer to Appendix 1 for further details of the FEA results. 

4.2 Preliminary thermal analysis 

 Radiation heat transfer – Emissivity impact 

As previously mentioned, vacuum insulation reduces dramatically the heat transfer by conduction and 

convention with no effect on the radiation transfer that becomes the predominate heat exchange mode, 

which depends on the emissivity of the walls and their temperatures. In order to anticipate the thermal 

simulations with ANSYS software, a preliminary thermal loss calculation for the radiation component 

was performed to investigate the effect of emissivity coating in the heat losses of the VITES concept.  

 

For this calculation the VITES container is assumed to be a closed cylinder with flat ends instead of 

hemispherical end caps. Wall emissivity for the two concentric tanks was assumed to be 0.03 [29], a 

value easily achieved with a copper based coating on the evacuated side surfaces of the gap between 

the cylinders, to reduce the net radiation transfer. 

 

Thus, two calculations are performed: one for the cylindrical body of the tank and the other for the upper 

and lower flat ends of the tank. The theoretical heat losses of the VITES container can be calculated as 

the net radiation exchange between the two flat plates added to that between the two concentric 

cylinders as given by [30]: 

 

For flat plates: 

𝑞𝑝 =
𝐴𝑝𝜎(𝑇1

4 − 𝑇2
4)

1
𝜀1

+
1
𝜀2

− 1
 

 
  

                                                      
1 Stress along the thickness of the shell 
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For concentric cylinders: 

𝑞𝑐 =
𝐴1𝜎(𝑇1

4 − 𝑇2
4)

1
𝜀1

+
1 − 𝜀2

𝜀2
(

𝑟1

𝑟2
)
 

 

With : 

- q : specific heat transfer [W/m²] 

- Ap : flat plate area (top and bottom) – mean value between diameter of inner and outer tank [m²] 

- A1: inner cylinder surface area [m2] 

-  : Stefan-Boltzmann constant 5,67.10-8 [W/m²/K4] 

- 1, 2 : Emissivity of surface 1 (inner tank) and 2 (outer tank) [-] 

- T1, T2 : surface temperature 1 (inner tank) and 2 (outer tank) [K] 

This result was compared to the case where the VITES container is insulated with a conventional mineral 

wool material having a thermal conductivity of 0.06 W/m K to account for the humidity of the air [29]. 

The convection heat losses were estimated for a natural convection heat transfer coefficient of 10 

W/m2K. Ambient temperature was taken at 20 °C.  

The results are illustrated in Figure 4 for two emissivity values of the outer wall of the inner tank. 

 

   

 

 

 

 

 

gap 

 

 

 

 

 

As expected, the higher the temperature difference between the inner tank and the ambient conditions, 

the higher the heat loss to the outside. Vacuum insulation is also seen to be more effective in preventing 

heat losses particularly at high temperatures where the low emissivity coating is able to significantly 

reduce the radiative thermal transport to values below those of conventional conduction losses. In 

addition, usual insulation materials such as mineral wool can be affected by moisture that heavily 

deteriorates their insulation properties due to an increase in the thermal conductivity. 

For the reference operating temperature of 160 °C (see Table 1), heat loss is estimated to be nearly 

three times lower when using vacuum insulation with a low emissivity coating when compared to 

Figure 4 : Comparison of the heat loss rate between the VITES concept and an equivalent conventional insulated storage tank for two 

emissivity values 
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conventional insulation materials. This demonstrates that a low emissivity coating in the evacuated gap 

offers a tremendous advantage in the development of long-term sensible heat storages. 

 Conduction heat transfer – Spacers and water piping heat loss results 

In prototype 2, spacers are used to maintain the space and properly position the two cylindrical 

concentric tanks. Spacers are available in a variety of shapes and materials to meet the particular needs 

of different applications. For this case, the choice of a proper spacer was defined by performing a 

conduction heat loss calculation in order to evaluate thermal bridges and minimise their impact. Based 

on previous experience, two materials: borosilicate and stainless steel were considered for the spacers 

as well as round and spring shapes. Heat losses in the water piping system was also calculated to 

evaluate the impact of thermal bridging and provide solutions to minimise it. 

 

According to Figure 4 the overall radiation heat loss of the VITES concept, with applied copper coating, 

at the reference operating temperature of 160 °C is about 140 W. Table 5 presents the results of the 

conduction heat losses in the spacers and water piping under these conditions. 

 

 

  
Water piping 

Spacers type 

  spring round 

  Material 

  

Stainless 
steel 

Water 
Stainless 

steel 
Stainless 

steel 
Borosilicate 

Conductivity, W/m K 15 0.688 15 15 1 

Length, m 0.100 0.100 0.150 0.030 0.030 

External diameter, m 0.034 0.027 0.003 0.003 0.015 

Internal diameter, m 0.027       0.010 

Conduction surface area , m2 0.000 0.001 0.000 0.000 0.000 

Coefficient, W/K 0.047 0.004 0.001 0.004 0.004 

Conduction heat transfer, W 6.53 0.56 0.10 0.49 0.55 

Number of elements 4 4 15 15 15 

Total conduction heat transfer, W 26.1 2.2 1.5 7.4 8.2 

Table 5 : Comparison of the conduction heat losses from spacers and water piping for different geometries and materials 

The calculation indicates that the use of borosilicate spacers with low thermal expansion and high 

surface strength is not advantageous, presenting a similar conduction loss to stainless steel spacers. 

The use of spring spacers although presenting much lower conduction losses are also discarded 

because in comparison with the overall heat loss of the VITES concept, round spacers losses are still 

negligible and probably easier to manufacture. A 10 cm water piping seems also adequate as the 

conduction heat losses amount to less than 20% of the overall losses of the tank. Given these results, 

it is likely that round stainless steel spacers and water piping of 10 cm long will be adopted on the final 

VITES design, but at this stage, a decision has not yet been made. 
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5 Conclusions and perspectives 

A literature review was conducted to provide a state of the art of TES systems and review the existing 

research on vacuum insulated container technology and applications. Few studies on double wall 

evacuated tanks were found and none employed a completely evacuated gap as designed in VITES. 

 

The design concept was evaluated from the structural and thermal point of view. One of two prototypes 

was found to be structurally acceptable and was retain. Preliminary heat transfer calculations were made 

to assess the impact of low emissivity coating on the radiative heat transport in the evacuated gap. Other 

calculations evaluated thermal bridges effects of spacers and water piping with the aim to minimise their 

impact. 

  

The first work package on concept development is nearly finished. A final validation of the final design 

concept with the industrial partner will close this step.  

 

Future work concerns activities of work package 2: system integration. This will imply development of a 

first numerical model of the container VITES with TRNSYS software for thermal behaviour assessment. 

Annual simulations under different conditions and for different applications (industrial and residential) 

will follow this. A reference storage will be define with a conventional mineral wool insulation. This allow 

a comparison between these different insulation technologies. 
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7 Appendix 

7.1 Appendix 1: FEA structural analysis report 
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1 Introduction 
This report present the geometry and the structural analysis of a tank under vacuum. This tank is 

made of two tanks, an inner one to contain water and an outer one. The outer tank must allow a 

vacuum between the two shells to isolate the inner tank and minimize the heat exchange between the 

water and the exterior.  

The characteristics of the tank are: 

 Capacity : 1000 [l] 

 Minimize the heat exchange 

 Four pipes for water circulation 

 Attachment points on the top of the tank 

 Minimize the gap between the two shells 
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2 Analytical calculation: formulas 
The complete calculation is available in the Excel file “Dimensionnement.xlsx”. 

The following equations are valid for thin wall tubes. The criteria for thin wall are: 
𝑎

𝑅𝑚

≤ 0.1                𝑜𝑟                      
𝐷𝑎

𝐷𝑖

≤ 1.2 

Thickness of the wall a [mm] 

Medium raduis Rm [mm] 

Outer diameter Da [mm] 

Inner diameter Di [mm] 

Table 2 : calculation parameters (thin wall) 

The minimal wall thickness is determined separately for the cylinder part and the curved bottoms. The 

following equations are from Decker Maschinenelemente [1]. 

These values will be use for the 3D model and will be check with the simulation. 

The minimal thickness for the wall of the cylinder parts of the two tank is determined with: 

𝑠𝑚𝑖𝑛 =
𝐷𝑎 ∙ 𝑝𝑖

2 ∙
𝐾
𝑆

∙ 𝑣 + 𝑝𝑖

+ 𝑐 

For the curved bottoms, the minimal thickness is: 

𝑠𝑚𝑖𝑛 =
𝐷𝑎 ∙ 𝑝𝑖 ∙ 𝛽

4 ∙
𝐾
𝑆

∙ 𝑣 + 𝑝𝑖

+ 𝑐 

 [2] Any corrosion allowance, which leads to the standard formula commonly used for thin tubes ‟ c” 

 

 

Figure 3 : geometry of the curved bottom 
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The parameters of the previous equations are the followings: 

Outer diameter  Da [mm] 

Characteristic of material resistance  K [MPa] 

Security factor  S [-] 

Welding factor  v [-] 

Over thickness  c [mm] 

Inner pressure  pi [bar] 

Coefficient  β [-] 

Table 3 : Calculation parameters (minimal thickness, Decker Maschinenelemente) 

The outer tank must also resist linear buckling. To check the buckling resistance, the critic pressure is 

determined with the material and geometry parameters. This pressure has to be higher than the 

working pressure for the tank to resist buckling. 

The determination of the critic pressure comes from “Techniques de l’ingénieur : tuyauteries. 

Résistance des éléments” [3]. 

. 

𝑝𝑐𝑟 =
2.42 ∙ 𝐸

(1 − 𝜇2)0.75
∙

(𝑎
𝐷𝑒

⁄ )
2.5

(𝐿
𝐷𝑒

⁄ ) − 0.45 ∙ (𝑎
𝐷𝑒

⁄ )
0.5

 ≥ 𝑥 ∙  𝑝𝑎𝑡𝑚 

-Security factor x=3  

-Steel µ=0.3 

Wall thickness  a [mm] 

Young’s modulus  E [GPa] 

Poisson’s ratio  µ [-] 

Outer diameter  De [mm] 

Distance between reinforcement  L [mm] 

Security factor  x [-] 

Atmospheric pressure  patm [bar] 

Critic pressure  pcr [bar] 

Table 4 : calculation parameters (critic pressure) 

  



 

25 
 

The last verification point is the resistance of the feet (compression and buckling): 

𝜎𝑓𝑒𝑒𝑡 =
𝑚𝑡𝑜𝑡 ∙ 𝑔

𝑛 ∙ 𝑆𝑓𝑒𝑒𝑡

 

𝐹𝑘 =
𝜋2 ∙ 𝐸 ∙ 𝐼𝑦

𝑙𝑘
2  

Constraint in one foot  𝛔𝐟𝐞𝐞𝐭 
 

[MPa] 

Total mass (water and tank)  mtot 
 

[kg] 

Quantity of feet  n 
 

[-] 

Area of one foot  Sfeet 
 

[𝑚𝑚2] 

Young’s modulus  E 
 

[GPa] 

Second moment of area  Iy  [𝑚𝑚4] 

Buckling length  𝑙𝑘   [mm] 

Maximum length of one foot  𝑙  [mm] 

Equivalent of Buckling length 

𝑙𝑘 = 2 ∙ 𝑙 

 

𝑙𝑘 = 𝑙 

 

𝑙𝑘 = 0.7 ∙ 𝑙 

 

𝑙 

𝑙 

𝑙 

http://dict.woxikon.fr/fr-en/second%20moment%20of%20area
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𝑙𝑘 = 0.5 ∙ 𝑙 

 

Table 5 : calculation parameters (compression and buckling) 

3 Simulation: CODAP criteria [4]  
The simulation will be perform on Ansys. The output will be constraint to check the resistance, the 

deformation and the multiplication factor for the buckling. The different criteria used for the 

interpretation are visible in Table 6. 

The CODAP criteria are used to verify constraint given by the simulation. There are two different type 

of constraint: 

 Primary constraint : constraint that participate at the mechanical equilibrium (forces) 

 Secondary constraint : constraint generated by the necessary compatibility of the 

common deformation of different parts 

These two type of constraint can be general or local. General constraint are located on zones that are 

relatively straight with no sudden geometric variation and local constraint are the one near these 

variations. The bellowing table shows the criteria for local and general constraint. 
𝑹𝒑 𝟏.𝟎 plastic stretching to 1.0%,      𝑹𝒎: tensile strength 

Type of constraint 

depending meshing 

Linearized constraint Solid mesh 

Membrane constraint Shell mesh 

Nominal constraint for calculation 

𝑓 = 𝑚𝑖𝑛 {(
𝑅𝑝 1.0

1.2
) ; (

𝑅𝑚

3
)} 

Table in ASMEB31.3-1[5] 

Equivalent stress (Tresca) 𝜎𝑒𝑞 = 𝑚𝑎𝑥{|𝜎1 − 𝜎2|, |𝜎2 − 𝜎3|, |𝜎3 − 𝜎1|} = 2 ∙ 𝜏𝑚𝑎𝑥  

Type of constraint 

Primary general 

constraint (membrane) 
(𝜎𝑒𝑞)

𝑃𝑚
≤ 1.1 ∙ 𝑓 

Primary local constraint 

(membrane) 
(𝜎𝑒𝑞)

𝑃𝑙
> 1.1 ∙ 𝑓 

Primary constraint 
Primary general 

constraint (membrane) 
(𝜎𝑒𝑞)

𝑃𝑚
≤ 𝑓 

𝑙 
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Primary local constraint 

(membrane) 
(𝜎𝑒𝑞)

𝑃𝑙
≤ 1.5 ∙ 𝑓 

Primary global constraint 

(membrane and 

bending) 

(𝜎𝑒𝑞)
𝑃

≤ 1.5 ∙ 𝑓 

Local constraint 

Local zone without form 

discontinuity 
𝑙1 ≤ √𝑅 ∙ 𝑒 

Local zone around a 

form discontinuity 𝑙1 ≤
√𝑅1 ∙ 𝑒1 + √𝑅2 ∙ 𝑒2

2
 

Minimal distance 

between two local zone 
𝑙2 ≤ 2.5 ∙ √𝑅 ∙ 𝑒 

Table 6 :CODAP 

4 Prototype one 

4.1 Overview 
This view shows the construction of the tank. The outer tank is reinforced with C parts to resist 

buckling because of the vacuum between the two tanks. The positioning of the inner tank is made with 

the four tubes (outer diameter 33.4 [mm], inner diameter 25.4 [mm]) that are welded in the two curved 

bottoms. 

  

Welds 

Figure 4 : overview of the tank 
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4.2 Analytical calculation 

4.2.1 Inner tank 

Outer diameter Da 800 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 0.8 [-] 

Over thickness  c 1.5 [mm] 

Inner pressure pi 1.6 [MPa] 

Minimal thickness smin 9.3 [mm] 

Table 7: inner tank, cylindrical part 

Outer diameter Da 800 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 0.8 [-] 

Over thickness c 1.6 [mm] 

Inner pressure pi 1.6 [MPa] 

Coefficient β 4.6 [-] 

Minimal thickness smin 19.9 [mm] 

Table 8 : inner tank, curved bottom 

The thickness of the two parts will be adapt depending the results of the simulation. The curved 

bottom and the cylinder part will have different thickness giving the big difference between the two 

analytical values. 
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4.2.2 Outer tank 

Outer diameter Da 1000 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 0.8 [-] 

Over thickness c 1.4 [mm] 

Outer pressure pe 0.1 [MPa] 

Minimal thickness smin 2.0 [mm] 

Table 9 : outer tank, cylindrical part 

Outer diameter Da 1000 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 1 [-] 

Over thickness c 1.4 [mm] 

Outer pressure pe 0.1 [MPa] 

Coefficient β 4.6 [-] 

Minimal thickness smin 2.5 [mm] 

Table 10 : outer tank, curved botom 

Outer diameter Da 1000 [mm] 

Wall thickness a 3 [mm] 

Young’s modulus E 210 [GPa] 

Poisson’s ratio ν 0.3 [-] 

Distance between reinforcement L 500 [mm] 

Critical pressure (with reinforcement) pcr 5.66 [bar] 
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Table 11 : critical pressure (buckling) 

For the outer tank, the thickness for the cylinder part and the curved bottom is nearly the same, so a 

common thickness will be use in the simulation. 

The solution with three reinforcement is acceptable because the critical pressure is 5.6 times higher 

than the atmospheric pressure, pressure that is the same anywhere on earth. 

4.2.3 Feet 

Tubes 

Outer diameter Re 16.7 [mm] 

Inner diameter Ri 12.7 [mm] 

Area Sfeet 369.5 [mm2] 

Second moment of area  Iy 40656.3 [mm4] 

Quantity of feet n 4 [-] 

Material 

Young’s Modulus E 210 [GPa] 

Poisson’s ratio ν 0.3 [-] 

Load 

Tank mass mres 664 [kg] 

Water mass meau 1000 [kg] 

Overall weight Fg 16323.8 [N] 

Compression 

Compression constraint σfeet 11.05 [MPa] 

Yield strength Fe 207 [MPa] 

Buckling 

Maximal length l 170 [mm] 

Buckling length (case lk = 0.7 l) lk 119 [mm] 

Maximal load before buckling Fk 5866 [N] 

Load per foot Fg,1 4081 [N] 

Table 12 : feet calculation (compression and buckling) 

With four feet, the compression constraint is much lower than the yield strength. The maximal buckling 

load is 5866 [N], which is 30% higher than the actual load. In conclusion, the use of the water tubes as 

feet is possible. 

  

http://dict.woxikon.fr/fr-en/second%20moment%20of%20area
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4.3 Simulation 

4.3.1 Geometry and loads 

Mesh Inner pressure Outer pressure 

Shell, quadrilateral 𝑝𝑖 = 16 [𝑏𝑎𝑟] 𝑝𝑒 = 1 [𝑏𝑎𝑟] 

   
Water Gravity 

𝑚 = 1000 [𝑘𝑔] 𝑔 = 9.81 [𝑚
𝑠2⁄ ] 
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Table 13 : loads, prototype 1 
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Thickness 

Inner tank, cylindrical part 8 [mm] 

Inner tank, top 8 [mm] 

Inner tank, bottom 8 [mm] 

Outer tank, cylindrical part 3 [mm] 

Outer tank, top 3 [mm] 

Outer tank, bottom 3 [mm] 

C’s reinforcements 3 [mm] 

Overall mass 

655 [kg] 

Table 14 : geometry, prototype 1 
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4.3.2 Shear constraint 
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Table 15 : membrane constraint, prototype 1 
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Table 16 : global constraint, prototype 1 

Membrane 

Primary general constrain 𝑓 = 172.4 [𝑀𝑃𝑎] 𝜎𝑒𝑞 = 2 ∙ 𝜏𝑚𝑎𝑥 = 2 ∙ 94.873 = 189.746 [𝑀𝑃𝑎] 

Primary local constrain 1.5 ∙ 𝑓 = 258.6 [𝑀𝑃𝑎] 𝜎𝑒𝑞 = 2 ∙ 𝜏𝑚𝑎𝑥 = 2 ∙ 118.89 =  237.78[𝑀𝑃𝑎] 

 Theoretical Effective 

Local zone 
Inner tank 𝑙1 ≤ √𝑅 ∙ 𝑒 = 54.8 [𝑚𝑚] 𝑙1 ≅ 50 [𝑚𝑚] 

Outer tank 𝑙2 ≤ √𝑅 ∙ 𝑒 = 80 [𝑚𝑚] - 

Global 

Primary global constraint 1.5 ∙ 𝑓 = 258.6 [𝑀𝑃𝑎] 𝜎𝑒𝑞 = 2 ∙ 𝜏𝑚𝑎𝑥 = 2 ∙ 188.77 = 377.54 [𝑀𝑃𝑎] 

 Theoretical Effective 

Local zone Inner tank 𝑙1 ≤ √𝑅 ∙ 𝑒 = 54.8 [𝑚𝑚] 𝑙1 ≅ 60 [𝑚𝑚] 
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Outer tank 𝑙2 ≤ √𝑅 ∙ 𝑒 = 80 [𝑚𝑚] - 

Table 17 : constraints results, prototype 1 

Constraints of the major parts is lower than the nominal constraint for calculation. The critical parts are 

the curved bottom, which constraints are superior to the nominal constraint for calculation. The 

maximal solicitation is in the welds of the feet. 

The local zone (see definition in Table 15) are visible on the last picture of the previous table. The 

length of these zones is nearly equal to the theoretical length (around 50 [mm] VS 55 [mm]) and the 

constraints is too high. 
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4.3.3 Buckling 

Mode 1 
Load multiplicator : 6.13 

 

Table 18 : buckling, prototype 1 

The minimal buckling load is 6.13 times higher than the nominal load. There is no risk of buckling of 

the structure with the actual load parameters. 
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4.3.4 Displacement 

 

Table 19 : displacement, prototype 1 

The major displacement is at the top of the higher tube. This large displacement isn’t critical because 

the tube bend on the inside of the tank and the constraints aren’t high in the tube (the displacement is 

due to de deformation of the inner curved bottom). 

The displacement of the top of the tank is acceptable as well because the inner tank does not interfere 

with the outer tank. 

5 Conclusion 
The prototype 1 is good regarding buckling but the constraint in the small radius of the inner tank and 

the welds of the tubes are too high (plastic deformation at these location). This prototype cannot be 

use as an industrial solution because of its lack of resistance. 
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6 Prototype two 

6.1 Overview 
As the first prototype, the outer tank is reinforced with C parts to resist. The positioning of the inner 

tank in the outer tank is made with radial tubes welded at the inner side of the outer tank and the outer 

side of the inner tank. These little tubes are only located on the cylindrical parts to simplify the building. 

The feet are weld outside cylindrical part of the outer tank. 

This second prototype uses different thickness for the cylinder and curved parts of the inner tank in 

order to minimize constraints in the smaller radius of the curved part. 

 

  

Figure 6 : overview of the tank 

Welds 

Figure 5 : overview prototype 2 of 15 spaces  

2127 mm 
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6.2 Analytical calculation 

6.2.1  Inner tank 

Outer diameter Da 800 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 0.8 [-] 

Over thickness [2] c 1.5 [mm] 

Inner pressure pi 1.6 [MPa] 

Minimal thickness smin 9.3 [mm] 

Table 20: inner tank, cylindrical part 

Outer diameter Da 800 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 0.8 [-] 

Over thickness c 1.6 [mm] 

Inner pressure pi 1.6 [MPa] 

Coefficient β 4.6 [-] 

Minimal thickness smin 19.9 [mm] 

Table 21 : inner tank, curved bottom 

The thickness of the two parts will be adapt depending the results of the simulation. The curved 

bottom and the cylinder part will have different thickness giving the big difference between the two 

analytical values.  
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6.2.2 Outer tank 

Outer diameter Da 1000 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 0.8 [-] 

Over thickness c 1.4 [mm] 

Outer pressure pe 0.1 [MPa] 

Minimal thickness smin 2.0 [mm] 

Table 22 : outer tank, cylindrical part 

Outer diameter Da 1000 [mm] 

Characteristic of material resistance K 200 [MPa] 

Security factor S 2 [-] 

Welding factor v 1 [-] 

Over thickness c 1.4 [mm] 

Outer pressure pe 0.1 [MPa] 

Coefficient β 4.6 [-] 

Minimal thickness smin 2.5 [mm] 

Table 23 : outer tank, curved botom 

Outer diameter Da 1000 [mm] 

Wall thickness a 3 [mm] 

Young’s modulus E 210 [GPa] 

Poisson’s ratio ν 0.3 [-] 

Distance between reinforcement L 500 [mm] 

Critical pressure (with reinforcement) pcr 5.66 [bar] 
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Table 24 : critical pressure (buckling) 

For the outer tank, the thickness for the cylinder part and the curved bottom is nearly the same, so a 

common thickness will be use in the simulation. 

The solution with three reinforcement is acceptable because the critical pressure is 5.6 times higher 

than the atmospheric pressure, pressure that is the same anywhere on earth. 

6.2.3 Feet 

Geometry 

External side 
xe1 80 [mm] 

xe2 50 [mm] 

Internal side 
xi1 76 [mm] 

xi2 46 [mm] 

Area Sfeet 504.0 [mm2] 

Second moment of area  Iy 216872.0 [mm4] 

Quantity of feet n 4 [-] 

Material 

Young’s Modulus E 210 [GPa] 

Poisson’s ratio ν 0.3 [-] 

Load 

Tank mass mres 664 [kg] 

Water mass meau 1000 [kg] 

Overall weight Fg 16323.8 [N] 

Compression 

Compression constraint σfeet 8.10 [MPa] 

Yield strength Fe 207 [MPa] 

Buckling 

Maximal length l 450 [mm] 

Buckling length (case lk = 0.7 l) lk 315 [mm] 

Maximal load before buckling Fk 4465 [N] 

Load per foot Fg,1 4081 [N] 

Table 25 : feet calculation (compression and buckling) 

With four feet, the compression constraint is much lower than the yield strength. The maximal buckling 

load is 4465 [N], which is 10% higher than the actual load. 

  

http://dict.woxikon.fr/fr-en/second%20moment%20of%20area
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6.3 Simulation 

6.3.1 Geometry 

Mesh Inner pressure Outer pressure 

Shell, quadrilateral 𝑝𝑖 = 16 [𝑏𝑎𝑟] 𝑝𝑒 = 1 [𝑏𝑎𝑟] 

   
Water Gravity 

𝑚 = 1000 [𝑘𝑔] 𝑔 = 9.81 [𝑚
𝑠2⁄ ] 
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Table 26 : loads, prototype 2 

Thickness 

Inner tank, cylindrical part 5 [mm] 

Inner tank, top 12 [mm] 

Inner tank, bottom 12 [mm] 

Outer tank, cylindrical part 3 [mm] 

Outer tank, top 3 [mm] 

Outer tank, bottom 3 [mm] 

C’s reinforcements 3 [mm] 

Feet 2 [mm] 

Overall mass 

462 [kg] 

Table 27 : geometry, prototype 2 
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6.3.2 Shear constraint 

 

 

 

- 

Table 28 : membrane constraint, prototype 2 
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Table 29 : global constraint, prototype 2 
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Membrane 

Primary general constraint 𝑓 = 172.4 [𝑀𝑃𝑎] 𝜎𝑒𝑞 = 2 ∙ 𝜏𝑚𝑎𝑥 = 2 ∙ 66.8 = 133.6 [𝑀𝑃𝑎] 

Primary local constraint 1.5 ∙ 𝑓 = 258.6 [𝑀𝑃𝑎] 𝜎𝑒𝑞 = 2 ∙ 𝜏𝑚𝑎𝑥 = 2 ∙ 84.24 = 168.48 [𝑀𝑃𝑎] 

 Theoretical Effective 

Local zone 
Inner tank 𝑙1 ≤ √𝑅 ∙ 𝑒 = 54.8 [𝑚𝑚] - 

Outer tank 𝑙2 ≤ √𝑅 ∙ 𝑒 = 80 [𝑚𝑚] - 

Global 

Primary global constraint 1.5 ∙ 𝑓 = 258.6 [𝑀𝑃𝑎] 𝜎𝑒𝑞 = 2 ∙ 𝜏𝑚𝑎𝑥 = 2 ∙ 95.948 = 191.896 [𝑀𝑃𝑎] 

 Theoretical Effective 

Local zone 
Inner tank 𝑙1 ≤ √𝑅 ∙ 𝑒 = 54.8 [𝑚𝑚] 𝑙1 ≅ 40 [𝑚𝑚] 

Outer tank 𝑙2 ≤ √𝑅 ∙ 𝑒 = 80 [𝑚𝑚] - 

Table 30 : constraints results, prototype 2 

The membrane constraint are lower than the primary general constraint so there is no local zone 

regarding this sort of constraint and. The global constraint is good too, being lower than the primary 

global constraint. There is a local zone here but its length is smaller than the maximal length for local 

zone. 

The cylindrical connectors (connecting the two tanks) have a maximal shear constraint of 54 [MPa]. 

This does not allow the use of borosilicate glass for these parts because of its lack of resistance, but 

stainless steel is possible. The heat transfer will be higher but the resistance will be sufficient. 

An alternative should be to use cylindrical connectors at the top and bottom and use borosilicate glass 

instead of stainless steel. 
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6.3.3 Buckling 

Mode 1 
Load multiplicator : 9.6 

 

Table 31 : buckling, prototype 2 

The minimal buckling load is 9.6 times higher than the nominal load and 1.5 times more than prototype 

1. There is no risk of buckling of the structure with the actual load parameters. 



 

54 
 

6.3.4 Displacement 

 

 

Table 32 : displacement, prototype 2 

The biggest displacement is at the top and bottom of the inner tank. These values for displacement 

are acceptable here because there is no contact between the inner tank and the outer tank. There is 

also no plastic deformation here, not like in prototype 1. 
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7 Conclusion 
This prototype is better than the first one, having lower constraint and higher buckling factor. The mass 

has been reduce for about 200 kg compared to prototype 1. 

8 Comparison 
 

Prototype 1 Prototype 2 

Mass 

655 [kg] 462 [kg] 

Stress (global) 

Inner tank Pipe welds Inner tank 
Cylindrical 

reinforcements 

314.4[MPa] 377.5 [MPa] 191.8 [MPa] 108 [MPa] 

Stress (membrane) 

Inner tank Pipe welds Inner tank 
Cylindrical 

reinforcements 

189.7 [MPa] 237.7 [MPa] 133.6 [MPa] 168 [MPa] 

Load multiplication (buckling) 

6.2 9.6 
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11  Annexes  
[1] Von  Karl-Heinz Decker.  Maschinenelemente Gestaltung und Berechnung, 1990. 
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[2] Extract from the Standard EN 13445 
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[3]-https://www.techniques-ingenieur.fr/base-documentaire/mecanique-th7/stockage-et-transfert-des-

fluides-des-machines-hydrauliques-et-thermiques-42174210/tuyauteries-resistance-des-elements-

bm6720/dimensionnement-calcul-de-resistance-a-la-pression-bm6720niv10003.html#niv-sl3974465 

 
[4] CODAP 2005 Division 2, Partie C-Conception et Calculs  
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12 Prototype one: excel data and result 

 

13 Prototype two: excel data and result 
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