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Abstract 

As one of the most promising renewable energy sources, hydrogen has the excellent 

environmental benefit of producing zero emissions. A key technical challenge in using 

hydrogen across sectors lies in its storage technology. The storage temperature of liquid 

hydrogen at atmospheric pressure is 20 K, or -253 °C, close to absolute zero, so the storage 

materials and the insulation layers are subjected to extremely stringent requirements 

regarding the cryogenic behaviour of the medium. In this context, this research proposed 

designing a large liquid hydrogen type-C tank, determining the material and thickness of 

the primary and secondary shells, and using Vapor-Cooled Shield (VCS) and Rigid 

Polyurethane Foams (RPF) as the insulation layer. A parametric study on the design of the 

insulation layer was carried out by establishing a thermodynamic model. The effects of 

VCS location on heat ingress to the liquid hydrogen transport tank and insulation 

temperature distribution when the VCS heat exchanger tubes were fed with self-

evaporating hydrogen gas, forced-evaporating hydrogen gas and liquid hydrogen, 

respectively, were investigated. Finally, research outcomes suggested two optimal design 

schemes, respectively, for reducing the thickness of the insulation when the heat transfer 

rate was fixed and reducing the heat transfer rate when the thickness of the insulation was 

fixed. 

Keywords: liquid hydrogen transportation; Self-evaporation Vapor-Cooled Shield 

(SVCS); Forced-evaporation Vapor-Cooled Shield (FVCS); Cryogenic insulation; Type-

C tank. 
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1 Introduction 

1.1 Background  

As held in Egypt in November 2022, the 27th Conference of the Parties of the UNFCCC 

(COP 27) was focused on seeking effective ways to make consistent efforts to meet energy 

conservation and GHG emission reduction targets [1]. As a renewable energy source, 

hydrogen combustion not only has an extremely high calorific value (1.43×108 J/kg) - 

roughly three times that of gasoline (4.6×107 J/kg) at the same weight - but also emits no 

greenhouse gases or sulfides [2]. Thus, a large-scale development and utilization of 

hydrogen energy have been regarded as one of the most effective methods of reducing air 

pollution and the greenhouse effect. The European Union mandates that hydrogen energy 

must meet half of the European Union's basic energy demand by 2050 [3]. According to 

the HYDROGEN ROADMAP EUROPE report, Europe may need to generate 

approximately 2,250 terawatt-hours (TWh) of hydrogen per year by 2050 [4]. In addition, 

hydrogen energy is highly competitive in industries such as transportation and aerospace 

due to its efficient energy carrier properties [5-7]. 

Both gaseous and liquefied hydrogen are attracting a lots of research interests, especially 

for storage and transport. High-pressure compressed hydrogen is the most widely used 

method of hydrogen storage. It boasts high hydrogen fill and release rates. However, the 

large tank weight and small capacity of high-pressure cylinders make it a poor choice for 

transporting hydrogen over long distances and on a large scale. Gaseous hydrogen can be 

liquefied at one-atmosphere pressure and 20 K (-253 °C), and the density of liquid 
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hydrogen at one-atmosphere pressure is approximately 800 times that gaseous hydrogen. 

The high energy density and the ability to transport it in large tanks make liquid hydrogen 

more advantageous for mass transportation [8]. However, there is a significant temperature 

difference between liquid hydrogen and the ambient temperature (about 280 K), which 

makes heat transfer through the storage tank hull and evaporation loss unavoidable [9, 10]. 

The greatest challenging issue in liquid hydrogen transportation and storage technology is 

to minimize heat transfer into the cargo [11, 12]. Thus, it is difficult to realize the 

globalization of hydrogen energy and achieve a large-scale hydrogen energy transport 

across different regions around the world. In this regard, hydrogen transport by ship is 

undoubtedly considered as an excellent choice. In 2021, the world's first hydrogen transport 

ship, Suiso Frontier, began operating between Japan and Australia, using vacuum 

insulation and panel insulation to transport 2,500 m3 (No.1 & No.2 tank: 1,250 m3 each) of 

liquid hydrogen at a time [13, 14]. H. Park et al. [15] proposed a flexible vacuum membrane 

to aid in the vacuum insulation of medium-sized hydrogen storage tanks. A. N. Alkhaledi 

et al. [16] designed a liquid hydrogen carrier with four large type-C tanks based on an LNG 

carrier, using RPF for the insulation of the tanks. During the research and development of 

new ships, Japanese and Australian researchers discovered that vacuum insulation is not a 

viable option for a large cargo containment system due to the high costs involved in the 

construction of large internal vacuum tanks. A new design of cargo containment system 

should be used. To reduce heat transfer, it was found that it would be more advantageous 

to replace the vacuum and add a double insulation layer by filling the insulation layer with 

hydrogen to reduce heat transfer [17]. 
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The Vapor-Cooled Shield (VCS) is a highly efficient thermal insulation device that can 

cool and insulate objects by using a cooling medium. It is widely used in the thermal 

protection of astronomical telescopes and space probes [10, 18-20]. The cooling medium 

used by VCS for the insulation of hydrogen storage tanks is for low-temperature gaseous 

hydrogen, which not only has strong thermal insulation performance but also has no 

additional energy loss. Rigid Polyurethane Foam (RPF) is a popular thermal insulation 

material that provides excellent thermal insulation while also being cost-effective [21]. 

RPF has been used for LNG transportation [22]. 

In this context, this research is to investigate the effectiveness of applying RPF and VCS 

for a hydrogen storage system by conducting the design of a large type-C tank for ship 

liquid hydrogen transportation and storage. Rigid Polyurethane Foam (RPF), Self-

evaporation Vapor-Cooled Shield (SVCS), Forced-evaporation Vapor-Cooled Shield with 

cryogenic hydrogen gas (FVCS+ GH2) and Forced-evaporation Vapor-Cooled Shield with 

liquid hydrogen (FVCS+ LH2) were used to create four insulation schemes. 

Thermodynamic models were developed and validated. The insulation layer’s 

thermodynamic analysis was performed to investigate the effect of VCS positions on the 

insulation layer’s heat transfer. Finally, research outcomes suggested two optimal design 

schemes, respectively, for reducing the thickness of the insulation when the heat transfer 

rate was fixed and reducing the heat transfer rate when the thickness of the insulation was 

fixed. 
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1.2 Objective and Scope of Research  

How to realize the transportation of liquid hydrogen by ship is a key research direction 

today. However, some characteristics of liquid hydrogen itself, such as hydrogen 

embrittlement, strong permeability, and ultra-low storage temperature, make the 

transportation cost of liquid hydrogen very high. Therefore, finding ways to transport liquid 

hydrogen efficiently and reduce the transportation cost is an urgent problem that needs to 

be solved. The world's first hydrogen carrier began operating in Japan and Australia in 

2021, but it can only transport 2,500 m3 of liquid hydrogen at a time and has not realized 

the large-scale transportation of liquid hydrogen. Therefore, the objectives of this thesis 

are as follows: 

1. Design a large-scale metal tank for liquid hydrogen transportation by shipping: choose 

a suitable metal material that can achieve low hydrogen embrittlement, low 

permeability, and low-temperature resistance; design of the thickness of the tank hull 

while meeting the safety of the cargo. 

2. Design the insulation systems of the liquid hydrogen transport tank and study of their 

heat transfer effect by building thermodynamic models. 

3. Optimize the insulation systems on the basis of the insulation designs. 

 

 

 

 



1 Introduction 

5 

 

1.3 Outline of the Thesis 

The primary objective of the thesis is to design a type-C tank to transport liquid hydrogen 

efficiently by shipping. To achieve this goal, it is crucial to have a clear understanding of 

the fundamental properties of liquid hydrogen. Once this is established, a suitable metallic 

material must be carefully selected as metal shells, and their appropriate thickness must be 

determined. Following this, insulating layers with high thermal insulation capacity will be 

designed and evaluated using a thermodynamic model. Lastly, based on the designs, 

solutions for optimizing the insulating layer will be proposed. This thesis is structured in 

the following chapters and a brief outline of the content of each chapter is as follows: 

1. Chapter 1 (Introduction) This chapter focuses on the background and objectives of the 

thesis and describes the entire thesis research process. 

2. Chapter 2 (Literature Review) This chapter describes the status of hydrogen 

production, storage and transportation, and explains the Vapor-cooled shield (VCS) 

system. 

3. Chapter 3 (Design of Type-C Tank) This chapter describes the dimensions of the type-

C tank and selects AISI type 316L stainless steel as the primary material for the metal 

shell; calculates the thickness of the tank; and selects the material and thickness of the 

secondary shell. 

4. Chapter 4 (Design of Tank Insulation Layer) This chapter first describes the structure 

of the insulation layer, and then presents the four designed insulation schemes. Next, 

thermodynamic models are established for each insulation scheme, and finally, the 

validity of the thermodynamic models is verified. 
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5. Chapter 5 (Calculation Results and Discussion) This chapter analyses the calculation 

results of the thermodynamic models, and then designs two optimization schemes 

based on these results. 

6. Chapter 6 (Conclusions) This chapter summarizes the research contents and findings 

of the thesis and recommends the next research directions.  
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1.4 Innovation and Contribution 

As environmental pollution continues to get worsen, the utilization of hydrogen energy, 

which emits no greenhouse gases or sulphides, is considered one of the most crucial clean 

energy sources for the future. However, liquid hydrogen also has properties such as low 

temperature (20 K) and hydrogen embrittlement. Enabling a large-scale and long-distance 

transportation of hydrogen energy is essential for the development of this resource, and 

ships have immense potential in transporting liquid hydrogen.  

Therefore, the main contributions of this thesis are to study of realizing the large-scale 

transportation of liquid hydrogen by ships as follows: 

1. Redesign of the tank on the basis of the large liquid hydrogen carrier MV JAMILA: 

selection of a more suitable tank metal material, stainless steel type AISI 316L, which 

has excellent properties in terms of low temperature resistance, resistance to hydrogen 

embrittlement and resistance to hydrogen permeation; reduction of the thickness of the 

tank shell while meeting the requirements for safe transport. 

2. For the first time, VCS was applied to the design of a large liquid hydrogen transport 

tank. And the insulation performances of the four insulation designs were studied by 

building thermodynamic models. 

3. Based on the results of the study, two optimization schemes were designed that could 

reduce the thermal intrusion of liquid hydrogen and the thickness of the insulation 

layer respectively.
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2 Literature Review 

2.1 Production of Hydrogen 

The element hydrogen is the most widely distributed and abundant element in the universe. 

Not only is hydrogen the lightest gas, but it is also the cleanest gas for environment. When 

hydrogen reacts with oxygen, it produces water, and the combustion process releases a 

huge amount of energy without producing greenhouse gases. Due to its environmental 

friendliness and high calorific value, hydrogen has been considered the most promising 

renewable energy source for the future. Various methods have been developed to produce 

hydrogen from renewable or non-renewable sources.  

Steam Methane Reforming (SMR) is the most common method used for large-scale 

hydrogen production, accounting for approximately 96% of the world's hydrogen 

production [2, 23]. However, SMR requires fossil fuels, and therefore emits CO2, which is 

a major contributor to global warming. Carbon capture and storage can mitigate CO2 

emissions but it comes with additional costs. Another disadvantage of SMR is that it 

requires a significant amount of water. In addition, scientists are working to reduce the 

environmental pollution and energy consumption associated with hydrogen formation, 

such as through the use of dry reforming of methane [24, 25]. This process converts carbon 

dioxide and methane into carbon monoxide and hydrogen, making it a more sustainable 

method of hydrogen production. 
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Alternative methods for hydrogen production include electrolysis, biomass gasification, 

and thermochemical water splitting [26]. Water electrolysis produces hydrogen in four 

main ways:  alkaline, polymer electrolyte membrane, solid oxide and membraneless 

electrolysis [27]. Electrolysis uses electricity to split water into hydrogen and oxygen, it 

can be powered by renewable energy sources such as wind and solar power. Biomass 

gasification involves the gasification of organic materials such as wood chips or 

agricultural waste to produce a gas that can be converted into hydrogen. Thermochemical 

water splitting involves the use of high-temperature heat to split water into hydrogen and 

oxygen, which can be achieved using concentrated solar energy or nuclear reactors. 

Each hydrogen production method has its advantages and disadvantages. SMR is relatively 

inexpensive and widely used but produces greenhouse gases. Electrolysis can be powered 

by renewable energy and produces zero emissions, but it is currently more expensive than 

SMR. Expressed in U.S. dollars, the price of hydrogen from natural gas could be as low as 

$0.91-1.69/kg, while renewable hydrogen from wind energy could cost as much as $3.56-

9.08/kg and $3.34-17.30/kg from solar energy, in 2016 [28]. Biomass gasification is 

renewable and produces no net carbon emissions but has limited availability of biomass 

feedstocks. Thermochemical water splitting can be powered by renewable energy and 

produce no emissions but is currently expensive and requires high-temperature heat sources. 

The potential for widely use of hydrogen as an energy carrier is heavily dependent on the 

scalability and cost-effectiveness of hydrogen production methods. SMR, despite its 

drawbacks, is currently the most cost-effective method for large-scale hydrogen production, 
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but there is a growing interest in developing alternative methods that can produce hydrogen 

more sustainably and cost-effectively. Electrolysis, biomass gasification, and 

thermochemical water splitting are all promising alternatives but require further research 

and development to improve their efficiency and reduce costs. 

In conclusion, hydrogen production is a critical component of the transition to a low-carbon 

economy. The current dominant method for hydrogen production, SMR, is inexpensive but 

emits greenhouse gases, and alternative methods such as electrolysis, biomass gasification, 

and thermochemical water splitting are promising but require further research and 

development to become cost competitive with SMR. The choice of hydrogen production 

method will depend on various factors such as availability of resources, scalability, cost, 

and environmental impact. 
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2.2 Status of Hydrogen Storage and Transportation  

Hydrogen has great potential as a clean and sustainable energy carrier, but its transportation 

and storage remain significant challenges. In this part, the current state of knowledge on 

hydrogen transportation and storage methods, their advantages and disadvantages, and 

their potential for widely use are summarized. 

2.2.1 Hydrogen Transportation 

There are currently three main methods of hydrogen transportation: compressed hydrogen 

gas, liquid hydrogen, and hydrogen carriers. Compressed hydrogen gas is the most 

commonly used method, which involves compressing hydrogen gas to a high pressure 

(from 10 to 70 MPa) for transport in specialized containers. Compressed hydrogen storage 

technology is mainly used in land-based vehicles and aviation, with the size of small 

hydrogen tanks usually ranging from 0.1 to 20 m3 [29]. Gaseous hydrogen will be liquefied 

under the conditions of a standard atmospheric pressure and -253 °C, so there is a huge 

temperature difference between liquid hydrogen and ambient temperature (about 280 K), 

resulting in inevitable heat leakage and evaporation [30]. Moreover, liquid hydrogen has a 

density of 70.8 kg/m3, which is roughly 800 times greater than the density of gaseous 

hydrogen under atmospheric conditions [2]. 

Hydrogen carriers are a developing technology that involves using materials such as metal 

hydrides or chemical compounds to store and transport hydrogen. Ammonia is also a 

hydrogen carrier. The conversion between ammonia and hydrogen can be achieved through 
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the Haber-Bosch reaction [31]. Another important method is the Liquid Organic Hydrogen 

Carrier (LOHC), which is a liquid or low melting point solid consisting of homocyclic or 

heterocyclic aromatic rings that can be reversibly hydrogenated and dehydrogenated in the 

presence of high-temperature environments and catalysts [32]. Hydrogen storage in solid 

materials has also been extensively studied. These materials can be metallic structures that 

work like hydrogen sponges, or they can be powders that release hydrogen upon contact 

with water or increased temperatures [33, 34]. 

Each hydrogen transportation method has its advantages and disadvantages. Compressed 

hydrogen gas is a mature technology, and the infrastructure for its transport is relatively 

well-developed. However, it requires high pressures, which can be a safety concern. The 

low energy density of compressed gas makes it less efficient for long-distance transport. 

Liquid hydrogen has a higher energy density than compressed gas, but it requires even 

more specialized infrastructure and can be challenging to store and transport due to its 

extremely low temperature. Hydrogen carriers have the potential to be more energy dense 

than compressed gas or liquid hydrogen, but they are still in the early stages of development 

and have not yet been widely commercialized. 

In the future, the modes and capacities of hydrogen transportation will vary depending on 

distance and hydrogen demand. For facilities with lower hydrogen demand and shorter 

transport distances, compressed hydrogen gas is more economically favorable, such as for 

small-scale power plants. Gaseous hydrogen, which does not require liquefaction, is also 

cost-effective [62, 63]. Furthermore, lightweight hydrogen storage tanks capable of 



2 Literature Review 

13 

 

withstanding higher pressures are continuously being developed. For example, hydrogen 

storage tanks made of carbon fiber composite materials with high-density polyethylene 

liners can withstand pressures of up to 200 bar [64]. 

Pipeline hydrogen transportation offers significant cost-effectiveness, with research 

indicating that within a 100-kilometer distance, pipeline transport is the most economical 

mode of gas transmission [65]. Pipeline transportation of hydrogen is not only safer and 

more reliable than other transportation methods but also has lower maintenance and 

operational costs. However, pipeline transportation is affected by the substantial upfront 

costs required for installation. Additionally, due to hydrogen's inherent permeability, it can 

lead to significant losses during pipeline transportation. Operating pressures of 10-20 bar 

inside the pipes can also exacerbate pipeline embrittlement. 

Due to variations in natural conditions and research infrastructure, the production costs of 

green hydrogen differ among countries. Therefore, for countries with high production costs 

of green hydrogen, importing hydrogen from overseas becomes a more economical choice 

[66]. For distances exceeding 2500 kilometers, shipping liquefied hydrogen offers a clear 

economic advantage over pipeline transport [65]. Therefore, the development of vessels 

designed for liquid hydrogen transport is imperative. On May 6, 2021, KHI obtained 

preliminary approval (AiP) from NK Class for the design of an LH2 vessel with a cargo 

capacity of 160,000 m³ (approximately 12,700 tonnes), which efficiently utilizes 

evaporated gas to power the vessel. As research progresses, more liquefied hydrogen 

transport vessels are in the design phase. 
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2.2.2 Hydrogen Storage 

Hydrogen storage is another important challenge that must be addressed for the widely 

application of hydrogen as a fuel. There are two main methods of hydrogen storage, i.e., 

physical storage, such as compressed gas or liquid hydrogen and chemical storage, such as 

metal hydrides or chemical compounds. Physical storage is the most common method used 

today, but it requires high pressures or low temperatures, making it less practical for certain 

applications. Chemical storage has the potential to offer higher energy densities and safer 

storage, but it is still in the early stages of development. 

Pipeline is normally used for the transfer of liquid hydrogen and is now also used for 

storage. It holds great promise because it is not only compact, but can also withstand 

pressures of up to 100 bar [35]. Several pipeline hydrogen storage projects have been 

identified and are currently being implemented [36, 37]. However, as the hydrogen storage 

time increases, hydrogen embrittlement can cause severe damage to the pipe materials - 

metal, leading to cracking or even fracture of the pipeline systems [38]. 

Underground hydrogen storage is an effective way to store large quantities of hydrogen in 

a medium and long term. It is similar to the underground storage of natural gas, which has 

been widely used by oil companies for hundreds of years [39]. The use of insulated 

cryogenic vessels is an effective way to prevent hydrogen from evaporation [40]. Most 

liquid hydrogen tanks are spherical, as  spherical tanks have the smallest heat transfer 

surface area per unit volume [41]. Cylindrical tanks are sometimes used because they are 
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easier and cheaper to manufacture than spherical tanks, and their volume-to-surface area 

ratio is nearly the same [42]. 

NASA built two large cryogenic storage tanks for its space shuttle in 1965, which can hold 

3,200 m3 of liquid hydrogen. These tanks are still one of the world's largest cryogenic 

hydrogen storage tanks [43]. In 2018, NASA started construction of an additional storage 

tank at Launch Complex 39B, which provides an additional storage capacity of 4,732 m3 

[12]. 

The potential for widely use of hydrogen as an energy carrier is heavily dependent on the 

scalability and cost-effectiveness of hydrogen transportation and storage methods. 

Compressed hydrogen gas is currently the most widely used method of hydrogen transport, 

but its low energy density and high-pressure requirements limit its practicality for some 

applications. Liquid hydrogen and hydrogen carriers offer the potential for higher energy 

densities, but still require significant infrastructure development and face technical 

challenges. Hydrogen storage, especially chemical storage, also requires further research 

and development to improve its efficiency and reduce costs. 

In conclusion, hydrogen transportation and storage are critical components of the transition 

to a low-carbon economy. The current dominant method of hydrogen transportation, 

compressed gas, is mature but has limitations, and alternative methods such as liquid 

hydrogen and hydrogen carriers are still in the early stages of development. Hydrogen 

storage also requires further research and development to become more practical and cost-
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effective. The choice of hydrogen transportation and storage method will depend on 

various factors such as availability of resources, scalability, cost, and environmental impact. 

2.2.3 Sensible heat and latent heat of vaporisation of hydrogen at 

different pressures  

Hydrogen is a clear and sustainable fuel that has gained increasing attention in recent years 

due to its potential to replace fossil fuels. Latent heat is energy released or absorbed, by a 

body or a thermodynamic system, during a constant-temperature process. At 0.1 MPa and 

a temperature of 20 K, the vaporization heat of hydrogen is approximately 4.49×105 J/kg 

[10]. This means that a significant amount of energy is required to convert hydrogen from 

a liquid to a gas. Sensible heat, on the other hand, refers to the amount of energy required 

to raise the temperature of a substance without changing its phase. In the case of hydrogen, 

its sensible heat is relatively low due to its low specific heat capacity. The specific heat 

capacity of hydrogen is approximately 14.3 J/g·K, which is much lower than other common 

gases such as nitrogen and oxygen. 

It is crucial to understand how sensible heat is utilized for liquid hydrogen storage. As the 

pressure of liquid hydrogen storage increases, the proportion of sensible heat in the total 

cold energy becomes higher, and the potential effect of VCS becomes more significant 

[10]. Therefore, this thesis sets the tank pressure to 0.4 MPa to increase the sensible heat 

ratio without significantly increasing the tank wall pressure. The core objective of VCS is 

to recover sensible heat from cryogenic hydrogen and cool the neighbouring RPF. For this 

purpose, the cryogenic hydrogen gas must be able to exchange sufficient heat with VCS 
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heat exchanger tubes, and the in-transit resistance drop of VCS heat exchanger tubes should 

not be too large. Additionally, it is necessary for the VCS material to have good thermal 

conductivity and for the thermal resistance between the VCS and the adjacent RPF to be 

as small as possible. 

Hydrogen has a high vaporization heat and a low sensible heat due to its low boiling point 

and specific heat capacity. These properties have important implications for the 

performance of hydrogen fuel cells and other hydrogen-based technologies. As research in 

this area continues, it is likely that new insights will be gained into the properties of 

hydrogen and their implications for energy applications. 
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2.3 Vapor-Cooled Shield (VCS) 

Vapor-cooled shields are used in a variety of applications to protect sensitive components 

from high temperatures. These shields are designed to absorb heat transferred from it 

surrounding by evaporating liquid coolant. Vapor-cooled shields have been used in a range 

of applications, including spacecraft and nuclear reactors.  

Conventional VCS mainly uses external cooling sources to obtain better insulation 

performance [18, 19]. The use of vapor-cooled shields in space applications has been 

extensively studied [44, 45]. The X-ray spectrometer(XRS) and the wide-field infrared 

detector on the Suzuki satellite are extremely sophisticated detection instruments that need 

to be provided with a cold environment when the satellite is launched [46]. Therefore, 

VCSs were designed to protect a spacecraft from high temperatures during re-entry into 

the Earth’s atmosphere. Between the main shell and the neon tank of XRS dewar, there are 

three VCS:  Inner VCS, Middle VCS and Outer VCS, which are cooled by sublimed neon 

and evaporated helium. These shields reduce incident radiation from the main shell to the 

neon tank. 

VCS has also been studied for use in nuclear reactors. VCS was used to protect the reactor 

vessel from the high temperatures generated during operation. The shield was made of a 

thin layer of metal that was cooled by a liquid coolant. The coolant evaporated when it 

came into contact with the hot metal, carrying away heat and preventing damage to the 

reactor vessel. 
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Research has focused on the design of VCS, including the use of channels to improve 

cooling efficiency. As technology advances, VCS is likely to become even more important 

in protecting sensitive components from high temperatures. The material, structure and 

heat transfer effect of VCS still have not yet been fully understood in this field, and further 

simulation and experimental verification work are needed [47].
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3 Design of Type-C Tank 

Large liquid hydrogen transport by ships is unquestionably an option for achieving large-

scale hydrogen energy transport across continents and regions.  

3.1 Tank Design 

Type-C tanks are insulated cylindrical, bi-lobe or tri-lobe shaped tanks that can be fully or 

partially pressurized, depending on the liquefied gas to be stored. The construction is 

similar to a pressure vessel, based on the cylindrical design for optimal material usage vs. 

internal pressure. A. N. Alkhaledi et al. [16, 48] designed a large-scale hydrogen transport 

ship, MV JAMILA, which has four type-C tanks and can carry a total of 280,000 m3 of 

liquid hydrogen. However, the ship has aluminium as the metal shell of the liquid hydrogen 

tanks. Aluminium is soft and deformable and has only 1/5 the tensile strength of mild steel; 

furthermore, the thickness of the MV JAMILA's metal shell is 434 mm, which is not 

justified by the ship's design. The high construction costs associated with the use of 

aluminium as the tank metal shell and the increase in the ship's operating costs due to the 

excessively heavy tank (87,819 tonnes) will significantly affect the ship's economy. In 

order to assess the insulation and economy of the tank, the main parameters of the MV 

JAMILA and the parameters of the tank are quoted. Table 1 displays the main parameters 

and dimensions of MV JAMILA. Table 2 displays the internal parameters of the liquid 

hydrogen transport tank of MV JAMILA, which have also been used in the design of this 

research.  
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Table 1 Main parameters and dimensions of MV JAMILA. 

Ship parameters Values Units 

Class JAMILA – 

Vessel type LH2 tanker – 

Total displacement 230,000 tonnes 

Lightweight (LWT) 208,000 tonnes 

Deadweight (DWT) 22,000 tonnes 

Length overall (LOA) 370 m 

Length between perpendicular (LBP) 367.5 m 

Length on water line (LW) 367.9 m 

Extreme breadth (B) 75 m 

Depth (D) 35 m 

Draft (full load condition) 10.012 m 

Draft (unload condition) 9.263 m 

Block coefficient (full-load condition) 0.819 – 

Block coefficient (unloaded condition) 0.813   

Ship speed 18 knot 

Liquid hydrogen cargo tank weight (Aluminium) 87,819 

(21,955 × 4) 

tonnes 

Liquid hydrogen cargo tank capacity 282,400 

(70,600 × 4) 

m3 

Liquid hydrogen cargo weight 20,000 

(5,000 × 4) 

tonnes 

 

Table 2 Internal parameters of the liquid hydrogen transport tank of MV JAMILA. 

Internal tank parameters Values Units 

Volume 70,600 m3 

Diameter 26.38 m 

Cylindrical section length 111.62 m 

Head type Spherical head  

Excess volume 0.252 % 

Boil-off rate 0.1 % 
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3.2 Selection of Metal Shell Material 

Properties of metals change as the temperature decreases. The properties of most materials, 

such as their elastic modulus, tensile strength, and yield strength, increase with decreasing 

temperature [49]. Liquid hydrogen is stored or transported at a temperature of 20 K in 

liquid cargo tanks, which imposes extremely stringent requirements for the low-

temperature performance of the metal materials selected. 

In a hydrogen environment at a low temperature, the hydrogen embrittlement effect on 

metals is inevitable. The hydrogen enhanced decohesion mechanism (HEDE), adsorption 

induced dislocation emission (AIDE), and hydrogen enhanced localized plasticity (HELP) 

are the main mechanisms responsible for the hydrogen embrittlement [50, 51]. The 

presence of hydrogen reduces the tensile and fatigue strength, while reducing the ductility 

and making the metal brittle. Due to their low hydrogen embrittlement, austenitic stainless 

steels have been widely used in the production of hydrogen energy-related equipment [52]. 

The world's first hydrogen transport ship, Suiso Frontier, uses austenitic stainless steel as 

its tank material [14]. Austenite in stainless steel is of a face-centred cubic crystal structure 

with superior plastic deformation ability. As the temperature decreases, the strength of 

austenitic stainless steel increases, while maintaining excellent plasticity and low-

temperature impact resistance [53, 54] which is required for the storage of liquid hydrogen. 

The 300 series is widely used in low-temperature liquid storage and transportation 

containers. A among which 304, 304L, 316, 316L, 321, 347 and so on are used [53, 55].  
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In the ocean environment where ships operate, corrosion-resistant materials are more 

advantageous. For example, adding Mo to 316L stainless steel improves its resistance to 

chloride ion corrosion, making it suitable for ocean environments with high salt spray 

concentrations [54]. For this reason, this thesis has selected AISI type 316L stainless steel 

as the main material for the metal shell and an annealing process is used to eliminate excess 

stress. Table 3 shows the specific parameters of AISI type 316L stainless steel [56]. 

Table 3 AISI type 316L stainless steel (annealed plate) related parameters. 

Parameter names Values Units 

Density 8,000 kg/m3 

Hardness, Brinell 146 N/mm2 

Tensile Strength, Ultimate 560 MPa 

Tensile Strength, Yield 235 MPa 

Elongation at Break 55 % 

Modulus of Elasticity 193 GPa 

Charpy Impact 103 J 
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3.3 Calculation of Metal Shell Thickness  

For tanks with certain internal pressure, a reasonable and rigorous design of the tank wall 

thickness can ensure the safety of the liquid cargo without leaks, while also controlling the 

weight of the tank and keeping the economy in mind.  

The relevant dimensions of the C-type tank designed in this study can be viewed in Table 

2. The wall thickness of Type-C tanks used for transporting cryogenic liquid cargoes can 

be  calculated according to the specifications of the China Classification Society (CCS) 

and  should meet with the following requirements [57]. 

For the thickness of the cylindrical shell plate,  

t≥
p

eq
Di

2σmϕ-p
eq

+C (1) 

where t is the thickness of shell, mm; p
eq

 is the internal pressure of the tank, take 0.45 MPa; 

𝐷i is the inside diameter of the tank, 26,380 mm; 𝜎m is the allowable membrane stress, take 

131.25 N/mm2; C is the corrosion addition, mm. Because anti-rust treatment measures will 

be used on the tank's corrosion-prone areas, the corrosion increment will be ignored;  𝜙 is 

the welded joint efficiency facto, take 0.95 here. 

The thickness of spherical end plate can be expressed by the following equation, 

t≥
p

eq
Diy

2σmϕ-0.5p
eq

+C (2) 
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where, y is the shape factor, generally to be taken as 0.55 for a spherical end. 

In addition to meeting the above conditions, the thickness of plates in any area is not to be 

less than:  

tmin=3+
Di

1500
(3) 

Finally, the thickness of the primary shell is calculated to be 47.7 mm.  
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3.4 The Secondary Shell 

In general, the IGC Code (International Code for the Construction, 1986) requires the 

installation of an independent secondary shell for liquid cargo tanks with a cargo 

temperature of 218 K (-55 °C) under atmospheric pressure [58]. Additionally, in the event 

that the liquid-tight primary shell is damaged and the liquid cargo leaks, the secondary shell 

must contain the cryogenic liquid cargo for 15 days. Thus, for liquid hydrogen transported 

at 20 K (-253 °C), this research designs the secondary shell using the same AISI Type 316L 

stainless steel as the main shell and with a thickness that is consistent with that of the 

primary shell. 
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4 Design of Tank Insulation Layer 

4.1 Physical Model of Insulation Layer Structure  

The liquid hydrogen transportation tank consists of two layers of shells and a layer of 

insulation. Insulation is formed by a combination of VCS and RPF that is installed between 

the metal primary and secondary shells. Figure 1 depicts a sketch of the liquid hydrogen 

transport tank under design. 𝛵in and 𝛵out are the inlet and outlet hydrogen temperatures of 

the VCS heat exchanger tubes;  𝑟R1  and 𝑟R2  are the radii of the cryogenic and hot 

boundaries of the insulation from the axis of the longitudinal axis of the tank；𝑟VCS is the 

radii of the VCS heat exchanger tube in the insulation from the axis of the longitudinal axis 

of the tank; 𝛵1 and 𝛵2 are the surface temperatures of the cryogenic and hot boundaries of 

the insulation; 𝛵VCS is the temperature of the wall of the VCS heat exchanger tube; 𝛵∞ is 

the temperature of the air surrounding the tank, 318 K;   
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(a) 

 

(b) 

Figure 1 The sketch of the liquid hydrogen transport tank under design. 

The material of the VCS heat exchanger tubes needs to have good thermal conductivity 

and low temperature resistance. The VCS in this research is composed of AISI 316L 

Stainless Steel heat exchanger tubes with dimensions of Ф9.525 mm × 1.245 mm. The heat 

exchanger tubes are spaced about 50 mm apart and arranged symmetrically around the 

longitudinal axis of the tank, with a total of 1,460 heat exchanger tubes. All the tubes will 

form an insulating layer to reduce heat transfer from the outer RPF. Figure 2 depicts the 

schematic of how the VCS heat exchanger tubes are laid. The low-temperature hydrogen 
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gas is through the long and thin tubes, which is approximated as a straight tube because the 

bending radius of the tube is much larger than the tube diameter. 

The design of the insulation layer for the liquid hydrogen transport tank is crucial, as it 

directly impacts the amount of heat transfer and evaporation of the liquid hydrogen. To 

reduce the amount of heat leakage and prevent excessive evaporation of the liquid 

hydrogen inside the tank, this thesis investigated four design schemes for the insulation 

layer structure of the tank: Single Rigid Polyurethane Foams, Self-evaporation Vapor-

Cooled Shield and Rigid Polyurethane Foams, Forced-evaporation Vapor-Cooled Shield 

with cryogenic hydrogen gas and Rigid Polyurethane Foams, Forced-evaporation Vapor-

Cooled Shield with liquid hydrogen and Rigid Polyurethane Foams.
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(a) (b) 

Figure 2 Schematic diagram of how the VCS heat exchanger tubes is laid.
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4.2 Assumption of Conditions 

This research discusses the steady-state heat exchange between the liquid hydrogen 

transport tank and the tank surrounding, where the evaporation of liquid hydrogen and the 

temperature distribution of the insulation remain constant.  The following conditions are 

assumed:  

(1) The environment around the tank is assumed to be an air temperature of 318 K and a 

pressure of 0.1 MPa. [57]. 

(2) The temperature of the liquid hydrogen in the liquid hydrogen transport tank is 20 K, 

and its pressure is 0.4 MPa [14]. The temperature of the primary shell is the same as that 

of the liquid hydrogen; the temperature of the secondary shell is the same as that of the 

outermost surface of tank. 

(3) The VCS heat exchanger tubes are embedded in the RPF and in a close contact with it, 

the temperature of the wall of the VCS heat exchanger tube and the temperature of the RPF 

in contact with it are equal. 

(4) All heat transferred into the liquid hydrogen transport inside the tank would contribute 

to boil-off gas production. 

(5) Both the primary and secondary shells are constructed using AISI type 316L stainless 

steel with high thermal conductivity, resulting in negligible thermal insulation performance. 
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4.3 Single Rigid Polyurethane Foams 

In this part, the insulation layer is filled with RPF. The primary method of heat transfer in 

the insulation layer is solid heat conduction, as shown in Figure 3. 𝑄total  is the heat 

transferred from the tank surrounding to the tank’s outermost layer; 𝑄1 is the heat transfer 

through the RPF layer; 𝑄0 is the heat transfer that ingresses the liquid hydrogen inside the 

tank. 

 

Figure 3 Schematic diagram of heat transfer process with single RPF. 

The relevant thermodynamic model can be constructed based on the heat transfer schematic 

diagram.  

The heat transfer between the tank surrounding and the tank's outermost layer (the 

secondary shell) primarily takes place through radiation and convective of heat transfer 

[59]. 

𝑄total = 𝑄rad + 𝑄con (4) 
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𝑄total is the heat transferred from the tank surrounding to the tank′s outermost layer;  𝑄rad 

is the radiative heat transferred that occurs between the tank outermost surface and the tank 

surrounding; 𝑄con is the convective heat transfer from the tank surrounding. 

𝑄rad = 𝜀𝛿(𝛢c + 𝛢s)(𝛵∞
4 − 𝛵2

4) (5) 

in which 𝜀 is the emissivity (with a value ranging from 0 to 1). The outermost surface of 

the tank is protected by an aluminium-plated protective layer, and the emissivity of 

aluminium is 0.03; 𝛿 is the Stefan Boltzmann constant, 5.675×10-8 W/m2·K4; 𝛢c and 𝛢s 

are the areas of the secondary shell’s long cylindrical outer surface and spherical outer 

surface, respectively, m2; 𝑇∞ is the temperature of the air surrounding the tank, 318 K; 𝑇2 

is the temperature of the outermost surface of the tank, K. 

𝑄con = ℎc𝛢c(𝛵∞ − 𝛵2) + ℎs𝛢s(𝛵∞ − 𝛵2) (6) 

where ℎc and ℎs are the convective heat transfer coefficients of the outmost surface of the 

long cylinder and spherical outer surface, W/m2·K. 

ℎc =
𝑁𝑢c𝜆∞
𝐷c

(7) 

ℎs =
𝑁𝑢s𝜆∞
𝐷s

(8) 
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in which 𝑁𝑢c and 𝑁𝑢s are the Nusselt numbers of the long cylindrical outer surface and 

spherical outer surface; 𝐷c and 𝐷s are the feature sizes of the long cylindrical outer surface 

and spherical outer surface, m; 𝜆∞  is the thermal conductivity of air, at a standard 

atmospheric pressure and 318 K, take 0.028 W/m·K. 

Based on heat transfer theory [59], it is recommended that the Nussle number of the outer 

surface of a long cylinder be calculated using the following relation, 

𝛮𝑢c =

{
  
 

  
 

0.60 +
0.387𝑅𝑎c

1
6

[1 + (
0.559
𝑃𝑟∞

)

9
16
]

8
27

}
  
 

  
 
2

(9) 

Where, 𝑅𝑎c is the air’s Rayleigh number on the outer surface of a long cylinder; 𝑃𝑟∞ is the 

air’s Prandtl number in tank surrounding. 

𝑅𝑎c =
𝑔𝛽∞𝐷c

3(𝛵∞ − 𝛵2)

𝛼∞𝜈∞
(10) 

Where, 𝑔  is the acceleration of gravity, 9.8 m/s2; 𝛽∞  is the volumetric expansion 

coefficient of air, 𝛽∞ =
1

𝛵∞(𝐾)
; 𝜈∞  is the kinematic viscosity of air, and at a standard 

atmospheric pressure and 318 K, take 1.77×10-5 m2/s; 𝛼∞ is the thermal diffusivity of air, 

take 2.51×10-5 m2/s. 
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𝑃𝑟∞ =
𝜈∞
𝛼∞

(11) 

𝛼∞ =
𝜆∞
𝜌∞𝑐∞

(12) 

Where, 𝑐∞ is the specific heat of air, take 1,007.41 J/kg·K; 𝜌∞ is the air density, take 1.10 

kg/m3. 

Nusselt number on the outer surface of a sphere [59], 

𝛮𝑢s = 2 +
0.589𝑅𝑎s

1
6

[1 + (
0.469
𝑃𝑟∞

)

9
16
]

4
9

 (13)
 

𝑅𝑎s is the air’s Rayleigh number on the outer surface of a sphere, 

𝑅𝑎s =
𝑔𝛽∞𝐷s

3(𝛵∞ − 𝛵2)

𝛼∞𝜈∞
(14) 

In the case of a single RPF, heat is transferred from the tank surrounding passes through 

the RPF layer and eventually to the liquid hydrogen inside the tank. The formula for this 

process can be expressed by using the energy conservation law, 

𝑄total = 𝑄1 = 𝑄0 (15) 
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To ensure economy, this research requires that the boil-off rate of liquid hydrogen does not 

exceed 0.1% of the total mass of liquid hydrogen per day in the tank [16]. Therefore, the 

heat ingressing the liquid hydrogen tank is required: 

𝑄0 ≤
𝑀 ∗ 𝑄v
ℎ

(16) 

Where, 𝑀 is the maximum mass allowed to evaporate per tank per day, 5,000 kg; 𝑄v is the 

latent heat of vaporization of liquid hydrogen evaporation at 0.4 MPa, 20 K,  take 4.49×

105 J/kg; ℎ is the time, s. 

Heat conduction is the primary way of heat transfer through the RPF; convective and 

radiant heats are negligible.  

𝑄1 = 𝑄c + 𝑄s (17) 

Where, 𝑄c is the heat conduction of the hollow long cylinder of the RPF, W; 𝑄s is the heat 

conduction of spherical shell of the RPF, W. 

𝑄c =
2𝜋𝑙R𝜆R(𝛵2 − 𝛵1)

ln (
𝑟R2
𝑟R1
)

(18) 

where 𝛵1 and 𝛵2 are the surface temperatures on the two sides of the RPF, 𝛵1 takes 20 K; 

𝑟R1 and 𝑟R2 are the radii of the two sides of the RPF, 𝑟R1 takes 13.24 m; 𝑙R is the length of 
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the RPF hollow long cylinder, take 111.62 m; 𝜆R is the thermal conductivity of RPF, take 

0.013 W/m·K.  

𝑄𝑠 =
4𝜋𝜆R(𝛵2 − 𝛵1)

(
1
𝑟R1
) − (

1
𝑟R2
)

(19) 

According to the Eqs. (1), (12), (13), (14) the value of 𝑟R2  can be calculated, and the 

difference between 𝑟R2 and 𝑟R1 is the thickness of the RPF. Ultimately, the thickness of the 

insulation of the single RPF is calculated to be 1.84 m.  
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4.4 Self-evaporation Vapor-Cooled Shield and Rigid 

Polyurethane Foams 

In this part, the heat transfer from the external environment causes the liquid hydrogen in 

the liquid hydrogen tank to self-evaporate. This evaporated cryogenic hydrogen gas is then 

fed into the VCS heat exchanger tubes to cool the insulation and reduce the heat transfer. 

As shown in Figure 4, the heat transfer, 𝑄2, from the surroundings of the tank first passes 

through the Outer RPF by solid heat conduction. 𝑄2 is divided into two parts: one part of 

the heat transfer, 𝑄GVCS, it is absorbed by the cryogenic hydrogen gas in the SVCS heat 

exchanger tubes. While the other part, 𝑄1, goes to the Inner RPF. 𝑄1 passes through the 

Inner RPF by solid heat conduction. The low-temperature hydrogen gas is evaporated from 

the liquid hydrogen due to the heat transfer 𝑄0.  

 

Figure 4 Schematic diagram of the heat transfer process of the insulation layer composed of 

SVCS and RPF. 

For the insulation layer composed of Self-evaporation Vapor-Cooled Shield (SVCS) and 

RPF, heat transfer from the tank surrounding first passes through the outer RPF layer. 
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When the heat transfer passes through the wall of the VCS heat exchanger tubes, the low-

temperature hydrogen gas in inside the tubes absorbs some of the heat transferred. The 

remaining heat ingress enters to the liquid hydrogen after passing through the inner RPF 

layer and eventually leading to evaporation of the liquid hydrogen. The cryogenic hydrogen 

gas formed by the evaporation of liquid hydrogen will then fed into the VCS heat exchanger 

tubes. 

In insulated systems installed with VCS, steady state heat transfer is marked by the outlet 

temperature of the VCS heat exchanger tube 𝑇out being the same as the wall temperature 

of the heat exchanger tube 𝑇VCS. Once the temperature of the hydrogen in the VCS heat 

exchanger tube reaches the wall temperature, the hydrogen in the tube is no longer 

convectively heat exchanged. 

The heat transfer from the outside of the tank can be calculated from Eqs. (1) to Eqs. (11). 

The heat transfer within the tank insulation can be calculated by the following equation: 

𝑄0 = 𝑄1 (20) 

𝑄total = 𝑄2 (21) 

𝑄2 = 𝑄1 + 𝑄GVCS (22) 

The calculation of 𝑄2 and  𝑄1 are the same as Eqs. (14), (15), and (16). 
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Heat exchanger rate to hydrogen inside the VCS is: 

𝑄GVCS = 1460ℎGH2𝐴GVCS(𝑇GVCS − �̅�GH2) (23) 

Where, 1,460 is the number of VCS heat exchanger tubes installed in each tank; ℎGH2 is 

the convective heat transfer coefficient between the low-temperature gas hydrogen in the 

VCS heat exchanger tube and the tube wall, W/m2·K; 𝐴GVCS is the heat transfer area of the 

inner wall of the heat exchanger tube from the start of heat transfer between the hydrogen 

gas and the tube wall until steady state heat transfer is achieved, m2; 𝑇GVCS is the tube wall 

temperature, K; �̅�GH2 is the feature temperature of hydrogen gas in the tube, K, �̅�GH2 =

𝑇out−𝑇in

2
. 

ℎGH2 =
𝜆GH2𝑁𝑢GH2

𝐷VCS
(24) 

𝐷VCS  is the diameter of VCS heat exchanger tube, take 0.007 m; 𝜆GH2  is the thermal 

conductivity of hydrogen gas, W/m·K; 𝑁𝑢GH2 is the Nusselt number of the inner wall of 

the heat exchanger tube. 

The Gnielinski correlation is suitable for forced convection, including transition areas with 

Reynolds numbers over 3,000 [59], 
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𝑁𝑢GH2 =
(
𝑓
8
) (𝑅𝑒GH2 − 1000)𝑃𝑟GH2

1 + 12.7 (
𝑓
8
)

1
2
(𝑃𝑟

GH2

2
3 − 1)

(25)
 

where 𝑃𝑟GH2 is the Prandtl number of hydrogen gas in VCS heat exchanger tube; 𝑓 is the 

friction factor between the hydrogen gas and the wall of the heat exchanger tube [59], 

𝑓 = (0.790 ln 𝑅𝑒GH2 − 1.64)
−2 (26) 

Reynolds number 𝑅𝑒GH2 can be calculated by the following formula, 

𝑅𝑒GH2 =
𝜌GH2𝑣GH2𝐷VCS

𝜇GH2
(27) 

𝑣GH2 =
�̇�

1460𝜌GH2𝐴GH2
(28) 

where 𝜌GH2 is the density of low-temperature hydrogen gas in the VCS, kg/m3; 𝜇GH2 is the 

dynamic viscosity of the hydrogen gas in the VCS, Pa·s; 𝑣GH2 is the average velocity of 

the hydrogen gas in the VCS, m/s; 𝐴GH2  is the cross-sectional area of the VCS heat 

exchanger tube, m2; �̇� is the mass flow rate of low-temperature hydrogen gas evaporated 

in a cargo tank, kg/s. 

According to the law of energy conservation, the heat absorbed by VCS can also be 

expressed as: 
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𝑄GVCS = �̇�(𝐻Gin − 𝐻Gout) (29) 

in which 𝐻Gin and 𝐻Gout are the enthalpy of the hydrogen gas at the inlet of the VCS tube 

and the enthalpy of the hydrogen at outlet of the VCS tube, J/kg. 

According to assumption 4， all heat transferred to liquid hydrogen inside tank is 

consumed for liquid hydrogen evaporation. 

�̇� =
𝑄0
𝑄v

(30) 

The above equations will form a closed thermodynamic model of the insulation of SVCS 

and RPF. As the installation position of the SVCS within the insulation varies, there will 

be different heat transfer and heat distribution in insulation. 
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4.5 Forced-evaporation Vapor-Cooled Shield with cryogenic 

hydrogen gas and Rigid Polyurethane Foams 

In this part, hydrogen will be used as fuel to provide energy for the operation of the ship. 

The fuel hydrogen is supplied from 4 liquid cargo tanks and there is no separate fuel tank. 

The liquid hydrogen ship is driven by two MAN B&W 7S70ME-C two-stroke low-speed 

diesel engines, electronically controlled. The total output of these engines at 91 rpm 

(Revolutions per minute) is 43. 54 MW. The conversion of the diesel engines to hydrogen 

engines would require a daily consumption of 54 tonnes of hydrogen at the same total 

output. During the operation of the ship, a certain amount of liquid hydrogen is extracted 

to the heat exchanger and forced to evaporate into cryogenic hydrogen gas. This cryogenic 

hydrogen gas is then fed into the VCS heat exchanger tubes to participate in the tank 

insulation and is finally delivered to the engine for combustion.  

Figure 5 depicts the diagram of the heat transfer process of the insulation layer composed 

of FVCS with cryogenic hydrogen gas and RPF. The main heat transfer processes are 

similar to Figure 4, the major difference being the different mass flow rates of the cryogenic 

hydrogen gas fed into the VCS heat exchanger tubes. 



4  Design of Tank Insulation Layer 

44 

 

 

Figure 5 Schematic diagram of the heat transfer process of the insulation layer composed of 

FVCS with cryogenic hydrogen gas and RPF. 

The daily hydrogen consumption of a propulsion system with a total power output of 43.54 

MW is 54 tonnes. It means that each hydrogen transport tank's FVCS heat changer tubes 

need pass 13.51 tonnes of hydrogen per day. Where the hydrogen consumption and the 

diameter of the FVCS heat exchanger tube are determined, the mass flow rate per heat 

exchanger tube can be determined, 

�̇�∗ =
𝑀∗

ℎ
(31) 

where 𝑀∗ is the mass of hydrogen gas passing through the heat exchanger tube of every 

tank per day in the case of forced evaporation, 13,510 kg; �̇�∗ is the mass flow rate of 

hydrogen gas passing through the heat exchanger tube of every tank per day in the case of 

forced evaporation, kg/s. 

With the FVCS installed, the final calculation of the mass flow rate of cryogenic hydrogen 

gas to be forcibly evaporated per cargo tank is 0.16 kg/s. 
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4.6 Forced-evaporation Vapor-Cooled Shield with liquid 

hydrogen and Rigid Polyurethane Foams 

In this research, hydrogen will be used as fuel to power the operation of the ship. A certain 

amount of liquid hydrogen will be fed directly into the heat exchanger tubes of the VCS, 

participate in the tank insulation. First the liquid hydrogen will undergo convective heat 

transfer with the wall of the tube, where it will be gradually heated up in the flow until it 

evaporates into low temperature hydrogen gas; the low temperature hydrogen gas will 

continue to participate in the heat transfer in the heat exchanger tube; finally, the hydrogen 

will be transported to the engine for combustion. It is assumed that there is no gas-liquid 

mixing in the heat exchanger tube and that the liquid hydrogen is completely vaporized 

into hydrogen gas at some point in the tube. 

 

Figure 6 Schematic diagram of the heat transfer process of the insulation layer composed of 

FVCS with liquid hydrogen and RPF. 

When the heat transfer between the tank and the external environment is in a steady state, 

the heat transfer in the VCS heat exchanger tube consists of two main components, the heat 
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transfer between the liquid hydrogen 𝑄LVCS and the tube wall and the heat transfer between 

the cryogenic hydrogen gas and the tube wall 𝑄GVCS: 

𝑄VCS = 𝑄LVCS + 𝑄GVCS (32) 

The heat transfer of liquid hydrogen in the VCS heat exchanger tubes can be calculated 

using the latent heat of vaporization of liquid hydrogen at 0.1 MPa and 20 K as follows: 

𝑄LVCS =
𝑀∗ ∗ 𝑄v

∗

ℎ
(33) 

Where, 𝑄v
∗ is the latent heat of vaporization of liquid hydrogen evaporation at 0.1 MPa, 20 

K, take 4.49×105J/kg. 

𝑄LVCS can also be calculated using the following formula: 

𝑄LVCS = 1460ℎLH2𝐴LVCS(𝑇LVCS − �̅�LH2) (34) 

Where, ℎLH2 is the convective heat transfer coefficient between the liquid hydrogen in the 

VCS heat exchanger tube and the tube wall, W/m2·K; 𝐴LVCS is the heat transfer area of the 

inner wall of the heat exchanger tube from the start of heat transfer between the liquid 

hydrogen and the tube wall until the liquid hydrogen is evaporated into hydrogen gas, m2; 

𝑇LVCS is the tube wall temperature, K; �̅�LH2 is the feature temperature of liquid hydrogen 

in the tube, take 20 K. 
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Due to the forced laminar flow of liquid hydrogen in the tube, the tube diameter is small 

and the temperature difference between the fluid and the wall is small. Therefore, the effect 

of natural convection on the forced flow heat transfer can be ignored and the Sieder and 

Tate [60] correlation equation can be applied:  

ℎLH2 = 1.86
𝜆LH2
𝐷VCS

(𝑅𝑒LH2 ∗ 𝑃𝑟LH2
𝐷VCS
𝑙LH2

)1/3 (
𝜇LH2
𝜇𝑤

)
0.14

(35) 

where  𝜆LH2 is the thermal conductivity of liquid hydrogen, W/m·K; 𝑃𝑟LH2 is the liquid 

hydrogen’s Prandtl number in VCS heat exchanger tube; 𝑅𝑒LH2 is the liquid hydrogen’s 

Reynolds number in VCS heat exchanger tube; 𝑙LH2 is the length of the heat exchanger 

tube in which the liquid hydrogen is involved in the heat exchange, m. 𝜇LH2 is the dynamic 

viscosity of the liquid hydrogen in the VCS, Pa·s; 𝜇𝑤 is the dynamic viscosity of liquid 

hydrogen at wall temperature, Pa·s. Here the liquid hydrogen is heated, so (
𝜇LH2

𝜇𝑤
)
0.14

 is 

taken to be 1.05. 

As for the calculation of heat transfer for cryogenic hydrogen gas, this can be done using 

section 1.5.  
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4.7 Model Validation 

The conclusions of Jiang et al. [61] on the liquid hydrogen-oxygen pair storage combined 

with Multi-layer Insulation (MLI) and SVCS have been used to verify the thermodynamic 

model in this research. They installed the VCS at 50% of the MLI and used the self-

evaporating hydrogen from the liquid hydrogen tank to insulate the tank. Table 4 shows 

the physical parameters of the model they researched. As shown in Figure 7, the red curve 

represents the temperature distribution result calculated using the thermodynamic model 

develop in this research, while the purple stars represent the research results of Jiang et al. 

The average deviation of the temperature curve inside the insulation structure is only 3.2%. 

It is demonstrated that the calculated value of the developed model is in consistent with the 

research of Jiang et al. Therefore, the model developed in this research can be applied to 

analyse and optimize the design of the VCS used in the insulation system of the liquid 

hydrogen transport tank. 

Table 4 The physical parameters of the model that Jiang et al. researched. 

Name Parameters Values 

Tank Shape cylinder 

Height 3.05 m 

Diameter 3.05 m 

Head type 2:1 elliptical dome 

MLI Low density 8 layers/cm (10 layers) 

Medium density 12 layers/cm (15 layers) 

High density 16 layers/cm (20 layers) 

Total layers 45 layers 

VCS VCS shield area of liquid hydrogen tank 34.78 m2 

VCS tube length of liquid hydrogen tank 52.19 m 

VCS shield area of liquid oxygen tank 21.35 m2 

VCS tube length of liquid oxygen tank 30.04 m 



4  Design of Tank Insulation Layer 

49 

 

Inner diameter of the VCS tube 11.7 mm 

VCS tube wall thickness 0.5 mm 

VCS shield wall thickness 0.1 mm 

 

 

Figure 7 The comparison of the calculation results of the thermodynamic model in this research 

and the research results of Jiang et al. 
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5 Calculation Results and Discussion 

5.1 Calculation Results 

The VCS is embedded within the RPF and plays a function of insulation for heat transfer 

from tank surrounding to the hydrogen inside the tank. The amount of heat transferred to 

the liquid hydrogen changes with the position of the VCS within the insulation. As for the 

position of the VCS, the 0% mark denotes the coldest end of the insulation that is in contact 

with the primary shell, and 100% represents the hottest end of the insulation in contact with 

the secondary shell. 

The thickness of the RPF is taken to be 1.84 m for an insulated structure installed with 

VCS. This thickness is derived from the calculation of a single RPF meeting 0.1% boil-off 

rate of the total mass of liquid hydrogen per day in the tank. 

Figure 8 shows the relationship between the heat transferred to the liquid hydrogen in the 

tank and the position of the SVCS. As the installation position of SVCS moves from the 

primary shell to the secondary shell (0%→100%), the heat transferred to the liquid 

hydrogen decreases, then increases; the total heat transfer from the tank surrounding and 

the heat absorbed by the SVCS are increasing all the time. 
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Figure 8 Relationship between heat transfer and SVCS position. 

Figure 9 depicts the relationship between the position of the FVCS with cryogenic 

hydrogen gas in the RPF and the heat transfer to the liquid hydrogen in the tank. The heat 

transferred to the liquid hydrogen decreases as the FVCS+GH2 moves from the primary 

shell to the secondary shell, and then increases again; the total heat transfer from the tank 

surrounding and the heat absorbed by the FVCS+GH2 are increasing all the time. 
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Figure 9 Relationship between heat transfer and the position of the FVCS with cryogenic 

hydrogen gas. 

Figure 10 depicts the relationship between the position of the FVCS with cryogenic liquid 

hydrogen in the RPF and the heat transfer to the liquid hydrogen in the tank. The total heat 

transfer around the tank and the heat absorbed by the FVCS+LH2 keeps increasing as the 

FVCS+LH2 moves from the primary to the secondary shell. It should be noted that as the 

FVCS+LH2 moves from 0% to 60%, the amount of heat transfer into the liquid hydrogen 

tank is zero and the heat transfer from the outside environment is completely absorbed by 

the FVCS heat exchanger tubes. This is because the heat absorbed by the liquid hydrogen 

in the heat exchanger tubes during this phase fails to reach the latent heat of vaporisation 
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value of the liquid hydrogen and the hydrogen in the tubes remains in a liquid state. The 

wall temperature of the heat exchanger tubes is kept at 20 K, with no temperature difference 

from the primary shell, and no heat transfer occurs. As the FVCS+LH2 moves from 60% 

to 100%, the liquid hydrogen is heated for a period of time in the heat exchanger tubes and 

then evaporates into gaseous hydrogen. The gaseous hydrogen continues to participate in 

the heat exchange inside the tubes, but is unable to absorb all the heat transfer from the 

tank surrounding. 

 

Figure 10 Relationship between heat transfer and the position of the FVCS with cryogenic liquid 

hydrogen. 
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Figure 11 depicts relationship between heat transfer 𝑄0  and VCS position for the four 

insulation structures. The single RPF has a fixed thickness and no VCS, so the heat transfer 

does not change. The insulation structures installed with SVCS and FVCS+GH2, have a 

very strong insulation effect, and both achieve the best insulation at 50% of the insulation 

layer. 
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Figure 11 Relationship between heat transfer 𝑄0 and VCS position for the four insulation 

structures. 

Figure 12 depicts the effect of changes in the position of the VCS on the temperature of 

the outermost surface of the tank 𝛵2  and the temperature of the wall of the VCS heat 

exchanger tube 𝛵VCS. As the VCS moves from the primary shell to the secondary shell, the 
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temperature of the outermost surface of the tank decreases, leading to an increase in heat 

transferred from the tank surrounding to the liquid hydrogen transport tank. Additionally, 

as the VCS is positioned closer to the outermost surface of the tank, the temperature of the 

VCS tends to increase and the temperature of the outermost surface of the tank tends to 

decrease, exacerbating the impact of the tank surrounding on the heat transfer of the liquid 

hydrogen transport tank. By comparing Figure 12 (a), (b) and (c), it is clear that the 

influence of SVCS, FVCS+GH2 and FVCS+LH2 on the temperature of the outermost 

surface of the liquid hydrogen transport tank is progressively greater.  
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(a) (b) 

 
 

 

 

  

(c) 

Figure 12 The effect of VCS position changes on T2 and TVCS. 
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Figure 13 depicts the temperature profile inside the insulation layer when the SVCS, 

FVCS+GH2 and FVCS+LH2 are installed at 50% of the insulation layer. In this case, both 

SVCS and FVCS+GH2 are installed in the optimum position. Comparing the four curves, 

the insulation layers with VCS have significant temperature variations at the VCS 

installation position compared to the insulation layer with a single RPF, indicating that 

VCS has a significant impact on heat transfer within the insulation layer. Similarly, when 

comparing the SVCS and FVCS+GH2 (they are fed with cryogenic hydrogen gas), the 

temperature variation of the FVCS+GH2 is more pronounced, indicating that the 

FVCS+GH2 has a greater impact on heat transfer. 

Engineering practice has always expected low cost, lightweight, and simple structure 

implementation. In this research, two optimization design schemes for reducing the 

evaporation of liquid hydrogen and the thickness of the insulation layer are proposed by 

studying the influence of the VCS position on the heat ingress of the storage tank. 
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Figure 13 Temperature distribution inside the three insulation structures when the VCS is 

installed in the 50% of the insulation. 
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5.2 Optimization Scheme 1 

Figure 11 shows the relationship between the heat transferred to the liquid hydrogen inside 

tank and the position of the VCS heat exchanger tubes, after the thickness has been fixed 

to be 1.84 m.  

The heat transfer of the SVCS installed at 50% of the insulation is the lowest. Relative to 

the boil-off rate of 0.1% of the total daily mass of liquid hydrogen in the tank, it can reduce 

heat transfer by 47.84% in the tank and save 2,392 kg of liquid hydrogen on board per day.  

The heat transfer of the FVCS installed at 50% is the lowest. Relative to the boil-off rate 

of 0.1% of the total daily mass of liquid hydrogen in the tank, it can reduce heat transfer 

by 85.86% in the tank and saving 4,293 kg of liquid hydrogen on board per day.  

By installing VCS at an optimal position, the loss during the transportation of liquid 

hydrogen can be effectively reduced.  
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5.3 Optimization Scheme 2  

When the daily boil-off rate of liquid hydrogen is fixed 0.1%, the thickness of the insulation 

can be reduced by installing SVCS and FVCS+GH2, it results in reduced thickness of 

insulation layer of RPF. Figure 11 shows that the heat ingress is minimized when SVCS 

and FVCS+GH2 are respectively positioned at 50% of the insulation layer. 

 

Figure 14  The effect of insulation thickness on the heat transfer 𝑄0 when the VCS is installed in 

the 50% of the insulation. 

As shown in Figure 14, by installing SVCS, the RPF insulation layer only needs to be 0.92 

m. Relative to the insulation of a single RPF with an installed thickness of 1.84m, this 
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scheme reduces the thickness of the insulation layer by 0.92 m (50%) compared to a single 

RPF insulation layer. 

As shown in Figure 14, by installing FVCS+GH2, the RPF insulation layer only needs to 

be 0.59 m. Relative to the insulation of a single RPF with an installed thickness of 1.84m, 

this scheme reduces the thickness of the insulation layer by 1.25 m (67.93%) compared to 

a single RPF insulation layer. 
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6 Conclusions 

This research designed a large type-C tank for transporting liquid hydrogen by ships, 

calculated the shell thickness, selected the shell material and proposed four insulation 

strategies. The performances of the four insulation layers: RPF, Self-evaporation Vapor-

Cooled Shield (SVCS), Forced-evaporation Vapor-Cooled Shield with cryogenic 

hydrogen gas (FVCS+ GH2) and Forced-evaporation Vapor-Cooled Shield with liquid 

hydrogen (FVCS+ LH2) are investigated using thermodynamic models, include the effect 

of the VCS position on heat transfer and temperature distribution in the insulation layer. 

Furthermore, the optimal positions of the VCS in the insulation are identified, and two 

different optimization schemes are proposed based on the research findings. Major 

conclusive remarks are presented as follows:  

(1) The thickness of the primary shell and secondary shell are designed to be 47.70 mm, 

and AISI type 316L Stainless Steel (annealed plate) is chosen as their material. 

(2) Installing VCS in the insulation layer can significantly reduce heat transfer to the 

liquid hydrogen inside the tank. The heat transfer to the liquid hydrogen decreases and then 

increases as the VCS moves from the from the primary shell to the secondary shell (0%→

100%) in the insulation layer. The optimal heat transfer position for SVCS and FVCS+ 

GH2 both are 50%.  

(3) An optimized scheme for reducing liquid hydrogen evaporation loss is investigated. 

As stated above, when the thickness of the insulation layer remains constant, installing the 
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SVCS at 50% of the insulation layer can reduce heat transfer by 47.84% in the tank and 

save 2,392 kg of liquid hydrogen on board per day; installing the FVCS+ GH2 at 50% of 

the insulation layer can reduce heat transfer by 85.86% in the tank and saving 4,293 kg of 

liquid hydrogen on board per day. This optimization scheme can significantly reduce liquid 

hydrogen boil-off rate during ship transportation. 

(4) An optimized scheme for the thickness of the insulation layer is designed. When 

satisfying the boil-off rate of liquid hydrogen to be less than 0.1% per day, installing SVCS 

at 50% of the insulation layer can reduce the thickness of the insulation layer by 0.92 m 

(50%) compared to a single RPF insulation layer; installing FVCS+ GH2 at 50% of the 

insulation layer can reduce the thickness by 1.25 m (67.93%). This optimized scheme can 

effectively reduce transportation tank’s volume and weight while also reducing 

construction costs. 

Prospects: This research focuses on the use of C-tanks for storing and transporting liquid 

hydrogen. In the future there are still many topics that need to be investigated. For 

example, in the area of insulation, the economic use of vacuum insulation for the 

transport of liquid hydrogen can be investigated. In terms of the type of tank, the use of 

membrane tanks for the transport of liquid hydrogen could be investigated. In short, more 

research needs to be devoted to the study of the transport of liquid hydrogen by ship.
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