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EXECUTIVE SUMMARY 

This report presents the work of the design group on its project in hydrogen tank 
design for the material handling industry. Presently, the fuel cell system in a 
hydrogen-powered fork lift truck is contained within a package that replaces the 
lead-acid battery of the lift truck. Eventually the fuel cell system, including its 
compressed hydrogen tank, will be distributed optimally around the lift truck. The 
design group was tasked with creating three proposals for compressed hydrogen 
tanks that could be integrated into a Raymond Corporation fork lift truck. 
 
During the fall semester research phase the project included; the determination 
of basic design requirements, a review of applicable design standards, and the 
generation, evaluation, and selection of design concepts. Among other 
requirements, it was determined that the tanks must store approximately 1kg 
(43L) of compressed hydrogen at 5,000 psi and that they must be composed of 
steel to compensate for the lost weight of the lead-acid battery. It was decided 
that design standard compliance would focus on the DOT Part 178 and HGV5 
design standards. The three design concepts chosen for detailed design were; a 
traditional cylindrical vessel, an assembly of nested high pressure tubing coils, 
and a welded assembly of rectangular box tubing. 
 
During the spring semester design phase the project included an iterative design 
process for each design concept and the creation of functional specifications for 
the finished design proposals. Consultation with industry and the acquisition of 
quotes were also achieved.  
 
Two versions of the cylindrical vessel were designed; one DOT-3A, 316L 
stainless steel cylinder with a ½ inch wall and one DOT-3AA 4130 Q&T steel 
cylinder with a ¼ wall. Quotes for the manufacture of both cylinders were 
acquired from Taylor-Wharton. The tubing coil tank was designed using 316L 
stainless steel high pressure tubing and terminated with fittings and caps by 
Swagelok. Tubing quotes were acquired from both Swagelok and Handy & 
Harman Tube Company. The rectangular tank involved the design of a custom 
box tubing cross-section. The material used was 4130 Q&T steel. A workable 
cross-section was developed and the full assembly designed. The performance 
of the various junctions in the assembly were analyzed and found to be sufficient. 
Consultation with Louisiana Steel was conducted during the design. The 
functional specifications developed for each design proposal presented the 
physical, manufacturing, and operational requirements dictated by the designs. 
This revealed in what ways the design proposals met or failed to meet the basic 
requirements as well as those of the DOT and HGV5 design standards. 
 
In general, the project achieved all of its critical objectives; three design 
proposals with functional specifications were delivered; history of the design 
iterations and the engineering evidence of their success was documented; and a 
quote for the manufacture of at least one design proposal was acquired. 
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1. INTRODUCTION 

This report will present the spring semester work of the design group on its 

project in hydrogen tank design for the material handling industry. This section 

will present the problem addressed by the design group, the description of the 

project and its requirements, and the scope and format of this report. 

1.1. PROBLEM STATEMENT 

For years now, the material handling industry has been experimenting with 

hydrogen fuel cell-powered fork lift trucks. Such lift trucks improve warehouse 

productivity in high throughput applications because compressed hydrogen 

tanks can be refueled in only a few minutes, while the lead-acid batteries of 

the lift trucks used throughout the industry can require an entire day to charge 

and cool [1]. Material handling is an ideal environment for hydrogen 

technology as compared to the mass transportation industry because it does 

not require refueling stations to be distributed over large geographic areas. 

Fork lift trucks do not travel hundreds of miles from a warehouse, therefore it 

is only necessary to provide refueling facilities at the warehouse. So far the 

design of hydrogen fuel cell-powered lift trucks has focused strictly on the 

replacement of the lead-acid batteries with fuel cell systems of the same size, 

weight, and energy capacity [1]. In the future, the components of the fuel cell 

system will be optimally distributed and integrated into the lift truck, which will 

be designed to take full advantage of the modular nature of the fuel cell 

system [1]. The problem addressed by the design group is how to design a 

compressed hydrogen tank, part of the fuel cell system, to be integrated into a 

lift truck. The client of the design group, Raymond Corporation, requires three 

design proposals for compressed hydrogen tanks that could be integrated into 

the design of its lift trucks. 
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1.2. PROJECT DESCRIPTION 

The primary goal of the project was summarized in the preceding problem 

statement; the project shall result in three design proposals for compressed 

hydrogen tanks that could be integrated into the design of Raymond 

Corporation lift trucks. The additional project requirements are below. 

 

The project shall 

• Involve a thorough review of all applicable design standards and a 

determination of what can and cannot be achieved in each design 

proposal to comply with those standards 

• Involve the generation, evaluation, and selection of design concepts to 

be iterated into the final design proposals 

• Include, as necessary throughout its duration, consultation with industry 

experts, suppliers, and manufacturers 

• Include a history of all design iterations and evidence of the capacity of 

each design proposal to meet the design requirements 

• Include the generation of a functional specification detailing the technical 

requirements for each of the final design proposals 

• Include acquisition of a quote for tooling and manufacture in volume for 

at least one of the final design proposals 

 

The final project deliverables consist entirely of the three design proposals 

with standards review and functional specification included. For at least one 

of the design proposals a quote is included. It is important to note that there 

are no physical deliverables; no prototypes were constructed. 
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1.3. PROJECT SCOPE 

In general, the scope of the project has been conveyed in the preceding 

problem statement and project description; the project is focused entirely on 

the compressed hydrogen tank of a hydrogen fuel cell-powered fork lift truck. 

The project is not concerned with any other component of the fuel cell 

system. It should be stated that the project will not focus any one particular 

model of lift truck. It follows, generally, that any design proposal should be 

applicable to any model of lift truck and should not involve modification of 

existing lift truck components. If a design proposal requires mounting of the 

tank to an existing lift truck component, the mounting design is assumed to 

not interfere with the operation of the tank and is therefore considered outside 

the scope of the project.  

 

The various tasks of the project, as broken down by semester, provide 

additional insight into its scope and are depicted in the flowcharts of Figure 1 

and Figure 2. The fall and spring semesters were broken down into research 

and design phases, respectively. Figure 1 illustrates the research phase that 

was carried out last semester. The research phase consisted primarily of 

standards review, generation of basic design requirements, and selection of 

design concepts. The broad purpose of the research phase was to flush out 

all aspects of the problem to be addressed by the design group in preparation 

for the detailed design phase. Figure 2 illustrates the design phase that was 

carried out this semester. This phase consisted of an iterative design process 

for each of the design concepts and resulted in the final, client-approved, 

design proposals. It should be noted that industry input was sought 

throughout the design phase for all design proposals.   
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Figure 1 – Fall Semester Research Phase Flowchart 

 

 

Figure 2 – Spring Semester Design Phase Flowchart 
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1.4. REPORT FORMAT 

This report will begin by reviewing the project background information and 

design requirements. It will then present the three design processes and 

subsequent proposals outlined in the Spring Semester Design Phase 

Flowchart of Figure 2. The project description, project scope, and problem 

statement have already been discussed. The remainder of the report is 

broken down into the following sections;  

• Background – This section will provide important information about the 

client and the properties of hydrogen, as well as review the selection of 

design concepts that was carried out during the fall semester 

• Design Requirements – This section will present the design 

requirements for the compressed hydrogen tanks 

• Traditional Cylindrical Vessel – This section will review the design 

concept, discuss the design evolution, and present the functional 

specifications for the traditional cylindrical vessel (concept #1) 

• Nested High Pressure Tubing Coils  – This section will review the 

design concept, discuss the design evolution, and present the functional 

specifications for the nested high pressure tubing coils (concept #2) 

• Rectangular Tank (Overhead Guard) – This section will review the 

design concept, discuss the design evolution, and present the functional 

specifications for the rectangular tank (concept #3) 

 

Following the above mentioned sections of the report is the conclusion, 

references, and appendices. The conclusion summarizes the project 

accomplishments and makes recommendations for any future work that might 

be carried out on the design proposals. 
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2. BACKGROUND 

This section of the report will provide important background information regarding 

the client, Raymond Corporation, and the properties of hydrogen. 

2.1. RAYMOND CORPORATION 

Raymond Corporation is the client of the design group and also the industry 

sponsor of the project. Raymond Corporation has a long history in the 

material handling industry that began in 1922 with the acquisition of Lyon Iron 

Works in Greene, New York by George Raymond, Sr., an industrial engineer 

from Brooklyn. He refocused the efforts of Lyon, eventually Raymond 

Corporation, on the development of new kinds of material handling equipment 

[1]. In the decades since its founding, 

Raymond has remained in the 

forefront of fork lift truck development 

through continual pioneering. From 

walk-behind stackers to the 

sophisticated 9000 Series Swing-

Reach seen at left, Raymond 

produces a full line of electric fork lift 

trucks for a wide variety of material 

handling applications. Raymond 

leads the market in the United States 

and sells, rents, or leases its lift 

trucks “throughout North and South 

America, as well as in Australia, 

China, the Pacific Rim, and the Middle East, through a network of 

independent dealers” [1]. Raymond remains headquartered in Greene, New 

York and has additional manufacturing facilities in Muscatine, Iowa and 

Brantford, Ontario. Raymond Corporation was acquired by BT Industries of 
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Sweden in 1997, which was purchased by Toyota Industries Corporation in 

2000. Toyota combined all of its lift truck operations into the Toyota Material 

Handling Group in 2007, which has 13,000 employees worldwide and $4 

billion in annual sales [1]. 

2.1.1. FUEL CELL EXPERIMENTATION 

Raymond began investigating the use of fuel cells in the material handling 

industry in 2004 due to queries by its customers. A financial model was 

developed that explored the economics of converting an entire warehouse 

from lead-acid batteries to fuel cells. Raymond concluded that fuel cell 

technology can improve warehouse productivity while lowering operating 

costs [1]. The following year, Raymond began to actively work with 

suppliers to gain experience with fuel cell technology [1]. Raymond was 

awarded a $750,000 contract by the New York State Energy and 

Development Authority (NYSERDA) in 2007 to study the performance of 

hydrogen fuel cell-powered fork lift trucks and to demonstrate the 

feasibility of an indoor hydrogen-fueled environment [2]. During the two-

year study, Raymond installed a hydrogen refueling station inside its 

Greene, New York manufacturing facility and employed hydrogen fuel cell-

powered lift trucks in real applications [2]. Raymond is currently evaluating 

the results of its study and determining how best to move forward with its 

pursuit of fuel cell technology. The sponsorship by Raymond of this project 

is evidence of its continuing interest in how hydrogen fuel cell systems will 

be integrated into its fork lift trucks in the future. 
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2.2. HYDROGEN 

From the problem statement it was clear that it would be important to develop 

an understanding of the fuel to be contained by the tanks being designed. For 

this reason, general research on hydrogen was conducted to understand how 

it is produced and stored, its energy density, and how it is affected by 

temperature, pressure, mass, and volume. 

2.2.1. PRODUCTION 

Although hydrogen gas produces clean emissions of water when reacted 

with oxygen, it is the production and storage of hydrogen gas that impedes 

its widespread use. Hydrogen gas can be derived from natural gas or 

fossil fuels but only at a fraction of the original chemical energy [3]. 

Hydrogen can also be obtained from the electrolysis of water, a very 

energy demanding process [3]. During electrolysis electricity is used to 

chemically decompose water into its constituent elements. The 

sustainability of hydrogen production via electrolysis really depends on the 

method used to produce the electricity. It is not generally sustainable to 

use fossil fuels to generate the electricity because it is more 

straightforward to use the fossil fuels to generate the hydrogen directly. If 

the electricity is generated from sources such as solar, wind, or nuclear 

power the sustainability of hydrogen generation can be greatly improved. 

Even though electrolysis is the preferred production method for extremely 

pure applications, it is generally difficult for it to compete on a large scale 

with other production methods. The most cost-efficient method currently 

employed in the industrial manufacture of hydrogen is steam hydrocarbon 

reforming. In this process natural gas is treated with high temperature 

steam that causes a chemical breakdown of the natural gas and releases 

hydrogen [4]. 
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2.2.2. STORAGE 

The development of efficient storage options for hydrogen creates further 

challenges for its use. Hydrogen can be stored as a gas, liquid, or a solid. 

Each storage method has advantages and disadvantages. Liquid storage 

is complex because hydrogen vaporizes at -253°C. This requires the tank 

to be cryogenically cooled in order to maintain the liquid state of the 

hydrogen [5]. Cryogenic cooling requires considerable amounts of energy 

and an extremely well insulated tank. This is generally not practical for 

many applications, including those in the material handling industry. 

Hydrogen can also be stored as a solid hydride; most commonly as a 

reversible metal hydride [5]. A reversible metal hydride can be recharged 

with hydrogen after release. One of the major challenges of metal 

hydrides is the percent weight of metal as compared to hydrogen. 

Hydrogen makes up only a small percentage of the total weight in a metal 

hydride, which requires that a large quantity of metal be used in order to 

supply the desired quantity of hydrogen [5]. 

 

Storing hydrogen as a compressed gas is perhaps the most practical 

method because it can be maintained at ambient temperatures and it is 

technically simple to contain using high-pressure gas cylinders. Hydrogen 

must be compressed due to its low density; to achieve a usable quantity of 

hydrogen at a practical volume compression is the only solution. High-

pressure gas cylinders are generally metal based or composite based. 

Metal based high-pressure gas cylinders are relatively simple but the 

compatibility of the metal with the hydrogen gas can be a concern. 

Composite high-pressure gas cylinders are complex structures that 

contain multiple layers for hydrogen confinement, rupture strength, and 

impact resistance. In general, high-pressure tanks must be cylindrical or 

near cylindrical in shape to optimally withstand the pressure [5]. Many of 

the significant dangers associated with hydrogen are derived from the 

simple fact that it is commonly stored as a highly compressed gas. In the 
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event that a tank were to fail catastrophically, the energy released would 

be comparable to that of an explosive. This risk can be successfully 

managed via the proper design and use of equipment for storing high 

pressure hydrogen gas. It is also important to note that industry experts 

generally agree that hydrogen is no more dangerous than other fuels 

including propane, natural gas, and gasoline [5]. 

2.2.3. STATE RELATIONSHIPS 

To determine how hydrogen is affected by pressure, temperature, mass 

and volume, the Ideal Gas Law was employed. It is well known, however, 

that hydrogen deviates significantly from the Ideal Gas Law at high 

pressures. In order to use results from the Ideal Gas Law it must be 

corrected to give reasonably accurate results. The Van der Waals 

modification of the Ideal Gas Law takes into account the volume of the gas 

particles and the intermolecular forces that the Ideal Gas Law assumes to 

be negligible. Although there are other equations of state in addition to the 

Van der Waals modification, it is relatively simple and accurate enough for 

the purposes of this project. Writing the Van der Waals modification into a 

Matlab function allowed solving for pressure, temperature, volume, or 

mass as a function of the other three variables. The details of this Matlab 

function and its associated plotting script are shown in Appendix A: 

Hydrogen Property Calculation. Figure 3 illustrates the dependency of 

pressure on the temperature of hydrogen gas. It should be noted that for 

every 10°C change in temperature, the pressure changes by 200 psi. In 

creating the plot of Figure 3 the mass of hydrogen was fixed at 1 kilogram 

and the volume at 43 liters. 
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Figure 3 – Temperature vs H2 Tank Pressure 

 
Another relationship of interest involves the volume required to hold a 

fixed mass of hydrogen as pressure varies. The dependency of volume on 

pressure is illustrated in Figure 4. It should be noted that the volume 

reduction gained by increasing the pressure is gradually diminished. For 

example, a doubling of the pressure from 2,000 to 4,000 psi will decrease 

the volume of a tank by approximately 50% of its original volume. A 

doubling of the pressure from 5,000 to 10,000 psi will only decrease the 

volume of a tank by approximately 33% of its original volume. 
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Figure 4 - Pressure vs Volume for Tank Containing 1kg of H2 at 0°C 

 

2.2.4. ENERGY DENSITY  

Energy density refers to the amount of energy contained within a certain 

volume or mass of material. Looking at the energy density of hydrogen 

provides some additional insight into why it is used and the challenges 

associated with its use. Table 1 provides data on the energy available per 

unit volume of hydrogen (at 5,000 psi, 10,000 psi, and as a liquid), as well 

as gasoline. Table 2 provides data on the energy available per unit mass 

of hydrogen. Both tables provide data for total energy of the fuel and the 

energy as adjusted for the efficiency of the system consuming it. It can be 

observed from Table 1 that hydrogen stored at 5,000 psi has 

approximately 90% less energy than the same volume of gasoline. 

Hydrogen stored at 10,000 psi has approximately 85% less energy than 

the same volume of gasoline, not a significant improvement. Liquid 

hydrogen has approximately 70% less energy than the same volume of 

gasoline. 
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Table 1 – Available Energy per Unit Volume of Hydrogen and Gasoline 

 Total Energy (MJ/L) 
Energy × System 

Efficiency (MJ/L) 

5000 psi H2  3.2 1.6 

10000 psi H2  5.0 2.5 

Liquid H2  10 5.0 

Gasoline  32.4 8.1 

 

If the efficiencies of a PEM fuel cell (50%) and an internal combustion 

engine (25%) are taken into account [5], then hydrogen stored at 5,000 psi 

has approximately 80% less energy than gasoline, an improvement of 

10% as compared to the total energy. Hydrogen at 10,000 psi is also 

improved with approximately 70% less energy, as well as liquid hydrogen 

with approximately 60% less energy.  

 

The values for the total energy of compressed hydrogen presented in 

Table 1 were calculated by multiplying the enthalpy of combustion of 142 

MJ/kg [7] by 1 kilogram and dividing by the volume in liters. Because the 

volume varies with the pressure, the previously described Van der Waals 

modification was used to determine the volume of 1 kilogram of hydrogen 

at 5,000 and 10,000 psi and fixed temperature of 20°C. A similar 

procedure was carried out for gasoline using an enthalpy of combustion of 

45 MJ/kg (at a density of 720 kg/m3) [8]. The value for the total energy of 

liquid hydrogen was found directly through research [5] 

 

It can be observed from Table 2 that hydrogen has approximately 300% 

more energy than the same mass of gasoline. When the efficiencies are 

factored in as before hydrogen has 600% more energy than the same 

mass of gasoline. 
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Table 2 – Available Energy per Unit Mass of Hydrogen and Gasoline 

  
Total Energy (MJ/kg) 

Energy × System 

Efficiency (MJ/kg) 

H2  142 71 

Gasoline  45 11 

 

From the data on hydrogen energy density it is clear that hydrogen is 

inferior to gasoline in terms of volumetric energy density but is superior in 

terms of mass energy density. In general, when considering the type of 

fuel to use in a consumer land vehicle, volumetric energy density is 

heavily favored over mass energy density [5]. This helps explain why it is 

desirable to store hydrogen as a compressed gas; to increase the 

volumetric energy density it must be compressed. 

2.2.5. EMBRITTLEMENT OF STEELS 

Lowering of the load-bearing and energy absorbing ability of steel by the 

influence of hydrogen is termed hydrogen embrittlement [5]. The 

mechanism behind hydrogen embrittlement involves the high 

pressurization of hydrogen within internal micro-cracks and voids, which 

generates plastic deformation and leads to the coalescence of micro-

cracks or voids [5]. Hydrogen embrittlement leads to a reduction in ductility 

and tensile strength and can ultimately lead to failure of the part. High-

strength and low-alloy steels (HSLA) are most susceptible to 

embrittlement. Steels with an ultimate tensile strength of less than 128 ksi 

are generally not considered susceptible to hydrogen embrittlement [9]. 

Embrittlement must generally be considered for any steels exposed to 

hydrogen during service but is especially important for steel gas cylinders 

containing highly pressurized hydrogen due to the safety concerns 

involved. 
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2.3. DESIGN CONCEPT SELECTION 

The generation, evaluation, and selection of design concepts to be developed 

during the spring semester design phase was carried out during the fall 

semester research phase. The research phase report discussed the 

generation of design concepts, the methods and criteria used to evaluate 

them, and the results of the evaluation [12]. The design concepts selected for 

detailed design were as follows; 

• Seamless cylindrical vessel 

Refers to a traditional high pressure vessel that is seamless and 

cylindrical in shape. A seamless tank is manufactured by piercing a billet 

and shaping it through spinning, or by spinning closed the ends on a 

piece of seamless tubing. Seamless cylindrical vessels are commonly 

used in a wide variety of industrial applications and fields. 

• Nested coiling of high pressure tubing (HPT) 

High pressure tubing equipped with fittings at each end shall be bent into 

large spring-like coils. A similar coil of smaller diameter shall be placed 

within the center of the larger coil and so on creating a set of nested high 

pressure tubing coils. This is desirable because the shape of the coils can 

be customized as necessary to fit within abnormally shaped spaces. 

• Rectangular tank from structural members 

Involves sealing of existing, rectangular structural members of a lift truck 

and pressurizing the members for use as a tank. The structural members 

could be of the mast, chassis, or overhead guard of the lift truck. 

 

The three selected design concepts are discussed in further detail at the 

beginning of their corresponding report sections; Traditional Cylindrical 

Vessel, Nested High Pressure Tubing Coils, and Rectangular Tank 

(Overhead Guard). 
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3. DESIGN REQUIREMENTS 

This section will present the design requirements for the compressed hydrogen 

tanks. The design requirements include basic requirements established in the 

project proposal as well as requirements set forth by applicable design standards 

identified during the fall semester research phase. 

3.1. BASIC REQUIREMENTS 

The basic design requirements are those requirements that were presented to 

the design group in the project proposal submitted to the Watson School of 

Engineering and Applied Science, or ascertained in meetings with industry 

advisor Bryce Gregory from Raymond Corporation.  

3.1.1. CAPACITY 

The total capacity of the compressed hydrogen tanks to be mounted on an 

individual fork lift truck shall be at least 1kg. According to the research 

conducted by Raymond Corporation, a capacity of 1kg of hydrogen 

provides a reasonable period of continuous operation for a lift truck. 

3.1.2. PRESSURE 

The tanks shall be able to hold compressed hydrogen at a minimum of 

5,000 psi, at a standard temperature of 0°C, without leaking. As described 

in the section on hydrogen properties, there is relatively little volume 

reduction to be gained by increasing the pressure of hydrogen beyond 

5,000 psi. For this reason, and due to the technical challenges of 

compressing hydrogen, it is not commonly compressed beyond 5,000 psi 

in the industry [10]. Implications for the effect of temperature on the 

service pressure are discussed in the operating temperature 

requirements. 
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3.1.3. TEMPERATURE 

The tanks shall be able to operate in a temperature range from -28°C to 

45°C. This temperature range is based on the operating temperature 

range for a lift truck. The lower limit of the temperature range allows a lift 

truck to be operated inside a warehouse freezer, though it is not generally 

recommended for a lift truck to be left in such an environment for extended 

periods of time [10]. In general, design standards specify maximum 

pressures and test pressures based on the service pressure as defined at 

a particular temperature value (such as 0°C, 15°C, or 20°C). For this 

reason, the upper limit of the operating temperature range will not be used 

to calculate a maximum possible service pressure. The service pressure is 

defined at a temperature of 0°C and all calculations will be made from that 

service pressure and not from a temperature adjusted maximum pressure. 

3.1.4. MATERIAL 

The tanks shall be composed of steel in order to keep the weight of the 

tanks high to compensate for the lost weight of the lead-acid batteries, 

which can weigh several thousand pounds. The heavier the tanks, the less 

additional counterweight needs to be added to the fork lift truck. There is 

one extenuating circumstance regarding weight; if the tanks are to be 

mounted to the fork lift truck in a way that may negatively alter the 

dynamics of the vehicle the weight of the tanks shall not exceed 500 lbs. 

3.1.5. CYCLING 

The tanks shall survive a minimum of 15,000 refueling cycles. The use of 

a lift truck varies significantly over its lifetime; it may begin its life in a high 

use application where it is refueled several times a day but end its life in 

an application where it is refueled once a week [10]. According to the US 

Fuel Cell Council’s Fork Lift Task Force, 12,000 cycles is the 6σ value for 

the maximum number of refueling cycles expected for a fuel cell system 
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that replaces a lead-acid battery [11]. Because this project is concerned 

with a fuel cell system that is integrated into a lift truck, a more 

conservative 15,000 cycles was suggested [10]. 

3.1.6. MISCELLANEOUS 

The tanks shall have an appropriate protective coating, such as paint or 

powder coat, as necessary to protect the exterior surface. The tanks shall 

have threaded openings to accept standard CGA valve fittings such as 

those found on standard seamless pressure cylinders.  

 

3.2. DESIGN STANDARDS 

During the fall semester research phase applicable design standards were 

identified, obtained, and reviewed by the design group [12]. At the beginning 

of the spring semester design phase the design group decided that it would 

focus on conforming to the DOT Part 178 and HGV5 design standards. Basic 

information regarding each of these standards is presented within this 

section. It is important to note that there are many requirements contained 

within the DOT Part 178 and HGV5 design standards that are not presented 

within this section but are still referenced in the functional specification for the 

design proposals. Additional design standards, such as ISO 11114-1 and 

ASME Article KD-10, may also be referenced within the functional 

specifications but will not be discussed within this report. For further 

information regarding such additional design standards refer to the fall 

semester research phase report [12]. 

3.2.1. DOT PART 178 

Part 178 of the federal Department of Transportation regulations details 

the manufacturing and testing specifications for packaging and containers 

used for the transportation of hazardous materials in commerce [14],[15]. 

Section 36 of Part 178 covers specification 3A and 3AX seamless steel 
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pressure cylinders. Section 37 of Part 178 covers specification 3AA and 

3AAX seamless steel pressure cylinders. The cylinder specification (3A, 

3AX, 3AA, 3AAX) is determined based on conditions in the standard. 

 

The applicability of the DOT Part 178 standard was identified early in the 

project by the project industry advisor. The standard only applies to 

seamless cylindrical vessel design. A summary of the requirements 

presented in the DOT Part 178 standard is presented in the web diagrams 

of Figure 5 and Figure 6. It was found that the DOT Part 178 standard is 

particularly useful to the design group because it includes equations for 

calculating bending stress, longitudinal stress, and wall stress. The 

standard also defines acceptable limits for stress levels in the cylinder. 

The DOT standard is unique as compared to other design standards 

because it requires every individual pressure cylinder to be certified and 

then recertified every five years through inspection and testing. 

 

 

Figure 5 - DOT 178.36 Web Diagram 
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Figure 6 - DOT 178.37 Web Diagram 

3.2.2. HGV5 

HGV5 is a draft standard under development by the American National 

Standard Institute and the Canadian Standards Association. The design 

group was able to obtain a copy of the draft standard, dated October 

2009, because the project industry advisor, Bryce Gregory, is a member of 

the technical advisory committee contributing to the creation of the 

standard. The language of HGV5 originates from HGV2, a standard 

similar to the NGV2 standard for compressed natural gas fuel tanks. 

HGV5 contains requirements for the material, design, manufacture and 

testing of containers that are intended only for the storage of compressed 

hydrogen gas and that are installed in powered industrial truck 

applications [13]. Like the NGV2 standard, HGV5 covers both metal and 

composite containers; metal containers are referred to as type HGV5-1 

containers [13]. A summary of the requirements presented in the HGV5 

draft standard is presented in the web diagram of Figure 7.  
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Figure 7 – HGV5 Web Diagram 
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4. TRADITIONAL CYLINDRICAL VESSEL 

This section of the report will review the design concept for the traditional 

cylindrical vessel, discuss the design evolution, and present the functional 

specifications for the final design proposal. 

4.1. CONCEPT DESCRIPTION 

The traditional cylindrical vessel is a relatively straightforward concept; 

specially designed seamless pressure cylinders are to be mounted to 

either side of the mast of a typical fork lift truck, as shown in Figure 8. The 

cylinders are to be mounted to the fixed portion of the mast so as to 

minimize any adverse effects on the dynamics of the vehicle. The 

cylinders may have two hemispherical ends with threaded openings, as 

shown in Figure 8, or they may have one hemispherical end (with a 

threaded opening) and one closed, flat-bottomed end. 

 

 

Figure 8 – Mast-Mounted Traditional Cylindrical Vessel 
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4.2. DESIGN EVOLUTION 

4.2.1. INITIAL SIZING 

The first step in designing the traditional cylindrical vessel was to conduct 

initial sizing based on the mounting space available. Using information 

provided by the project industry advisor, the space available on the mast 

of a typical fork lift truck was determined to be 100 inches in height, 9 

inches in width, and 4 inches in depth. Based on this, the outside diameter 

of the cylinder was limited to the smallest dimension of 4 inches. The 

length of the cylinder was selected to be 90 inches to provide adequate 

space for valve connections at either end. The small outside diameter of 

the cylinder made it possible to specify the mounting of two cylinders to 

either side of the mast (for a total of four cylinders). This was necessary in 

order to achieve the desired total hydrogen volume of 43 liters. 

 

Seeking a professional opinion on the initial sizing, Taylor-Wharton, an 

international metal working company specializing in the production of high 

pressure compressed gas cylinders, was contacted. Jim Wedding, a 

senior design engineer, provided valuable information concerning the 

manufacturability of the cylinder design. It was learned that the capabilities 

of Taylor-Wharton would not allow a cylinder with such a small outside 

diameter to be more than about half the desired length [16]. The planned 

length of the cylinder was easily reduced to 45 inches, which subsequently 

required the mounting of four cylinders to either side of the mast (for a 

total of eight cylinders) as shown in Figure 9. 

 

It was also learned that there is some difficulty in completely closing one 

end of a stainless steel cylinder; the end must be drilled out and plugged 

in order to prevent future cracking [16]. This essentially required that the 

cylinder have two hemispherical ends with threaded openings. From 
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discussion with the project industry advisor this was determined to actually 

be desirable because it eases the process of connecting the matrix of 

cylinders together; threaded openings on both ends allow for easy daisy-

chaining of one cylinder to the next. Figure 9 illustrates the matrices of 

four cylinders that will be placed on either side of the fork lift truck mast. 

 

 

Figure 9 – Revised Mast-Mounted Configuration 

 

Two additional aspects of the cylinder design discussed with Taylor-

Wharton were the type of threading to be used and the incorporation of 

valve protection. It was learned during the fall semester research phase 

that ¾-14 NGT threading is typically used on high pressure cylinders [12]. 

Based on this ¾-14 NGT threading was selected for the cylinder. It was 

assumed that the integration of the cylinder into the fork lift truck would 

provide for the mounting and protection of the cylinder and any valves and 

connecting piping. 
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4.2.2. MATERIAL SELECTION 

The research conducted during the fall semester indicated that 316L 

stainless steel (SS) is generally good at withstanding hydrogen 

embrittlement [12]. For this reason 316L stainless steel was chosen for the 

cylinder material. Based on average results from tensile-testing finished 

316L cylinders, Taylor-Wharton uses a conservative value of 34,000 psi 

for the yield strength [16]. The use of 316L was also desirable because 

the fatigue limit (based on 106-109 cycles to failure) was found to be 

39,000 psi [17]. This fatigue limit reduces the risk of failure due to refueling 

for two reasons. First, the 106 cycles on which the fatigue limit is based is 

much higher than the 15,000 refueling cycles allowed by the basic design 

requirements. Second, it is above the yield strength and would, 

theoretically, never be reached because the cylinder was be designed to 

operate below its yield strength at all times. 

 

Due to the cost of 316L stainless steel, the project industry advisor 

suggested designing an alternate version of the cylinder using a less 

expensive steel. Based on knowledge acquired during the fall semester 

research phase of the project, 4130 Q&T steel was selected for the 

alternate version of the cylinder. It was found that an appropriate yield 

strength for 4130 Q&T is 102,000 psi [18]. The fatigue limit (based on 106-

109 cycles to failure) was found to be 71,000 psi [18]. It was learned that, 

based on common practice, Taylor-Wharton would design a 4130 Q&T 

cylinder assuming a maximum allowable wall stress of 67,000 psi (even 

though the yield strength is much higher) [16]. This assumption makes 

sense because it keeps a significant margin of safety between the 

maximum stress and the yield strength and is below the fatigue limit. The 

fatigue limit will, theoretically, never be reached because the cylinder was 

designed to operate below its maximum stress at all times. 
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It should be mentioned that because the yield strength of the 316L 

stainless steel is so low (as compared to the 4130 Q&T) it is not possible 

for there to be much of a safety margin between the maximum stress and 

the yield strength. This will be revealed further in the section on stress 

analysis. It will also be revealed that in order to achieve a large safety 

margin it would be necessary for the cylinder to have a very thick wall. 

 

During the fall semester research phase it was learned that, according to 

ISO 11114-1, Q&T steels must have an ultimate tensile strength below 

137,000 psi to prevent issues with hydrogen embrittlement [19]. Because 

it was found that 4130 Q&T has an ultimate tensile strength of 118,000 psi 

[18], it should not suffer significantly from hydrogen embrittlement. It is 

important to note that the 4130 Q&T used for the cylinder material could 

be qualified for high pressure hydrogen storage by carrying out the 

qualification tests of ASME Article KD-10 [12]. This relatively new addition 

to Section VIII, Division 3 of the ASME Boiler and Pressure Vessel Code 

details fracture control rules for vessels containing high pressure hydrogen 

gas. Even though these tests could not be carried out by the design group 

it is important to note that they could be carried out to further qualify 4130 

Q&T for use with high pressure hydrogen. 

 

With the materials selected for two different versions of the cylinder it was 

possible to complete the sizing of each version by determining the 

appropriate wall thicknesses. The determination of the wall thicknesses, 

and the subsequent stress analysis, is described in the following section. 
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4.2.3. STRESS ANALYSIS 

Before stress analysis could begin it was necessary to determine the 

appropriate wall thicknesses for each version of the cylinder using thick-

walled cylinder equations from Shigley’s Mechanical Engineering Design, 

8th Edition [20]. The simplified thick-walled equations were inserted into 

the expression for Von Mises stress [29] and then solved for the inside 

radius (effectively, the wall thickness). The resulting equation required a 

stress limit, outside radius, and internal pressure in order to calculate the 

wall thickness. Details of the equation derivation are shown in Appendix K.  

 

The stress limits were, as previously discussed, 34,000 psi for the 316L 

SS version and 67,000 psi for the 4130 Q&T version. DOT Part 178 and 

HGV5, the design standards previously described, would require the 

cylinder to be hydrostatically tested at a pressure of 5/3 and 1.5 times the 

service pressure, respectively [14],[15],[13]. The basic design 

requirements call for a service pressure of 5,000 psi which results in a 

hydrostatic test pressure of 8,333 psi and 7,500 psi for the DOT Part 178 

and HGV5 design standards, respectively. For the wall thickness 

calculation and the subsequent stress analyses, the DOT Part 178 test 

pressure of 8,333 psi was adopted as it was the higher of the two test 

pressures. This test pressure was confirmed to be appropriate for meeting 

the DOT Part 178 requirements by Taylor-Wharton [16]. 

 

Using all this information, a minimum wall thickness of 0.483 inches was 

calculated for the 316L version of the cylinder while a minimum wall 

thickness of 0.228 inches was calculated for the 4130 Q&T version. These 

wall thicknesses were rounded up to 1/2 inch and 1/4 inch, respectively, in 

order to select a simple nominal wall thickness for each version of the 

cylinder. Inserting the rounded wall thicknesses back into the equation and 

using the same test pressure resulted in stresses of 32,990 psi and 
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61,580 psi for the 316L SS and 4130 Q&T versions, respectively. This 

means that there are factors of 1.03 and 1.09 between the theoretical 

stress and the stress limit for the 316L SS and 4130 Q&T versions, 

respectively.  The selected nominal wall thicknesses were confirmed to be 

appropriate by Taylor-Wharton for the desired service pressure [16]. While 

the design factors above may seem low, it is important to note that nearly 

all the calculations and analyses carried out during the project, for all 

designs, were carried out at the hydrostatic test pressures not the service 

pressure. This means there is already a significant design factor between 

the service pressure and the hydrostatic test pressures. 

 

After a thorough review of DOT Part 178, and with some input from 

Taylor-Wharton [16], it was determined that the 316L version of the 

cylinder is classified as a DOT-3A cylinder and the 4130 Q&T version a 

DOT-3AA cylinder. These classifications are based on the water capacity 

and service pressure of the cylinders [14],[15]; refer back to the DOT Part 

178 web diagrams of Figure 5 and Figure 6. According to DOT Part 

178.37, the wall stress in the 4130 Q&T version of the cylinder must be 

less than or equal to 67% of the tensile stress of the material, or less than 

or equal to 70,000 psi. Using the equations provided in 178.37, and the 

selected 1/4 inch wall thickness, the calculated wall stress was 57,109 psi; 

this was below 67% of the 118,000 psi tensile stress of the material and 

below 70,000 psi. This calculation was shown on the final cylinder drawing 

in Appendix E. According to DOT Part 178.36 there are no applicable wall 

stress requirements for the 316L SS version of the cylinder. 

 

The first computer model of the 316L SS cylinder was 45 inches long with 

1/2 inch thick walls along the 38 inch straight section, see Figure 10. At 

the transition between the straight section and the hemispherical caps, 

however, the walls gradually increased in thickness to 1 inch. This was 

done to meet the DOT Part 178 requirement that the bottom thickness be 
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twice the wall thickness. The thickness of the necks around the threaded 

openings was made to be 3/4 inch. These end thicknesses were also 

chosen to compensate for any stress concentrations that might occur at 

the ends of the cylinder. The radii shown in Figure 10 were visually 

selected in Pro/Engineer to create a smooth transition between the 

straight section and the necks of the cylinder. 

 

 

Figure 10 – First Computer Model of 316L SS Cylinder 

 

The drawing shown in Figure 10 was sent to Taylor-Wharton for feedback 

concerning the dimensions and manufacturability of the cylinder. It was 

learned that the term bottom in DOT Part 178 refers strictly to flat-

bottomed cylinders and does not apply to cylinders with hemispherical 

ends. This meant it was not necessary for the wall thickness to increase to 

1 inch at the hemispherical ends. It was also learned that the thickness of 

the neck on such a cylinder typically arrives at 3/8 inch during 

manufacturing. Finally, it was suggested that the radii shown on the 

drawing be removed because it is not possible to guarantee specific radii 

due to the nature of the spinning process used to close the cylinder. 

Based on what was learned from Taylor-Wharton, the hemispherical caps 

were changed to match the 1/2 inch wall thickness, the thickness of the 

neck was made to be 3/8 inch, and the radii were removed from the 

drawing. See Figure 11 on the following page. 
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Figure 11 – Revised Computer Model of 316 SS Cylinder 

 

With the computer model revised, it was time to conduct a finite element 

analysis (FEA) in Pro/Mechanica. A displacement constraint was placed 

on the inner walls of the neck opening where the threads would be 

located. The DOT Part 178 test pressure of 8,333 psi was applied to the 

remaining inside surfaces of the cylinder. The resulting Von Mises stress 

was visualized using the fringe plot shown in Figure 12. The maximum 

stress observed was 33,660 psi, only 2% higher than the 32,990 psi 

calculated theoretically. This is a positive result because it is beneath the 

stress limit of 34,000 psi. It is also important to note that no significant 

stress concentrations were observed. Several different views of the FEA 

results shown in Figure 12, as well as a convergence plot, are available in 

Appendix H: FEA Results (Cylindrical Vessel). 
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Figure 12 – 316L SS Cylinder Fringe Plot – Longitudinal Cut Close-Up 

 

With the success of the 316L SS cylinder, the next step was the 4130 

Q&T cylinder model and analysis. A model was created with the same 

basic dimensions as the 316L SS cylinder except the wall thickness was 

reduced to 1/4 inch, see Figure 13. A finite element analysis was carried 

out in the exact same manner as with the 316L SS cylinder. The resulting 

Von Mises stress was visualized using the fringe plot shown in Figure 14. 

The maximum stress observed was 63,390 psi, only 3% higher than the 

61,580 psi calculated theoretically. This is a positive result because it is 

beneath the stress limit of 67,000 psi. Even though DOT Part 178.37 

requires the wall stress to be calculated from the equations it provides, it is 

important to note that the maximum wall stress observed in the FEA is still 

less than 67% of the 118,000 psi tensile stress of the material. As before, 

no significant stress concentrations were observed. 

 

Maximum stress = 33,660 psi 
Yield stress = 34,000 psi 
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Figure 13 – Computer Model of 4130 Q&T Cylinder 

 

 

Figure 14 – 4130 Q&T Cylinder Fringe Plot – Longitudinal Cut Close-Up 

 
Several different views of the FEA results shown in Figure 14, as well as a 

convergence plot, are available in Appendix H. With the initial stress 

analysis complete the drawings of each version of the cylinder were sent 

to Taylor-Wharton for quoting. The finished drawings for the cylinder 

designs are available in Appendix E: Functional Specification (Cylindrical 

Vessel). Finally, the capacity and weight of each cylinder design (as well 

the matrix of cylinders to be mounted to the fork lift truck mast) are shown 

in Table 3. 

Maximum stress = 63,390 psi 
Stress limit = 67,000 psi 
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Table 3 – Capacity and Weight of Cylinders 

 Single Cylinder Eight Cylinders 

316L Stainless 4.75 L at 66.1 lb 38.0 L at 529 lb 

4130 Q&T 6.52 L at 36.5 lb 52.1 L at 292 lb 

 

4.2.4. HYDROGEN-RESISTANT COATINGS 

It was suggested by the project industry advisor that the design group 

investigate the possibility of applying a protective coating to the inside of 

the cylinders, especially the 4130 Q&T cylinder, to reduce the permeation 

of hydrogen into the cylinder material. To begin this investigation the 

design group contacted Endura Coatings, a company that has been 

specialized in coating technology for more than 38 years. The opinion of 

Bill Naschak, an engineering manager at Endura, was that it would be 

incredibly difficult to create a barrier against diatomic hydrogen using any 

kind of thin-film coating [21]. During the fall semester research phase it 

was learned that many composite tanks are equipped with a plastic liner to 

help protect the metal boss from the hydrogen. When this was mentioned 

to Bill he suggested contacting Zeus Plastics, a company specializing in 

plastic extrusions.  

 

Zeus Plastics was contacted and the problem was discussed with Eric 

Trimble in the Engineering Extrusions Division. According to him, Zeus 

does not have the capabilities to extrude plastic tubes large enough to be 

used as liners for the cylinders. When it was clarified that the plastic lining 

would need to be applied after the cylinder ends have been spun down to 

necks with 3/4 inch openings, Eric suggested two possible solutions; 

either a heat expandable tube small enough to fit through the neck 

opening or a spray coating [22]. Unfortunately, Zeus Plastics does not 

have any experience working with either of these solutions and could not 

provide the design group further assistance. 
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Having already discussed some possibilities with two contacts in industry, 

the design group received a suggestion to consider using rotational 

molding to coat the interior of the cylinders with plastic linings. Rotational 

molding is a process whereby a mold is heated, causing a plastic raw 

material inside to melt, and then rotated on several axes until the plastic 

evenly coats the inside of the mold. The idea would be to use a cylinder as 

the mold in order to evenly coat the inside with a plastic lining. To 

investigate this idea, the design group contacted Formed Plastics, Inc., a 

company specializing in vacuum forming and rotational molding. Tom 

Crowe, the Vice President of Sales, indicated that Formed Plastics has not 

had any experience with such an application but suggested contacting 

either Paul Nugent or the Association of Rotational Molders (ARM) [23]. 

 

Paul Nugent, an independent, international consultant in rotational 

molding, was contacted. According to Paul, using rotational molding to 

add a lining to a pipe is carried out on a regular basis [24]. To his 

knowledge, there are a couple of polyethylene materials offered by 

Equistar and ICO Polymers that have been modified for such a purpose. 

They required modification because polyethylene needs an adhesive 

component added to it in order for it to bond with the steel [24]. On the 

subject of the heating required, Paul said the temperatures required during 

rotational molding are typically 450°F to 550°F and would not likely have a 

serious effect on the base properties of the steel [24]. He cautioned, 

however, that the temperature should be checked against the heat 

treatment data for the steel to investigate the possible effects [24]. Finally, 

Paul indicated that the cycle required to rotational mold the cylinders 

would likely be longer than normal due to the heavy wall thickness as 

compared to a typical mold; a half hour cycle would likely be required for a 

1/8 inch plastic coating [24]. Due to the other demands of the project the 

design group did not have an opportunity to pursue the rotational molding 

idea further than the communication with Paul. 
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Though incomplete, the design group did make significant progress in 

assessing the possibilities for applying hydrogen-resistant coatings to the 

cylinders. While Bill at Endura Coatings indicated that a thin-film coating 

would be very difficult, he did not suggest that it would be altogether 

impossible to engineer a solution that could at least reduce the rate of 

hydrogen permeation into the cylinder material. Eric at Zeus Plastics 

offered a plausible idea involving heat expandable tubing that could have 

been explored further if the other demands of the project had allowed. 

Finally, Paul Nugent provided promising insights regarding the use of 

rotational molding as a means of coating the cylinders with plastic linings. 

 

4.2.5. MANUFACTURING QUOTE 

In parallel with the design work conducted on the cylinders, Taylor-

Wharton developed manufacturing quotes for orders of 1,000-1,999 and 

10,000 units of each cylinder version. A summary of the manufacturing 

quote received is shown in Figure 15 – Taylor-Wharton Cylinder Pricing. 

The complete manufacturing quote received is included in Appendix K. 

 

 

Figure 15 – Taylor-Wharton Cylinder Pricing 
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Along with the quote, the design group was informed that the prices would 

be good for only 30 days due to the constantly fluctuating costs of the raw 

material, especially the raw stainless steel tubing [16]. From discussion 

with the project industry advisor it was desirable to try and ascertain what 

portion of the cylinder costs are for raw material versus labor. To estimate 

this it was necessary to obtain an approximate market value of 316L 

stainless steel and 4130 Q&T steel. The design group was conveniently in 

communication with Louisiana Steel concerning the rectangular tank 

design and was able to obtain a cost per length and weight per length for 

an extruded box tubing in both materials. Since the raw tubing used for the 

cylinders is also an extruded product, this seemed like a reasonable way 

to approximate the cost per weight. The cost of the 316L SS and 4130 

Q&T box tubing was $140 per foot and $75 per foot, respectively [25]. 

Both materials were 16.25 pounds per foot [25]. The material costs were 

calculated to be $8.62 per pound and $4.62 per pound for the 316L SS 

and 4130 Q&T, respectively. The total costs of the cylinders, based on the 

weights in Table 3, were calculated to be $569.48 and $168.46 for the 

316L SS and 4130 Q&T, respectively. A comparison of these costs to 

those in Figure 15 revealed that (for 1,000-1,999 units) approximately 73% 

of the 316L SS cylinder cost is for material and 75% of the 4130 Q&T 

cylinder cost is for material.  

 

The design group was also informed that Taylor-Wharton would conduct 

its own design of the cylinders based on a minimum allowable wall 

thickness of 0.213 inches for the 316L SS version and 0.426 inches for the 

4130 Q&T version [16]. These minimum wall thicknesses are, 

respectively, almost 7% and 12% lower than those calculated by the 

design group using the theoretical equations from Shigley’s Mechanical 

Engineering Design [20]. This discrepancy raised some concerns about 

the technique used to calculate the minimum wall thickness. Discussion 

with Jim at Taylor-Wharton revealed that he went to the CSA B339 design 
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standard to conduct the wall thickness calculation [16]. During the 

discussion it was realized that it was not really important to the design 

group what minimum wall thickness Taylor-Wharton calculated. What was 

important to the design group was the maximum dimensional variations in 

the raw tubing that would be considered acceptable by Taylor-Wharton. 

According to Jim, the tolerances on the raw 316L SS tubing are taken 

from the ASTM A269 or A511 standards and the tolerances on the raw 

4130 Q&T tubing are taken from the ASTM A519 standard [16]. From 

these standards, the allowable variation in the diameter is +/-0.015 inches 

for the 316L SS and +/-0.025 for the 4130 Q&T [16]. The allowable 

variation in the wall thickness for both materials is +/-10%. 

 

The allowable variation in the wall thickness was satisfactory because it 

prevents the minimum values calculated by Taylor-Wharton from ever 

being reached; raw tubing with a wall thickness that varies by more than 

10% from the nominal value will be rejected. On the other hand, the 

allowable variation in the wall thickness was not satisfactory because it 

does allow values that are below those minimum values theoretically 

calculated by the design group during the initial sizing and stress analysis. 

The nominal wall thickness of the 316L SS cylinder minus 10% is 0.45 

inches, which is 6.8% lower than the theoretically calculated minimum. 

The nominal wall thickness of the 4130 Q&T cylinder minus 10% is 0.225 

inches, which is 1.3% lower than the theoretically calculated minimum. 

This made it clear that the effect of the dimensional variation in both the 

diameters and the wall thicknesses on the wall stress needed to be fully 

investigated. To begin, the most extreme cases of the possible 

dimensional variations were illustrated for the 4130 Q&T cylinder as 

shown in Figure 16. Each case illustrates a different combination of the 

maximum possible variations in the inside and outside diameters. The 

minimum or maximum wall thickness was reached in each case by 

offsetting the centers of the inside and outside diameters. 
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Figure 16 – Maximum Dimensional Variations in 316L Cylinder Tubing 
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It was decided from Figure 16 that Case 2 and Case 4 would not cause 

the most extreme wall stresses of the four cases. It was known from 

Shigley’s Mechanical Engineering Design that the thicker the wall and the 

smaller the diameter the smaller the inner wall stress [20]. Case 2 clearly 

has the thickest walls while Case 4 has the smallest diameters. It was not 

immediately clear whether Case 1 or Case 3 would cause the most 

extreme wall stresses. Case 1 clearly as the smallest wall thicknesses but 

Case 3 also has a larger outside diameter. To investigate which case 

caused the most extreme wall stress finite element analyses were carried 

out on models with the given dimensional variations. It was found that both 

cases were almost identical in terms of maximum wall stress; Case 1 was 

just slightly higher than Case 3. The results of the analyses for Case 1 

dimensional variations in the 316L SS cylinder and 4130 Q&T cylinder are 

shown in Figure 17 and Figure 18, respectively.  For the full set of FEA 

results see Appendix H. 

 

 

Figure 17 – 316L SS Cylinder Fringe Plot – Case 1 Variation 

Maximum stress = 35,990 psi 
Yield stress = 34,000 psi 
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Figure 18 – 4130 Q&T Cylinder Fringe Plot – Case 1 Variation 

 

The maximum wall stress observed in the 4130 Q&T cylinder with the 

Case 1 dimensional variation was 69,400 psi. Though this is beyond the 

stress limit previously defined, this was not a problem because it is still 

below 67% of the tensile stress of the material (67% of 118,000 psi is 

79,060 psi) per DOT Part 178.37 as well as below the fatigue limit (71,000 

psi) of the material. The maximum wall stress observed in the 316L SS 

cylinder with the Case 1 dimensional variation was 35,990 psi. This value 

is beyond the 34,000 psi yield strength suggested by Taylor-Wharton [16]. 

It should be recalled that Taylor-Wharton suggested this value for the yield 

strength because it was the average value observed from tensile testing 

finished 316L SS cylinders. To solve this problem, it was decided that a 

minimum yield strength of 36,000 psi would be made a requirement in the 

functional specification for the cylinder. From discussion with Taylor-

Wharton it was determined that such a requirement would be passed on to 

the manufacturer of the raw tubing and might ultimately increase the cost 

of the cylinder [16]. 

 

Maximum stress = 69,400 psi 
Stress limit = 67,000 psi 
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4.3. FUNCTIONAL SPECIFICATION 

This section of the report presents the functional specifications for the 

cylindrical vessel designs. A condensed version of the functional specification 

is presented in Appendix E. The functional specifications are the detailed 

requirements dictated by the finished design in order to meet the basic 

requirements presented previously in the report as well as the DOT Part 178 

and HGV5 design standard requirements. Unless specifically indicated, the 

requirements presented in this functional specification apply to both the 316L 

SS and 4130 Q&T versions of the cylinder. Note, however, that requirements 

of DOT Part 178.36 (for specification 3A cylinders) apply only to the 316L SS 

version of the cylinder. Requirements of DOT Part 178.37 (for specification 

3AA cylinders) apply only to the 4130 Q&T version of the cylinder. 

4.3.1. PHYSICAL REQUIREMENTS 

This section includes the geometry, material, and physical features that 

characterize the design and are required to meet the basic requirements. 

 

Geometry – The geometries of the cylinders shall conform to the 

drawings contained within Appendix E of this report. These geometries 

have been designed to meet the Wall thickness requirements of DOT Part 

178.36 and DOT Part 178.37. 

 

316L SS Cylinder Capacity – One 316L SS cylinder will allow for the 

storage of approximately 4.75 liters of 5,000 psi compressed hydrogen. 

Eight 316L SS cylinders shall be used on a single fork lift to allow for the 

combined storage of approximately 38 liters of compressed hydrogen.  

Comments: Because the 38 liter capacity achieved is 88% of the 43 liter 

basic requirement it was considered acceptable. It was not possible to 

increase the volume past 38 liters given the available space. 
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4130 Q&T Cylinder Capacity – One 4130 Q&T cylinder will allow for the 

storage of approximately 6.52 liters of 5,000 psi compressed hydrogen. 

Eight 4130 Q&T cylinders shall be used on a single fork lift to allow for the 

combined storage of approximately 52.1 liters of compressed hydrogen.  

 

316L SS Cylinder Material – The material of the raw tubing shall be 316L 

stainless steel to reduce the risk of hydrogen-induced embrittlement over 

time. The 316L stainless steel shall have a yield strength no lower than 

36,000 psi. The 316L SS shall have a fatigue limit (based on 106-109 

cycles to failure) above the specified yield strength to reduce the risk of 

fatigue failure caused by refueling cycling. The 316L stainless steel must 

meet the Material Qualification Tests and Requirements set forth in HGV5 

and the Steel requirements set forth in DOT Part 178.36. 

 

4130 Q&T Cylinder Material – The material of the raw tubing shall be 

4130 Q&T steel. The steel shall have a yield strength no lower than 

102,000 psi. The steel shall have an ultimate tensile strength of no more 

than 137,000 psi in accordance with ISO 11114-1. The steel should have 

a fatigue limit (based on 106-109 cycles to failure) of not less than 71,000 

psi to reduce the risk of fatigue failure caused by refueling cycling. The 

steel must meet the Material and Qualification Tests and Requirements 

set forth in HGV5. The steel must meet the Authorized steel requirements 

in DOT Part 178.37. The steel should be qualified for use with high 

pressure hydrogen according to the requirements of Article KD-10 of 

Section VIII, Division 1 of the ASME Boiler and Pressure Vessel Code. 

Comments: It was not possible for the design group to assess in detail 

the requirements set forth in Article KD-10, but it was known that Article 

KD-10 uses a robust approach, based on fracture mechanics, to qualify 

materials for use with high pressure hydrogen. 
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Tolerances – The raw tubing that will be spun into the cylinders shall 

meet the following requirements for maximum allowable dimensional 

variations;  

• Maximum of 10% variation in the wall thickness (from the nominal) as 

measured at various points around the circumference of the tube 

• For the 4130 Q&T cylinder; Maximum of +/-.025” deviation in the 

diameters per ASTM A519 

• For the 316L SS cylinder; Maximum of +/-0.015” deviation in the 

diameters per ASTM A269 or ASTM A511 

 

External Surfaces – The external surfaces of the 4130 Q&T cylinder shall 

be protected by a coating of paint or powder coat according to appropriate 

industry practice. The protective coating on the 4130 Q&T cylinder shall 

meet the requirements for External Surfaces set forth in HGV5. The 

external surfaces of the 316L SS cylinder shall meet the requirements for 

External Surfaces set forth in HGV5. 

 

Termination – The cylinders shall have two standard ¾-14 NGT threaded 

openings per the drawings in Appendix E for connection to appropriate 

valves and the hydrogen supply system on the fork lift truck. The threads 

shall comply with Threaded Openings in HGV5 and Openings in cylinders 

in DOT Part 178.36 and DOT Part 178.37. 

4.3.2. MANUFACTURING REQUIREMENTS 

This section includes tests that must be carried out in order to qualify the 

design for subsequent manufacturing, as well as the manufacturing 

procedures and tests required to confirm a quality final product that meets 

the other requirements set forth in this functional specification. 
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HGV5 Qualification Testing – Prior to shipment of a completed cylinder 

the design qualification tests listed below must be carried out, according to 

HGV5, with satisfactory results. Any change in the cylinder design may 

require some or all qualification tests to be repeated according to Change 

of Design in HGV5. 

• Ambient Cycling Test 

• Extreme Temperature Cycling Test 

• Hydrostatic Burst Test 

• Bonfire Test 

• Penetration Test 

• Leak Before Break Test 

• NDE Defect Size Determination 

• Expected Service Performance Test 

Comments: Because the design group did not construct or test a 

prototype the qualification tests above are extremely important. Only these 

tests can determine the real-world robustness of the final design. 

 

Production Unit and Batch Testing – Unit and batch testing must be 

carried out during the manufacturing process according to the applicable 

requirements set forth in Production Tests and Examinations and Batch 

Tests of HGV5. 

 

DOT Unit Testing – Prior to shipment of any completed cylinder the tests 

listed below must be carried out, according to DOT Part 178.36 and DOT 

Part 178.37, with satisfactory results. These tests must be carried out in 

accordance with Inspections and analyses requirements of DOT Part 

178.35 General requirements for specification cylinders. 

• Hydrostatic Test 

• Flattening Test 

• Physical Test 

• Leakage Test 
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Comments: Because the design group did not construct or test a 

prototype the unit tests above are extremely important. Only these tests 

can determine the real-world robustness of the final design. 

 

Quality Assurance – In general, manufacturing must be carried out 

according to the sections Manufacture in HGV5, DOT Part 178.36, and 

DOT Part 178.37. Quality assurance practices must be established and 

operated to ensure all cylinders will be manufactured according to the 

qualified design. Quality assurance practices must meet the requirements 

of the Quality Assurance section in HGV5. The rules for Identification of 

Material, Heat treatment, and Rejected cylinders in DOT Part 178.36 and 

DOT Part 178.37 must also be followed. 

 

Marking, Dispatch, and Records – Each cylinder must be marked per 

the requirements for Markings in DOT Part 178.35. Each cylinder must be 

marked and dispatched from the manufacturing facility per the 

requirements of Marking and Dispatch set forth in HGV5. The 

manufacturer shall follow the requirements for Records of Manufacture set 

forth in HGV5.  

4.3.3. OPERATIONAL REQUIREMENTS 

This section includes basic end-user operational requirements such as 

operating temperature, operating pressure, hydrogen purity, periodic 

inspection, and mounting effect on forklift dynamics. 

 

Mounting – Four cylinders shall be mounted in a 2x2 matrix on either side 

of the fixed portion of the fork lift truck mast. The mounting system must 

be designed according to appropriate industry practice so as to 1) not 

interfere with the normal operation of the cylinders, 2) protect the cylinders 

from accidental damage, and 3) prevent the build-up of hydrogen gas 

should a leak occur in or around the cylinders. 
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Comments: The mounting design will depend very much on the model of 

fork lift truck on which the cylinders are to be used. Because the combined 

weight of eight cylinders is approximately 219 pounds for the 4130 Q&T 

and 529 pounds for the 316L SS it may be possible to mount the cylinders 

in a way that might negatively alter the dynamics of the vehicle (such as to 

the telescoping portion of the mast). This is generally not recommended 

unless the appropriate analysis has been carried out to prove there is no 

dangerous effect on the vehicle dynamics. 

 

Service and Maximum Pressure – In accordance with HGV5, the service 

pressure of the cylinders is 5,000 psi and the service life shall be 10 years 

or 15,000 refueling cycles, whichever is reached first. The maximum 

pressure is not to exceed 6,250 psi immediately after filling, in accordance 

with HGV5. 

 

Temperature – The hydrogen gas temperature and container temperature 

shall meet the requirements for Settled Gas Temperatures and Container 

Temperatures set forth in HGV5. In general, the cylinders shall not be 

placed in an environment with an ambient temperature below -25°C or 

above 45°C for an extended period of time.  

Comments: It is important to note that temperature was not a major 

consideration during the design process. It should also be noted that the 

temperatures at which HGV5 (15°C) and DOT (21°C) define the service 

pressure are different than the 0°C temperature at which the basic design 

requirement for service pressure is defined. It is recommended that the 

service pressure be redefined in the basic requirements to more closely 

match the definitions in HGV5 and DOT. The environmental requirement 

shown here is based on the recommendation that a fork lift truck should 

not be operated in such an environment for an extended period of time.  
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Hydrogen Composition – The purity and composition of the hydrogen 

gas used in the cylinders shall meet the requirements set forth in Gas 

Composition of HGV5. 

 

Inspection – Each cylinder shall be visually and ultrasonically inspected 

periodically while in service according to the Periodic In-Service Inspection 

requirements set forth in HGV5. Cylinders shall undergo periodic tests 

according to the Periodic qualification and marking of cylinders 

requirements set forth in DOT Part 173.34. Any cylinder involved in a 

collision, fire, or other event that may have caused damage to the cylinder 

shall be handled according to the Conditions Requiring Immediate 

Inspections set forth in HGV5. Any cylinder which has been pressurized 

beyond the maximum allowable pressure shall be handled according to 

the Over-Pressurization requirements set forth in HGV5. 

Comments: Based on a lack of experience in the industry it is not 

possible for the design group to recommend an appropriate inspection 

frequency for HGV5. The HGV5 minimum is every 36 months. 
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5. NESTED HIGH PRESSURE TUBING COILS 

This section of the report will review the design concept for the nested high 

pressure tubing coils, discuss the design evolution, and present the functional 

specifications for the final design proposal. 

5.1. CONCEPT DESCRIPTION 

The nested high pressure tubing coil design concept involves the creation of 

an assembly of several high pressure tubes that have been bent into 

individual coils. The individual coils are then nested inside one another. The 

diameter and bend radius of each tube generally decreases from the outside 

of the assembly to the inside. Like the traditional cylindrical vessel concept, 

the tubing coil assemblies are to be mounted to either side of a typical fork lift 

truck mast. This is illustrated in Figure 19 below. 

 

Figure 19 – Mast-Mounted Nested High Pressure Tubing Coils 
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Also as with the traditional cylindrical vessel concept, the assemblies are to 

be mounted to the fixed portion of the mast so as to minimize any adverse 

effects on the dynamics of the vehicle. The nested high pressure tubing 

concept is unique and relatively practical because the tubing is readily 

available and the shape and volume of the tank can be easily altered by 

changing the layout of the bends or increasing the number of coils. This 

means the design could be readily modified to fit within other unusually 

shaped spaces onboard a fork lift truck. 

 

5.2. DESIGN EVOLUTION 

5.2.1. TUBING SELECTION 

The first step in the design of the tubing coils was to select the material, 

size, and configuration of the tubing to fit within the space available. As 

before, using information provided by the project industry advisor, the 

space available on the mast of a typical fork lift truck was determined to be 

100 inches in height, 9 inches in width, and 4 inches in depth. The 

material selected for the tubing was 316L stainless steel for two reasons. 

First, as discussed previously, 316L SS is generally good at withstanding 

hydrogen embrittlement [12]. Second, since the tubing would be relatively 

small in diameter, it was thought that keeping the wall stress adequately 

below the yield strength of the 316L would be less difficult than it was in 

the cylindrical vessel design. The yield strength used was based on 

Certified Material Test Reports received with 316L SS tubing from 

Sandvik, a tubing supplier [28]. The lowest yield strength seen among the 

reports was approximately 36,000 psi (see Appendix L). The fatigue limit 

of 39,000 psi used in the design of the 316L SS cylinder was also used for 

the tubing coils [17]. Knowing both the space available and the material it 

was time to select tubing sizes and design the configuration of the tubing 

coils to fit within the space available. 
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Because the project industry advisor had previous experience working 

with Swagelok, a company specializing in fluid systems technology, this 

was the first source of tubing considered. During the fall semester 

research phase tubing with a 20,000 psi rated service pressure was used 

to create a preliminary design [12]. It was learned that a rated service 

pressure much closer to the 5,000 psi requirement should be used in 

order to maximize the volume and reduce the weight [12]. The Swagelok 

Tubing Data catalog [30] was used to select sizes of fractional stainless 

steel seamless tubing with service pressures of approximately 5,000 psi, 

see Table 4. Excerpts from the catalog are shown in Appendix L.  

 

Table 4 – Swagelok Fractional Stainless Steel Seamless Tubing [30] 

 
 

The design group was referred to the tubing of Table 4 by Dino Dutcher, a 

local sales representative for Swagelok [26]. It should be noted that Dino’s 

initial recommendation was to use 2507 Super Duplex stainless steel 

tubing due to the need to maximize the strength-to-weight ratio. From 

research conducted by Sandia National Labs, it was learned that Super 

Duplex has a two-phase structure consisting of austenite and ferrite [27]. It 
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is this two phase structure that makes duplex stainless steel especially 

strong but also contributes to its questionable compatibility with hydrogen 

[27]. Austenite is generally not very susceptible to hydrogen-assisted 

fracture but ferrite is extremely susceptible [27]. Due to the questionable 

compatibility with hydrogen it was decided that the material originally 

selected for the tubing, 316L stainless steel, would be used. It was at this 

point that the design group was referred to Table 4. Information on the 

bend radius allowed for each size of tubing was found in the Swagelok 

Tubing Tools and Accessories catalog [31]. An excerpt from the catalog is 

shown in Appendix L. 

 

With the available tubing sizes and allowable bend radii identified, the 

design group required a method to calculate the tubing coil specifications. 

More specifically, the capacity and weight of each coil was required given 

the width, length, and bend radius of each coil, as well as the number of 

loops in each coil. Equations were developed for this purpose and are 

detailed in Appendix L. Using Table 4, the allowable bend radii, and the 

Appendix L equations, the specifications shown in Table 5 were 

developed. 

Table 5 – Coil Specifications from Selected Standard Tubing Sizes 

Outside Diameter [in] 1 0.875 0.625 0.5 
Wall Thickness [in] 0.120 0.109 0.095 0.083 
Swagelok Working 

Pressure [psi] 
4700 4800 6000 6700 

Minimum Bend Radius [in] 3.2 2.6 1.8 1.4 
Bend Radius Utilized [in] 3.75 2.75 2 1.4 

Number of Loops in Coil 3 4 5 6 
Depth of Coil [in] 3.25 3.875 3.625 3.625 

Length of Tubing in Coil [ft] 50.81 67.68 84.41 100.95 

Capacity of Coil [L] 4.53 4.51 2.47 1.74 

Weight of Coil [lb] 58.46 61.56 46.30 38.07 
 

Total Length of Tubing in Assembly [ft] 303.85 

Total Capacity of Coils in Assembly [L] 13.25 
Total Weight of Assembly [lb] 204.39 
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In Table 5 the width and height of the outside coil was designed to fit 

within the perimeter of the space available. The width and height of the 

subsequent coils were designed to nest within one another. A gap of 1/8 

inch was left between neighboring coils. It was possible to fit only four 

coils in the space available. The total capacity of the coils was found to be 

13.25 liters. For two coil assemblies the total capacity was found to be 

only 26.5 liters, approximately 62% of the 43 liter requirement. Given the 

space available and the required wall thickness of the tubing, it would not 

be possible to improve the capacity significantly by changing the coil 

specifications. The weight of two coil assembles was found to be 

approximately 409 pounds. An illustration of the coil configuration 

specified in Table 5 is shown in Figure 20. 

 

 

Figure 20 – Coil Configuration 

Individual  
Coils 

Coil 
Assembly 
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It is important to note that two of the tubing sizes shown in Table 5, 

selected from Table 4, have suggested working pressures just below the 

service pressure requirement of 5,000 psi. This decision was made based 

on discussion with Wendy Caparco, a field engineer at Swagelok. 

According to Wendy, the allowable working pressures shown in Table 4 

are conservative values that have been calculated using the maximum 

allowable dimensional variation of the tubing as well as a 0.94 usage 

factor. Based on this it was believed that there should be no problem 

using the two tubing sizes with working pressures just below 5,000 psi. 

 

Wendy also indicated that the allowable working pressures shown in Table 

4 are based on the availability of Swagelok fittings for terminating the 

tubing [28]. It is not recommended to use Swagelok fittings on tubing sizes 

that do not have working pressures shown [28]. Additionally, it was 

learned that the allowable working pressure is defined so as to provide for 

a 4:1 factor between it and the failure point of the associated fitting [28]. 

Because the design group wanted the ability to use Swagelok fittings, it 

decided to select only tubing sizes from Table 4 for which working 

pressures were shown.  

 

5.2.2. STRESS ANALYSIS 

Having the tubing sizes selected and the coil specifications worked out, it 

was possible to conduct stress analysis. The thick-walled cylinder 

equations from Shigley’s Mechanical Engineering Design were used to 

calculate the maximum component stresses, which occur along the inside 

wall of each tube [R7]. Because 316L SS is a ductile material the Von 

Mises yield criterion could be used to predict yielding. The Von Mises 

stress was calculated using the equation from Shigley’s [29]. A test 

pressure was needed to carry out the calculations. As previously 

described, the DOT Part 178 and HGV5 design standards would require 
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the tank to be hydrostatically tested at a pressure of 8,333 psi and 7,500 

psi, respectively [14],[15],[13]. The DOT Part 178 test pressure of 8,333 

psi was adopted as it was the higher of the two test pressures. Even 

though the DOT Part 178 technically only applies to cylinders, it was 

decided to investigate whether the tubing would withstand the more 

demanding test pressure.  

 

The results of the theoretical stress calculations are presented in Table 6. 

It should be noted that for all four tubes the Von Mises stress is less than 

the 36,000 psi yield strength indicating the wall thicknesses are adequate 

to withstand the DOT Part 178 test pressure. It was interesting to see that 

tubes with working pressures around 5,000 psi can withstand a test 

pressure 67% higher than that. Clearly the working pressures of Table 4 

are indeed conservative values, as Wendy indicated [28]. It should also be 

noted that only the 1 inch OD tube has a stress just slightly above the 

conservative yield strength of 34,000 psi used by Taylor-Wharton, as 

discussed during the cylindrical vessel design [16]. The design factor 

between the theoretically calculated Von Mises stress and the 36,000 psi 

yield strength are also shown in Table 6. It is important to note, however, 

that the theoretically calculated Von Mises stresses of Table 6 applied to 

straight tubing only. The effect of bending on the maximum inside wall 

stress had yet to be investigated. 

 

While the design factors in Table 6 may seem low, it is important to note 

that nearly all the calculations and analyses carried out during the project, 

for all designs, were carried out at the hydrostatic test pressures not the 

service pressure. This means there is already a significant design factor 

between the service pressure and the hydrostatic test pressures. 
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Table 6 – Stress Analysis using Thick-Walled Cylinder Equations 

D[in] 1 0.875 0.625 0.5 
t[in] 0.120 0.109 0.095 0.083 

Swagelok Working 

Pressure [psi] 
4700 4800 6000 6700 

Test Pressure [psi] 8333 8333 8333 8333 
Tangential Stress [psi] 31122 29815 23917 21762 

Longitudinal Stress [psi] 11395 10770 7829 6715 

Radial Stress [psi] -8333 -8275 -8259 -8333 
Von Mises Stress [psi] 34169 32987 27866 26063 

316L Yield Strength [psi] 36000 36000 36000 36000 
Design Factor 1.05 1.09 1.29 1.38 

 

The next step in the stress analysis was to carry out finite element 

analysis (FEA) to verify the stresses obtained theoretically and investigate 

the effect of bending. The setup of the model in Pro/Mechanica was as 

follows; a J-shaped section of tube had a displacement constraint placed 

on the end of the straight section and an internal test pressure of 8,333 psi 

applied throughout the inside. Only 90 degrees of the bend was included 

in the model and a symmetry constraint was placed at its end. This meant 

the model being analyzed was effectively a long straight section of tube, 

followed by a complete 180 degree bend, followed by a long straight 

section of tube. The Von Mises stress results were visualized using a 

fringe plot like the one shown in Figure 21 for the 1 inch OD tube. It is 

important to note that the maximum stress observed was located directly 

at the displacement constraint and was therefore ignored because such a 

constraint would not actually exist. The maximum inside wall stress was 

queried manually for the straight sections of the tubing. The maximum 

inside wall stress for the bent sections was retrieved from graphs of the 

stress as a function of the arc length around the inside rim at the end of 

the bend (See graphs in Appendix L). These values are shown on the 

fringe plots for each tubing size. The fringe plots for the other tubing sizes 

can be found in Appendix I: FEA Results (Tubing Coils). 
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Figure 21 – 1” OD Tube FEA Results 

 

A comparison of the FEA results to the theoretically calculated stresses 

can be seen in Table 7. From the table it is clear that the theoretical 

results matched up very well with the FEA results for the straight section 

of the tube. A close look at the fringe plot of Figure 21, however, reveals 

that there is variation in the wall stress on each side of the bend as the 

tube is bent. The FEA results for the bent section of the tube are higher 

than the theoretical results. The 1 inch and 7/8 inch OD tubes were most 

highly effected. The stress ratio between the straight and bent sections of 

the tube was calculated for each tubing size and included in Table 7. It 

should be noted that for all of the tubing sizes, the stress ratios between 

the straight and bent sections of the tubes are the same. The design 

factors between the Von Mises stress from the straight and bent sections 

and the material yield strength are also shown in Table 7. 

 

Maximum stress = 59,430 psi 
Maximum inside wall stress 

(Straight section) = 34,314 psi 
Maximum inside wall stress 
(Bent section) = 36,068 psi 
Yield stress = 36,000 psi 
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Table 7 – Stress Analysis using Finite Element Analysis 

Outside Diameter [in] 1 0.875 0.625 0.5 
Von Mises Stress by Hand [psi] 34169 32987 27866 26063 

Von Mises Stress from FEA 

(Straight Section) [psi] 
34314 33213 28084 26317 

Von Mises Stress from FEA 

(Bent Section) [psi] 
36068 34950 29514 27583 

Stress Ratio Between Straight 

and Bent Sections 
1.05 1.05 1.05 1.05 

316L Yield Strength [psi] 36000 36000 36000 36000 

Design Factor (Straight Section) 1.05 1.08 1.3 1.4 
Design Factor (Bent Section) 0.998 1.03 1.2 1.3 

 

From Table 7 it can be observed that only the design factor of the 1 inch 

OD tube dropped below a value of one when the stress from the bent 

section was considered. This indicated that the 1 inch OD tube could not 

be approved for testing at the DOT Part 178 pressure of 8,333 psi. This 

was not a significant issue because the DOT Part 178 design standard is 

written specifically for cylindrical vessels and not alternative designs like 

nested coils of high pressure tubing. This meant that the HGV5 hydrostatic 

test pressure of 7,500 psi must be used. Due to the close proximity of the 

1 inch OD design factor to a value of 1, it was assumed that dropping the 

test pressure by 1,500 psi and carrying out another FEA would certainly 

result in an acceptable design factor. Based on this assumption FEA was 

not carried out for any of the tubing sizes at the 7,500 psi test pressure. 

 

5.2.3. DEFLECTION ANALYSIS 

It was decided by the design group that the deflection of each tube, due to 

the internally applied pressure, should be investigated to make sure the 

spacing between the coils was adequate and that they would not require 

any special containment structures. It was relatively easy to create a fringe 

plot of total deflection from the finite element analysis already carried out. 

The displacement magnitude fringe plot for the 1 inch OD tube is shown in 
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Figure 22. Displacement magnitude is the total deflection calculated from 

the deflections in each of the coordinate directions (longitudinal, radial, 

and tangential). The applicable deflection equations, taken from Shigley’s 

Mechanical Engineering Design, are shown in Appendix L [32]. The 

maximum displacement magnitude of 0.02035 inches observed in Figure 

22 is much smaller than the 1/8 inch gap between the coils. The largest 

maximum displacement magnitude of 0.03475 inches was observed in the 

1/2 inch OD tube. This value was again much smaller than the 1/8 inch 

gap between the coils. Based on this it was decided that the gap was 

sufficient in order to allow the coils to expand and that no special 

containment structures would be necessary.  

 

 

Figure 22 – 1” OD Tube Displacement 

 

While this would have been sufficient, the design group decided to try 

verifying its deflection findings using the theoretical equations in Appendix 

L. This proved to be impossible due to the differences in the finite element 

Maximum displacement = 
0.02035 in 
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technique and the analytical technique. The FEA required a displacement 

constraint that the theoretical equations did not require. Additionally, it was 

not possible to account for the bend in the theoretical equations. Every 

attempt to match the results of the theoretical equations to the FEA results 

was unsuccessful. This does not discredit the FEA results because they 

actually overstate the magnitude of the displacement as compared to the 

theoretical equations. Because the displacement magnitude was 

acceptable when determined from the FEA it would surely be acceptable 

from the theoretical equations as well. 

 

5.2.4. TERMINATION DESIGN 

With the stress and deflection analysis of the coil configuration complete, it 

was possible to design the way in which the ends of the coils would be 

terminated. It was decided that each coil would be terminated with a 

Swagelok fitting at one end and a Swagelok cap at the other. This was 

possible, as previously mentioned, because all of the tubing sizes selected 

from Table 4 had suggested allowable working pressures shown. This 

meant one end of each coil would have a threaded opening allowing it to 

be connected to the hydrogen supply system of a fork lift truck, while the 

other end would be sealed with a cap. It was desirable to use fittings with 

¾-14 NGT threads, the same thread type commonly used on high 

pressure cylinders [12]. Wendy at Swagelok aided in the selection of the 

proper fittings and caps for the selected tube sizes. Drawings of the fittings 

and caps are included with the drawings of the finished tubing coils in 

Appendix F. Knowing the size of the fittings and caps it was possible to 

design the terminating bends of the coil. Terminating bends were 

necessary to allow enough space between the tubes for the fittings and 

caps to be properly installed. The finished termination design is illustrated 

in the screenshot of Figure 23.  
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Figure 23 – Termination Design 

 

As shown in Figure 23, the bottom loop in each coil was extended past the 

assembly and then bent so as to space it out from the other tubes. The 

length of tubing supplied after the terminating bend was selected so as to 

provide access for a wrench during installation of the fitting. Due to the 

need for the coils to nest together it was not possible for the sealed ends 

of the tubes to deviate from the path of their respective coils. To allow for 

the installation of the caps the top loop in each coil was bent upward at 

different positions so as to space it out from the other tubes. This 

termination design requires that the caps be installed only after the coils 

have been nested together. In carrying out the termination design it was 

found that it would be impossible to terminate the ends of the coils without 

deviating from the available space. This was discussed with the project 

industry advisor and determined not to be a critical problem because the 

design was not being developed for a specific fork lift truck model. The 

available space was a soft requirement that was necessary to establish 
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the approximate dimensions allowed. If the coil specifications had been 

adjusted to allow the terminating bends, fittings, and caps to fit within the 

available space the volume would have dropped significantly. The addition 

of the terminating bends had little effect on the total length, capacity, and 

weight of the tubing coils, as shown in Table 8. 

 

Table 8 – Corrected Coil Specifications Accounting for Terminations 

Outside Diameter [in] 1 0.875 0.625 0.5 
Wall Thickness [in] 0.120 0.109 0.095 0.083 

Total 

Length of Tubing in Coil [ft] 50.81 67.68 84.41 100.95 303.85 
Corrected Length [ft] 52.09 68.62 84.83 100.82 306.36 

Capacity of Coil [L] 4.53 4.51 2.47 1.74 13.25 
Corrected Capacity [L] 4.65 4.58 2.48 1.74 13.44 

Weight of Coil [lb] 58.46 61.56 46.30 38.07 204.39 
Corrected Weight [lb] 59.93 62.43 46.53 38.02 206.91 

 

From the data shown in Table 8, it was determined that the addition of the 

terminating bends led to a 0.8% increase in the length of tubing used, a 

1.4% increase in the hydrogen capacity, and a 1.2% increase in the total 

weight. It should be mentioned that if the tubing coil assemblies were to be 

produced in a large-scale manufacturing operation the termination design 

would most likely change. Based on discussion with the project industry 

advisor, it would not be especially practical in a large-scale manufacturing 

operation to use the kind of fittings and caps offered by Swagelok. It would 

be more practical for the ends of the four tubes to be welded into a solid 

manifold. Each set of tube ends would likely be welded into separate 

manifolds; one manifold would supply hydrogen to the supply system of 

the fork lift truck while the other would be equipped with an emergency 

pressure regulator or release valve. Though more practical for a large-

scale manufacturing operation, a manifold-based termination approach 

was beyond the scope of the work that could be carried out. 
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5.2.5. MATERIAL QUOTE 

Though it was not practical for the design group to seek out a quote for 

manufacturing of the tubing coils, it was possible to obtain a quote for the 

materials that would be required. Because the tubing, fittings, and caps 

were all selected from Swagelok catalogs it was relatively straightforward 

to acquire a quote for those materials from Wendy and Dino. Based on 

discussion with the project industry advisor, it was important to investigate 

how the cost of the materials would vary depending on the number of 

tubing coils being produced. In other words, what discount might be 

applied for a large order? The design group and industry advisor defined a 

large order as approximately 5,000 fork lift trucks, or 10,000 tubing coil 

assemblies. The lengths required for the tubing, shown in Table 8, were 

rounded up to 75 feet, 100 feet, 100 feet, and 125 feet for the 1 inch, 7/8 

inch, 5/8 inch, and 1/2 inch OD tubes, respectively. This was done in order 

to provide allowances for scrap during manufacturing. The quote obtained 

from Swagelok for 10,000 assemblies is shown in Table 9. The total cost 

of the material was found to be $75.28 million. Approximately $1.55 million 

(or 2%) of the total cost was attributed to the fittings and caps with the 

remaining $73.73 million (or 98%) being attributed to the tubing.  

 

Table 9 – Swagelok Quote for 10,000 Tubing Coils [26] [28] 
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Given the incredible costs involved, the lengths of tubing required were 

reduced to a more conservative 57 feet, 75 feet, 93 feet, and 111 feet for 

the 1 inch, 7/8 inch, 5/8 inch, and 1/2 inch OD tubes, respectively. These 

lengths were determined by increasing those shown in Table 8 by a fixed 

10%, rather than by an arbitrary rounding-up. This simply reduced the 

allowances for scrap during manufacturing. Using the prices shown in 

Table 9, the cost of the tubing only was found to be $50.51 million; this 

represented a 31% reduction in the cost of the tubing. Obviously, the initial 

estimation of the lengths of tubing required was unnecessarily wasteful. 

 

While the total costs were impressive it was more useful to observe the 

difference in the unit cost of one tubing coil assembly with and without the 

discounts shown in Table 9. The unit cost of one tubing coil assembly with 

the discounts was found to be $5,206. The unit cost of one tubing coil 

assembly without the discounts was found to be $8,629. The per-unit 

discount received when ordering 10,000 units was therefore found to be 

approximately 40%. 

 

It was learned during the design that Swagelok was probably not the best 

option for the supplier of the tubing should the tubing coils be 

manufactured on a large-scale. First, Swagelok can only offer tubing in 

discrete lengths of 20 feet, which would require orbital welding multiple 

tubes together in order to manufacture a single coil. Second, Swagelok 

receives its tubing from a manufacturer and distributes it with a mark-up in 

price. It made more sense for the design group to locate a supplier that 

manufactured the tubing itself and could supply it in long, continuous 

lengths. The supplier that was eventually located was Handy & Harman 

Tube Company of Camdel Metals Corporation. Through discussion with 

manufacturing engineer Michael Bauman it was learned that H&H could 

provide the desired sizes of 316L SS tubing in long, continuous lengths 

that could be wound on spools or coiled in large crates for shipping [34]. 
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The quote eventually received from the sales department at H&H is shown 

in Table 10. Using the revised lengths of tubing from the Swagelok quote 

calculations, the total cost of the tubing was determined to be $22.12 

million. The total cost of the tubing if supplied from H&H was found to be 

56% lower than the total cost if supplied by Swagelok. When the $1.55 

million cost of the fittings and caps provided by Swagelok was added to 

the H&H tubing cost, the total was found to be $23.67 million. The unit 

cost of one tubing coil assembly, using the Swagelok discounted fittings 

and caps and the H&H tubing, was found to be $2,375. This unit cost 

represented a 54% reduction in price compared to the discounted unit cost 

offered by Swagelok. 

 

Table 10 – Handy and Harman Quote for 10,000 Tubing Coils [34]  

 
 
 

The official quotes received from both Swagelok and Handy and Harman 

Tube Company can be found in Appendix L: Additional Materials (Tubing 

Coils). Having already dealt with dimensional variations in the design of 

the traditional cylinders, the design group moved on to the issue of 

dimensional variations in the tubing supplied by H&H and how it might 

impact the work already carried out. 
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5.2.6. DIMENSIONAL VARIATIONS 

Michael at Handy and Harman Tube Company provided the design group 

with important information regarding the allowable dimensional variations 

of the 316L SS tubing to be used for the tubing coils. According to 

Michael, and the ASME Code for Pressure Piping B31, wall thickness can 

vary circumferentially within 10% of the nominal wall thickness while 

concentricity can vary axially within 5% of the nominal wall thickness [34]. 

Additionally, the outside diameter can vary by +/-0.005 inches for the 

tubing sizes being used [34]. To investigate the effect of the dimensional 

variation on the inner wall stress the theoretical equations from Shigley’s 

were again used [20]. This time, the outside diameter of the tubing was 

increased by 0.005 inches and the wall thickness was decreased by 10% 

in order to investigate the worst-case dimensional variation. The 

calculations for the maximum dimensional variation with the DOT Part 178 

8,333 psi test pressure are shown in Table 11. 

 

Table 11 – Maximum Dimensional Variation with 8,333 psi Test Pressure 

Outside Diameter [in] 1.005 0.880 0.630 0.505 

Wall Thickness [in] 0.108 0.098 0.086 0.075 

Test pressure [psi] 8333 8333 8333 8333 

Von Mises Stress  

(Straight Section) [psi] 
40546 39342 34094 32451 

Stress Ratio Between Straight and 

Bent Sections (From Table 7) 
1.05 1.05 1.05 1.05 

Estimated Von Mises Stress 

(Bent Section) [psi] 
42573 41309 35798 34073 

Yield Strength [psi] 36000 36000 36000 36000 

Design Factor (Straight Section) 0.89 0.92 1.06 1.11 

Design Factor (Bent Section) 0.85 0.87 1.01 1.06 

 

Recall from the finite element analysis that the maximum inner wall stress 

was observed along the rim at the end of the bent section of the tube. In 

Table 7 the ratio between the inner wall stress of the straight section and 
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the inner wall stress of the bent section was calculated for all tubes to be 

approximately 1.05. This was calculated in order to estimate what the 

maximum inner wall stress of the bent section is without conducting any 

FEA. In Table 11 the 1.05 stress ratio was used to estimate the maximum 

inner wall stress of the bent section from the theoretically calculated 

maximum inner wall stress of the straight section. It was clear in Table 11 

that, with the DOT Part 178 test pressure applied and the maximum 

dimensional variations possible, the 1 inch and 7/8 inch OD tubes 

exceeded the yield strength of the material. This was not a concern 

because it was already determined during the stress analysis that the 1 

inch OD tube was not acceptable for testing with the DOT Part 178 test 

pressure. 

 

The next step in the investigation was to reduce the pressure from the 

DOT Part 178 test pressure to the HGV5 test pressure of 7,500 psi; these 

results are shown in Table 12. Even though the performance of the 1 inch 

and 7/8 inch OD tubes improved, it was again clear that they exceeded 

the yield strength of the material. It was also clear from the design factors 

that both tubes were much closer to being acceptable than previously. 

 

Table 12 – Maximum Dimensional Variation with 7,500 psi Test Pressure 

Outside Diameter [in] 1.005 0.880 0.630 0.505 

Wall Thickness [in] 0.108 0.098 0.086 0.075 

Test pressure [psi] 7500 7500 7500 7500 
Von Mises Stress  

(Straight Section) [psi] 
36493 35409 30685 29207 

Stress Ratio Between Straight and 

Bent Sections (From Table 7) 
1.05 1.05 1.05 1.05 

Estimated Von Mises Stress 

(Bent Section) [psi] 
38317 37179 32219 30667 

Yield Strength [psi] 36000 36000 36000 36000 

Design Factor (Straight Section) 0.98 1.02 1.17 1.23 

Design Factor (Bent Section) 0.94 0.97 1.12 1.17 
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There were generally two options available to solve the problem with the 1 

inch and 7/8 inch OD tubes. First, the yield strength could be required in 

the functional specification to be higher than the stresses observed. 

Second, the allowable dimensional variation on the 1 inch and 7/8 inch 

tubes could be specified in the functional specification such that the 

stresses would not exceed the yield strength of the material. Due to the 

proximity of the observed stresses in Table 12 (38,317 psi and 37,179 psi) 

to the fatigue limit of the material (39,000 psi), it was decided it made 

more sense to limit the allowable dimensional variation. That led to the 

question of how much the allowable dimensional variation needed to be 

reduced. It was found in Table 13 that a 5% variation in wall thickness was 

acceptable for both the 1 inch and 7/8 inch OD tubes. It is unknown what 

effect this requirement would have on the availability or cost of the tubing. 

 

Table 13 – Max OD Variation, 5% Wall Reduction (7,500 psi Test Pressure) 

Outside Diameter [in] 1.005 0.880 

Wall Thickness [in] 0.114 0.098 

Test pressure [psi] 7500 7500 
Von Mises Stress  

(Straight Section) [psi] 
33754 32712 

Stress Ratio Between Straight and 

Bent Sections (From Table 7) 
1.05 1.05 

Estimated Von Mises Stress 

(Bent Section) [psi] 
35441 34347 

Yield Strength [psi] 36000 36000 

Design Factor (Straight Section) 1.07 1.10 

Design Factor (Bent Section) 1.02 1.05 

 

The completion of the dimensional variation investigation nearly concludes 

the discussion of the design evolution of the nested high pressure tubing 

coils. Some additional considerations concerning manufacturing of the 

tubing coils will now be discussed. 
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5.2.7. MANUFACTURING CONSIDERATIONS 

One significant aspect of the tubing coils is the manner in which they 

would be manufactured. Several professional opinions were sought 

concerning this but no definitive answers were received. Michael at Handy 

and Harman Tube Company was not sure whether tube bending 

specialists would have the ability to straighten such long lengths of tube 

and perform such tight bends, both of which would almost have to take 

place at the same time [34]. He imagined that such a design would 

typically be manufactured by welding or brazing together a series of J-

shaped bent tubes [34]. Michael referred the design group to another 

company, Precision Tube Bending. A contact at PTB, Philip Stephen, 

indicated that coil type bends require specialized tooling that most 

companies do not have readily available [35]. He also indicated that the 

approach to manufacturing such a coil design depends on several factors; 

1) the quantity, 2) the investment the customer wants to make, and 3) the 

type of machinery being used [35]. No other useful information concerning 

manufacturing was received as a result of communication carried out with 

industry. 

 

Based on the communication carried out with industry, and with the project 

industry advisor, it was deemed very plausible that manufacturing the 

assembly might require welding or brazing to connect smaller bent pieces 

of tubing together. Such an approach might prove more effective in a large 

scale manufacturing operation. It may be possible to manufacture a 

continuous coil but the investment by Raymond Corporation would have to 

be significant in order for the process necessary to be developed.  
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5.3. FUNCTIONAL SPECIFICATION 

This section of the report presents the functional specifications for the tubing 

coil tank design. A condensed version of the functional specification is 

presented in Appendix F. The functional specifications are the detailed 

requirements dictated by the finished design in order to meet the basic 

requirements presented previously in the report as well as the HGV5 design 

standard requirements for Type 1 compressed hydrogen tanks. 

5.3.1. PHYSICAL REQUIREMENTS 

This section includes the geometry, material, and physical features that 

characterize the design and are required to meet the basic requirements. 

 
Geometry – The geometries of the raw tubing, the individual tubing coils, 

and the finished assembly shall conform to the drawings contained within 

Appendix F of this report. 

 

Capacity – One assembly of tubing coils will allow for the storage of 

approximately 13.4 liters of 5,000 psi compressed hydrogen. Two 

assemblies shall be used on a single fork lift to allow for the combined 

storage of approximately 26.8 liters of 5,000 psi compressed hydrogen.  

Comments: Given the available space of 4x9x100 inches it was not 

possible to incorporate enough tubing into the coils to reach the capacity 

requirement of 43 liters for two tubing coil assemblies. Relatively minor 

modifications to the design, such as increasing the number of loops in 

each coil, would allow the capacity requirement to be reached.  

 

Tubing Material – The material of the raw tubing shall be 316L stainless 

steel to reduce the risk of hydrogen-induced embrittlement over time. The 

316L stainless steel shall have a yield strength no lower than 36,000 psi. 

The 316L stainless steel shall have a fatigue limit (based on 106-109 
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cycles to failure) above the specified yield strength to reduce the risk of 

fatigue failure caused by refueling cycling. The 316L stainless steel must 

meet the Material Qualification Tests and Requirements set forth in HGV5. 

 

Tubing Tolerances – The raw tubing shall meet the following 

requirements for maximum allowable dimensional variations;  

• For the 1” and 7/8” OD tubes; Maximum of 5% variation in the wall 

thickness (from the nominal) as measured at various points around the 

circumference of the tube 

Comments: This restriction was necessary in order to prevent the 

theoretical stress during the HGV5 hydrostatic test from exceeding the 

yield strength of the material. It may be possible in the real-world for 

these tubes to pass the hydrostatic test with a maximum of 10% 

variation but that could not be determined by the design group due to 

the inability to build a prototype and carry out the hydrostatic test.  

• For the 5/8” and 1/2” OD tubes; Maximum of 10% variation in the wall 

thickness (from the nominal) as measured at various points around the 

circumference of the tube 

• Maximum of 5% variation (from the nominal wall thickness) in the 

concentricity of the inner and outer diameter  

• Maximum of +/-.005” deviation in the outside diameter 

 

Termination – The fittings and end caps specified in the drawings of 

Appendix F shall be used to terminate the tubing coils of the tank. The 

fittings shall provide a standard ¾-14 NGT thread for connection to an 

appropriate valve and the hydrogen supply system on the fork lift truck. 
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External Surfaces – The external surfaces of the tubing coils shall meet 

the requirements for External Surfaces set forth in HGV5. 

5.3.2. MANUFACTURING REQUIREMENTS 

This section includes tests that must be carried out in order to qualify the 

design for subsequent manufacturing, as well as the manufacturing 

procedures and tests required to confirm a quality final product that meets 

the other requirements set forth in this functional specification. 

 
Qualification Testing – Prior to shipment of a completed tubing coil tank 

the design qualification tests listed below must be carried out, according to 

HGV5, with satisfactory results. Any change in the tubing coil tank design 

may require some or all qualification tests to be repeated according to 

Change of Design in HGV5. 

• Ambient Cycling Test 

• Extreme Temperature Cycling Test 

• Hydrostatic Burst Test 

• Bonfire Test 

• Penetration Test 

• Leak Before Break Test 

• NDE Defect Size Determination 

• Expected Service Performance Test 

Comments: Because the design group did not construct or test a 

prototype the qualification tests above are extremely important. Only these 

tests can determine the real-world robustness of the final design. 

 

Tube Bending – The custom manufacturing process required to produce 

the bends detailed in the drawings of Appendix F shall be designed and 

implemented according to appropriate industry practice. 

Comments: It may not be practical to manufacture a continuous coil 

because the investment would have to be significant in order for the 
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process to be developed. The language necessary to allow the orbital 

welding of smaller pieces of tubing together was not included above due 

to the complexities that would result in order to meet the HGV5 standard. 

If welding were to take place during manufacturing the section in HGV5 

concerning Alternative Construction and Materials would have to be met. 

 

Production Unit and Batch Testing – Unit and batch testing must be 

carried out during the manufacturing process according to the applicable 

requirements set forth in Production Tests and Examinations and Batch 

Tests of HGV5. 

 

Quality Assurance – In general, manufacturing must be carried out 

according to the section Manufacture in HGV5. Quality assurance 

practices must be established and operated to ensure all tubing coil tanks 

will be manufactured according to the qualified design. Quality assurance 

practices must meet the requirements of the Quality Assurance section in 

HGV5. 

 

Marking, Dispatch, and Records – Each tubing coil tank must be 

marked and dispatched from the manufacturing facility per the 

requirements of Marking and Dispatch set forth in HGV5. The 

manufacturer shall follow the requirements for Records of Manufacture set 

forth in HGV5. 

5.3.3. OPERATIONAL REQUIREMENTS 

This section includes basic end-user operational requirements such as 

operating temperature, operating pressure, hydrogen purity, periodic 

inspection, and mounting effect on forklift dynamics. 
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Mounting – The tubing coil tanks shall be mounted on either side of the 

fixed portion of the fork lift truck mast. The mounting system must be 

designed according to appropriate industry practice so as to 1) not 

interfere with the normal operation of the tank, 2) protect the tank from 

accidental damage, and 3) prevent the build-up of hydrogen gas should a 

leak occur in or around the tank. 

Comments: The mounting design will depend very much on the model of 

fork lift truck on which the tubing coil tank is to be used. Because the 

combined weight of two tanks is approximately 414 pounds it may be 

possible to mount the tanks in a way that might negatively alter the 

dynamics of the vehicle (such as to the telescoping portion of the mast). 

This is generally not recommended unless the appropriate analysis has 

been carried out to prove there is no dangerous effect on the vehicle 

dynamics. 

 

Service and Maximum Pressure – In accordance with HGV5, the service 

pressure of the tubing coil tank is 5,000 psi and the service life shall be 10 

years or 15,000 refueling cycles, whichever is reached first. The maximum 

pressure is not to exceed 6,250 psi immediately after filling, in accordance 

with HGV5. 

 

Temperature – The hydrogen gas temperature and container temperature 

shall meet the requirements for Settled Gas Temperatures and Container 

Temperatures set forth in HGV5. In general, the tubing coil tank shall not 

be placed in an environment with an ambient temperature below -25°C or 

above 45°C for an extended period of time.  

Comments: It is important to note that temperature was not a major 

consideration during the design process. It should also be noted that the 

temperatures at which HGV5 (15°C) and DOT (21°C) define the service 

pressure are different than the 0°C temperature at which the basic design 

requirement for service pressure is defined. It is recommended that the 
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service pressure be redefined in the basic requirements to more closely 

match the definitions in HGV5 and DOT. The environmental requirement 

shown here is based on the recommendation that a fork lift truck should 

not be operated in such an environment for an extended period of time. 

 

Hydrogen Composition – The purity and composition of the hydrogen 

gas used in the tubing coil tank shall meet the requirements set forth in 

Gas Composition of HGV5. 

 

Inspection – Each tubing coil tank shall be visually and ultrasonically 

inspected periodically while in service according to the Periodic In-Service 

Inspection requirements set forth in HGV5. Any tubing coil tank involved in 

a collision, fire, or other event that may have caused damage to the tank 

shall be handled according to the Conditions Requiring Immediate 

Inspections set forth in HGV5. Any tubing coil tank which has been 

pressurized beyond the maximum allowable pressure shall be handled 

according to the Over-Pressurization requirements set forth in HGV5. 

Comments: Based on a lack of experience in the industry it is not 

possible for the design group to recommend an appropriate inspection 

frequency. The HGV5 minimum is every 36 months. 
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6. RECTANGULAR TANK (OVERHEAD GUARD) 

This section of the report will review the design concept for the rectangular tank, 

discuss the design evolution, and present the functional specifications for the 

final design proposal. 

6.1. CONCEPT DESCRIPTION 

The rectangular tank design concept was based on the overhead guard of a 

fork lift truck. The overhead guard consists of a welded grid of box tubing that 

protects the operator of the lift truck from falling objects. Figure 24 identifies 

an overhead guard on a fork lift truck and illustrates the rectangular tank 

created by the design group to take its place. It should be noted that the 

design group did not deal with specific geometry from the overhead guard of 

a particular lift truck, it simply created its own representation of the overhead 

guard and explored the implications of using it as a compressed hydrogen 

tank. In practice, a rectangular-based design would not have to be limited to 

the overheard guard, it might also be applied to other box tube structures on a 

fork lift truck, such as the chassis or mast. 

 

Figure 24 – Overhead Guard Becomes Tank 
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6.2. DESIGN EVOLUTION 

6.2.1. MATERIAL SELECTION 

As with both the cylindrical vessels and the tubing coils, there was a 

desire to use 316L stainless steel (SS) because it is generally good at 

withstanding hydrogen embrittlement [12]. It was decided to use the 

conservative yield strength value of 34,000 psi provided by Taylor-

Wharton [16]. As before, the fatigue limit (based on 106-109 cycles to 

failure) was found to be 39,000 psi [17]. This fatigue limit reduces the risk 

of failure due to refueling for two reasons. First, the 106 cycles on which 

the fatigue limit is based is much higher than the 15,000 refueling cycles 

allowed by the basic design requirements. Second, it is above the yield 

strength and will, theoretically, never be reached because the rectangular 

tank was designed to operate below its yield strength at all times. 

 

6.2.2. CROSS-SECTION DESIGN 

With the material selected it was possible to move on to initial sizing of the 

tank and the cross-section design of the box tubing members that would 

make up the tank. Depending on the model of lift truck, an overhead guard 

might have outer dimensions in the neighborhood of 5 feet by 3 feet. At 

the beginning of the design phase the project industry advisor suggested 4 

feet by 3 feet for the outer dimensions. There were no dimensional 

requirements regarding the height and width of the box tubing members. It 

was decided that the width of the members would be allowed to vary 

between  2 and 5 inches while the height would be allowed to vary 

between 2 and 8 inches. These dimensions seemed appropriate based on 

the outer dimensions specified. Because the overheard guard of a fork lift 

truck is a grid, the number of rows and columns in the grid had to be 

decided. Given the outer dimensions of 4 feet by 3 feet and the allowable 
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variation in the box tubing members, the 2-row, 3-column configuration 

shown in Figure 24 of the concept description was selected. It was 

decided that this configuration would not be altered unless it proved to be 

impossible to achieve the desired hydrogen capacity. If determined later 

that the size of the spaces in the grid does not provide adequate 

protection to the fork lift truck operator, additional protective structures 

could be inserted to reduce the size of the spaces. These additional 

protective structures would not contain hydrogen; they would simply break 

the tank up into more rows and columns so as to prevent objects from 

falling through the tank.  

 

In order to determine which box tubing member dimensions would result in 

an acceptable volume, an Excel spreadsheet was created. In order to 

maximize the volume this spreadsheet assumed that an open, 

unreinforced cross-section would be used. What was just as important as 

an acceptable volume was the ability to withstand stress. The Excel 

spreadsheet was expanded to include equations for unreinforced 

rectangular vessels from Appendix 13 of the 2004 ASME Section VIII, 

Division 1, Boiler and Pressure Vessel code [33]. Appendix 13 of the code 

presents equations for “Vessels of non-circular cross-section” [33]. An 

excerpt from the equations and the Excel spreadsheet is shown in 

Appendix M. An example of unreinforced construction is shown in Figure 

25. The pressure used in the theoretical calculation of the stress from the 

equations was the maximum allowable pressure stated in HGV5 (1.25 

times the working pressure of 5,000 psi, which yielded a maximum 

allowable pressure of 6,250 psi) [13]. Due to the known difficulties of 

designing a rectangular vessel to withstand high internal pressure, the 

6,250 psi maximum allowable pressure, rather than the 7,500 psi 

hydrostatic test pressure, was used throughout the initial design. 
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Figure 25 – Example of Unreinforced Construction 

 

In the Excel spreadsheet for unreinforced construction the various 

theoretical stresses were calculated (membrane stress, bending stress, 

total stress, etc) and compared against the 34,000 psi yield strength of the 

material. The stresses were calculated for each possible combination of 

the box tubing member dimensions. Both 1/2 inch and 3/4 inch thick walls 

were considered. It was generally found that where the stress was 

acceptable the volume was completely inadequate, and vice versa. From 

these results it was obvious that unreinforced construction would not work. 

 

A new version of the Excel spreadsheet was created using the equations 

for “stayed vessels of rectangular cross-section” [33]. See Appendix M for 

excerpts. A stay is a reinforcing structure placed across the middle of the 

open rectangular cross-section in order to hold the long sides together. 

This effectively divides the box tubing member into two separate cavities. 

An example of reinforced construction is shown in Figure 26. As before, in 

the Excel spreadsheet for reinforced construction, the various theoretical 

stresses were calculated and compared against the 34,000 psi yield 

strength of the material. The stresses were calculated for each possible 

combination of the box tubing member dimensions. Both 1/2 inch and 3/4 

inch thick walls and stays were considered. 
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Figure 26 – Example of Reinforced Construction 

 

As before, there was a general trend that where the stress was acceptable 

the volume was inadequate, and vice versa. Though no combination of 

dimensions with an acceptable volume produced perfectly acceptable 

component stresses, there were a few that showed promising results. The 

4 inch by 7 inch cross-section with a 3/4 inch thick wall and stay had 

theoretical stresses below 44,000 psi that could probably be reduced by 

introducing a radius on the inside corners. To explore this, a model of a 

single box tubing member was created in Pro/Mechanica. Initial radii were 

selected and applied to the outside and inside corners of the model. The 

6,250 psi pressure was applied to the inside surfaces, a displacement 

constraint was applied to one end, and an FEA was carried out. After 

some iteration in which the corner radii were adjusted, the FEA shown in 

Figure 27 was completed. The maximum stress was observed to be 

29,840 psi, below the 34,000 psi yield strength of the material. The cross-

section arrived at from the FEA iteration is shown in Figure 28. The 

outside corner radii were made to be 1/4 inch while the inside corner radii 

were made to be 7/8 inch. The outside dimensions remained at 4 inches 

by 7 inches and the thickness of the walls and stays remained at 3/4 inch. 
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Figure 27 – 316L SS Straight Section Fringe Plot 

 

 

Figure 28 – 316L SS Cross-Section Design 

 

Maximum stress = 29,840 psi 
Yield stress = 34,000 psi 
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The next step was to examine the stress that would result at a junction in 

the rectangular tank assembly. L-junctions, T-junctions, and X-junctions all 

had the potential to result in higher stresses than were observed in the 

single box tubing member. The details concerning how the junctions would 

be designed were not initially considered. It was assumed that perfect 

junctions could be produced. It was decided to first analyze a T-junction of 

box tubing members with the cross section shown in Figure 28. The model 

and FEA result is shown in Figure 29. The maximum stress observed was 

52,830 psi, a 77% increase from the stress observed in the single box 

tubing member. More importantly, the maximum stress exceeded the yield 

strength of the material by 55%. Based on this, it was concluded that it 

would not be possible to design the rectangular tank assembly from 316L 

stainless steel material. To make the cross-section work the inside radius 

would have had to be increased to the point that there was simply a 

circular cavity inside a solid block of stainless steel. The project industry 

advisor suggested the design group consider a stronger material.  

 

 

Figure 29 – 316L SS T-Junction Fringe Plot     

Maximum stress = 52,830 psi 
Yield stress = 34,000 psi 



82 

6.2.3. CROSS-SECTION REVISION 

Based on knowledge acquired during the fall semester research phase, 

and experience gathered during the cylindrical vessel design, 4130 Q&T 

steel was the most logical choice for a stronger box tubing material. As 

before, an appropriate yield strength for 4130 Q&T is 102,000 psi [18]. 

The fatigue limit (based on 106-109 cycles to failure) was found to be 

71,000 psi [18]. Due to the known difficulties of designing a rectangular 

vessel to withstand high internal pressure, the 102,000 psi yield strength, 

rather than the 71,000 psi fatigue limit, was used as the stress limit 

throughout the design. It was accepted that the ability of the tank to 

withstand refueling cycles would have to be explored during qualification 

testing because it could not be properly addressed by the design group. 

 

The procedure used to arrive at the 316L SS cross-section was repeated 

in order to arrive at a workable cross-section for the 4130 Q&T. The final 

FEA iteration and cross-section dimensions are shown in Figure 30 and 

Figure 31, respectively. The maximum stress observed in a straight 

section of box tubing was 67,370 psi, well below the yield strength of the 

material and still below the fatigue limit. From Figure 31 it was clear that 

changing materials from 316L SS to 4130 Q&T allowed the wall and stay 

thickness to be reduced to only 1/2 inch from 3/4 inch. It was also possible 

to reduce the inside corner radii to 1/2 inch from 7/8 inch. The outside 

dimensions required to achieve an acceptable volume were reduced 

somewhat from 4 inches by 7 inches to 3 inches by 6-1/2 inches. 
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Figure 30 – 4130 Q&T Straight Section Fringe Plot 

 

Figure 31 – 4130 Q&T Cross-Section Design 

Maximum stress = 67,370 psi 
Yield stress = 102,000 psi 
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As before, the next step was to examine the stress that would result at a 

junction in the rectangular tank assembly. L-junctions, T-junctions, and X-

junctions would all result in higher stresses than were observed in the 

single box tubing member. The details concerning how the junctions are 

designed were considered this time; the assembly design was carried out 

along with the FEA. It was still assumed that perfect junctions could be 

produced. Before the FEA results are discussed the assembly design will 

be presented. The finished assembly created by the design group is 

shown in Figure 32 below. 

 

 

Figure 32 – 4130 Q&T Assembly Design 

 

It is important to note in Figure 32 that L-junctions are to be created using 

members mitered at 45 degrees while T-junctions and X-junctions are to 

be created by butting one member against the side of the other. It was the 

small outside corner radius on the box tube that allowed the T-junctions 

and X-junctions to be assembled this way. It was thought that the small 

gap that would result along the edges of the box tube would not interfere 
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with the welding of the assembly. To allow hydrogen to pass between a 

member and one butted against its side, 3/4 inch holes are to be drilled 

through the side of the member. One T-junction (between parts 1 and 7 in 

Figure 32) was specially designed to allow the insertion of a solid valve 

block (part 6). The valve block was designed with two ¾-14 NGT threaded 

holes that allow for connection of the tank to the hydrogen supply system 

on the fork lift truck. Detailed drawings for the parts shown in Figure 32 

are included in Appendix G. The rectangular tank assembly was 

calculated to have a hydrogen capacity of about 41.3 liters and a total 

weight of approximately 719 pounds. 

 

The FEA results for the various junctions shown in Figure 32 are 

summarized in Table 14. The maximum stresses for the single box tube 

member and each possible junction type (L-junction, T-junction, X-

junction, and T-junction with valve block) are included. The highest stress 

was observed in the L-junction while the lowest was observed in the single 

member and T-junctions. The high stress observed in the L-junction was 

likely caused by the placement of the displacement constraint in the FEA 

model. Only one end of the L-junction was grounded resulting in an 

asymmetric loading that caused a relatively high stress concentration at 

the inside corner of the box tube. In a complete assembly, the stress 

observed in the L-junction would likely be lower than that observed in the 

model of the junction alone. As expected, the addition of the solid material 

of the valve block to the T-junction caused the stress to be reduced 

slightly (by about 2%). The design factors shown in Table 14 were 

calculated by dividing the yield strength of 102,000 psi by the maximum 

stress. From the design factors, it was clear that the performance of all of 

the junctions is acceptable. Table 14 also includes the corresponding 

figure number in Appendix J that illustrates the FEA result with a fringe 

plot of Von Mises stress. Included with each fringe plot is a strain energy 

convergence plot. 
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Table 14 – 4130 Q&T FEA Results 

 Maximum Stress* [psi] 
Design 

Factor 

Appendix J 

Figure No. 

Single Member 67370 1.51 5 
L-Junction 82497 1.24 7 
T-Junction 67260 1.52 9 
X-Junction 71840 1.42 11 

Valve T-Junction  66240 1.54 13 
*The maximum stress as observed away from the displacement constraint 

 

Despite the positive results shown in Table 14 the design group decided to 

reassess the single box tube member and all of the junctions using the 

HGV5 hydrostatic test pressure of 7,500 psi (1.5 times the 5,000 psi 

service pressure) [13]. This decision was made because the rectangular 

tank assembly would have to be able to pass the hydrostatic test required 

in HGV5. The results of the FEA reassessment are shown in Table 15. 

The T-junction with the addition of the valve block was not reassessed 

because it was known that it would result in a maximum stress less than 

the normal T-junction. All of the same stress relationships seen in Table 

14 were observed in Table 15 (the L-junction had the highest stress, the 

single member and T-junction had the lowest stress, etc). What is 

important, however, is that none of the maximum stresses observed 

exceeded the 102,000 psi yield strength of the material. Though all of the 

design factors were reduced none of them dropped to a value less than or 

equal to one. From the results of Table 15, it was clear that the 

performance of all of the junctions is acceptable even at the HGV5 

hydrostatic test pressure. 

 

Table 15 – 4130 Q&T Hydrostatic FEA Results 

 Maximum Stress* [psi] 
Design 

Factor 

Appendix J 

Figure No. 

Single Member 80850 1.26 27 
L-Junction 98990 1.03 29 
T-Junction 79370 1.29 31 

X-Junction 96050 1.06 33 
*The maximum stress as observed away from the displacement constraint 
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6.2.4. CROSS-SECTION MANUFACTURABILITY 

During the course of the rectangular tank design Louisiana Steel, a 

manufacturer of custom steel tubing, was contacted for consultation 

regarding the manufacturability of the designed cross-section. Joe Renick, 

a sales representative for the company, provided the consultation. Upon 

receiving the cross-section design, Joe informed the design group that he 

was not aware of any extruding technique that could extrude a box tube 

with a stay across the middle [25]. According to Joe, if the desired material 

was more like Aluminum it would be relatively easy to extrude, but a high 

strength steel like 4130 would be very difficult [25]. Joe’s suggestion was 

to mimic the desired cross-section by welding together two square box 

tubes that Louisiana Steel would be able to manufacture. This suggested 

cross-section configuration is shown in Figure 33.  

 

 

Figure 33 – 4130 Q&T Boxes v1 Cross-Section 

 

It was the general opinion of the design group that if the configuration 

shown in Figure 33 could withstand the stress it would be an acceptable 

alternative to the original cross-section design. The other problem, 
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however, was the junction design. Due to the large outside radius shown 

in Figure 33 it would not be possible to simply butt one box tube member 

against another in order to produce a T-junction or X-junction. An 

alternative solution had to be developed if the rectangular tank assembly 

were to be made from the configuration shown in Figure 33. Two potential 

solutions were developed; First, the idea of using a solid junction block 

was proposed, see Figure 34. Second, the idea of carefully mitering the 

box tubing members and fitting them together like a puzzle was proposed, 

see Figure 35. 

 

 

Figure 34 – Solid Junction Block Proposal 
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Figure 35 – Mitered Member Proposal 

 

Both potential solutions were discussed with the project industry advisor 

and it was decided that the mitered proposal shown in Figure 35 would be 

more practical than the introduction of solid junction blocks. The solid 

junction blocks would consume a large amount of material, increasing the 

weight and decreasing the hydrogen capacity of the tank assembly. 

Additionally, the junction blocks would require machining during 

manufacturing whereas the mitering might be achieved in a laser cutting 

operation. Having identified a workable solution, the design group turned 

to carrying out FEA (at the HGV5 maximum allowable pressure of 6,250 

psi) on a single box tube member and on the various junctions using the 

configuration shown in Figure 33. The FEA results for the 4130 Q&T 

welded box tubes are shown in Table 16. While the results for the single 

member were promising, both the T-junction and X-junction had maximum 

stresses higher than the yield strength of the material (resulting in design 

factors below one). 
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Table 16 – 4130 Q&T Boxes v1 FEA Results 

 Maximum Stress* [psi] 
Design 

Factor 

Appendix J 

Figure No. 

Single Member 51910 1.96 15 
L-Junction 84500 1.21 17 

T-Junction 105000 0.97 19 
X-Junction 123000 0.83 21 

*The maximum stress as observed away from the displacement constraint 

 

During communication with Joe at Louisiana Steel it was found that there 

was an error in the dimensions shown in Figure 33. The inside radius of 

the box tube that Louisiana Steel is capable of manufacturing is only 1/4 

inch as opposed to 1/2 inch [25]. Given the failure of the T-junction and 

the X-junction in Table 16 the design group was sure that both would fail 

with the change in radius as well. The single member and L-junction were 

reassessed via FEA with the 1/2 inch inside radius, the results are shown 

in Table 17. While the single member was still acceptable the L-junction 

now also had a maximum stress higher than the yield strength of the 

material. From the FEA results of Table 16 and Table 17 it was clear that 

the welded box tubes shown in Figure 33 would not be acceptable for the 

rectangular tank assembly. More specifically, it was learned that the key to 

the success of the cross-section in Figure 31 was the combination of 

inside and outside corner radii. Having a larger inside corner radius than 

outside corner radius maximizes the amount of material in the corner and 

allows it to withstand more stress. 

 

Table 17 – 4130 Q&T Boxes v2 FEA Results 

 Maximum Stress* [psi] 
Design 

Factor 

Appendix J 

Figure No. 

Single Member 91200 1.12 23 

L-Junction 147000 0.69 25 
*The maximum stress as observed away from the displacement constraint 
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Given the inability of Louisiana Steel to manufacture the cross-section 

shown in Figure 31, and the inability of the cross-section shown in Figure 

33 to withstand the stress, the design group needed to find another source 

of the box tubing for the rectangular tank. More specifically, the design 

group needed to find a manufacturer that could extrude box tubing that 

has a larger inside corner radius than outside corner radius. At this point 

the design group was concerned only with locating square box tubing that 

could be welded together to mimic the cross-section of Figure 31. Joe at 

Louisiana Steel referred the design group to Timken, a leading 

manufacturer of alloyed steels [25]. 

 

Jeff Hoerr of Timken indicated that such a box tube would be difficult to 

produce but suggested that they have done something similar in the past 

[36]. Jeff suggested that the design group consider using welded tubing 

versus seamless tubing and recommended the company EMJ Metals [36]. 

Given the quantity of welding that would be required to assemble the 

rectangular tank the design group decided it would probably not be a good 

idea to use box tubing that had already been welded. Jeff also suggested 

two other companies, Keystone Profiles and American Extruded Products 

(Amerex) [36]. Kathy Meteney at Keystone Profiles indicated that they 

could not produce the desired cross-section [37]. Efforts to establish 

communication with Amerex were unsuccessful. Based on the information 

received from Timken the design group concluded that it may indeed be 

possible to produce square tube with the desired corners, but it would be 

very difficult and require a sizeable investment. Additional research should 

be done to further assess the manufacturability of the original cross-

section design of Figure 31 as well as the possibility of using welded 

tubing in place of seamless tubing. 
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6.2.5. OTHER CONSIDERATIONS 

There are several other considerations regarding the rectangular tank 

design that have not yet been discussed including 1) welding of the box 

tubes together, 2) the effect of refueling cycling, 3) alternative valve and 

junction designs, and 4) the effect of dimensional variations. 

 

To begin with welding; the design group generally had to assume that it 

would be possible to weld the box tube members together without 

significantly harming the mechanical properties of the steel. It also had to 

assume that the mechanical properties of the weld would match the 

properties of the steel. The extent to which these assumptions are valid is 

generally unknown. Joe at Louisiana steel made several attempts to 

contact someone regarding welding considerations; he was unsuccessful 

in his attempts [25]. It is important to mention that HGV5 only allows 

welded construction if it is carried out “in accordance with reasonable 

concepts of safety, substantiality and durability” [13]. It is possible to 

satisfy the specifications of HGV if the welded construction of the 

rectangular tank provides “at least equivalent performance” to the 

prescribed construction methods in the standard [13]. It also states that 

“additional tests may be required to evaluate potential failure modes… that 

are not specifically addressed” in the standard [13]. From what little it was 

able to determine about welding, the design group decided to simply 

include in the functional specification that the welding must be designed 

and carried out according to appropriate industry practice. 
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On the effect of refueling cycles; it was not possible for the design group 

to use the 71,000 psi fatigue limit as a stress limit in designing the 

rectangular tank due to the large stresses that were observed. 

Additionally, time did not allow the design group to carry out a fatigue life 

analysis in order to confirm that the 15,000 cycle requirement was met. It 

was generally decided by the design group that the tests specified in HGV 

would properly evaluate its ability to withstand cycling, as well as its 

overall performance, if they were carried out. 

 

On alternative valve and junction designs; it was suggested by the project 

industry advisor that placing a ¾-14 NGT threaded hole directly in the side 

of one of the box tube members would be adequate for the connection of 

a valve. Based on the fact that the holes in the various members of Figure 

32 are 3/4 inch, there would be probably be no stress problems 

associated with doing this. Such a design modification would be made in 

order to eliminate the complexity of the valve block design. Specifically, no 

substantial modification of the box tube members would be required if the 

valve block was not used. It should also be mentioned that the design of 

the junctions could be altered to employ the mitered idea presented in 

Figure 35. Mitered construction at all of the junctions would provide 

smoother seems for welding. Because no member would be butted 

against the side of another member all of the outside corner radii would 

flow smoothly into one another. 

 

Finally, on dimensional variations in the box tubing; it was not possible to 

determine what dimensional variations would be expected in the box 

tubing due to the difficulties of designing the cross-section and of locating 

a supplier. It was seen with both the cylindrical vessels and the tubing 

coils that dimensional variations had a significant effect on the ability to 

withstand stress. It is unclear to what extent dimensional variations would 

have an influence on the ability of the rectangular tank to withstand stress. 
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An equally important concern is the extent to which dimensional variations 

would complicate the ability to fit and weld the box tubes together. This 

would be an especially significant concern if a mitered junction approach 

were used because dimensional variations could prevent the box tube 

members from locking tightly together. Not knowing so much about the 

effect of dimensional variations, the design group could only include in the 

functional specification that allowable dimensional variations must be 

determined based on their effect on the ability to withstand stress and on 

the ability to manufacture the assembly. 

 

This discussion of other considerations concludes the evolution of the 

rectangular tank design. The next section will present the functional 

specifications for the design. 
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6.3. FUNCTIONAL SPECIFICATION 

This section of the report presents the functional specifications for the 

rectangular tank design. A condensed version of the functional specification is 

presented in Appendix G. The functional specifications are the detailed 

requirements dictated by the finished design in order to meet the basic 

requirements presented previously in the report as well as the HGV5 design 

standard requirements for Type 1 compressed hydrogen tanks. 

6.3.1. PHYSICAL REQUIREMENTS 

This section includes the geometry, material, and physical features that 

characterize the design and are required to meet the basic requirements. 

 
Geometry – The geometries of the raw material, the individual parts, and 

the finished assembly shall conform to the drawings contained within 

Appendix G of this report. 

 

Capacity – One rectangular tank assembly will allow for the storage of 

approximately 41.3 liters of 5,000 psi compressed hydrogen.  

Comments: Because the 41.3 liter capacity achieved is 96% of the 43 

liter basic requirement it was considered acceptable. 

 

Material – The raw material shall be 4130 Q&T steel. The steel shall have 

a yield strength no lower than 102,000 psi. The steel shall have an 

ultimate tensile strength of no more than 137,000 psi in accordance with 

ISO 11114-1. The steel should have a fatigue limit (based on 106-109 

cycles to failure) as high as possible to reduce the risk of fatigue failure 

caused by refueling cycling. The steel must meet the Material and 

Qualification Tests and Requirements set forth in HGV5. The steel should 

be qualified for use with high pressure hydrogen according to the 
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requirements of Article KD-10 of Section VIII, Division 1 of the ASME 

Boiler and Pressure Vessel Code. 

Comments: It was not possible for the design group to assess in detail 

the requirements set forth in Article KD-10, but it was known that Article 

KD-10 uses a robust approach, based on fracture mechanics, to qualify 

materials for use with high pressure hydrogen.   

 

Dimensional Variations – The allowable dimensional variations of the 

raw material, the individual parts, and the finished assembly shall be 

determined according to appropriate industry practice in order to; 

• Minimize any negative effects on the ability to withstand stress 

• Minimize any negative effects on manufacturability (includes abilities 

to fit pieces together as designed and to perform welding) 

• Minimize any negative effects on the ability to mount the tank and 

integrate it with the hydrogen supply system on a fork lift truck 

Comments: Due to the difficulties of designing a workable cross-section it 

was not possible for the design group to consider the effect of dimensional 

variations on the stress or manufacturability. 

 

Termination – The rectangular tank shall be terminated as shown in the 

drawings of Appendix G using a solid valve block. The valve block shall 

provide two standard ¾-14 NGT threaded openings for connection to 

appropriate valves and the hydrogen supply system on the fork lift truck. 

The threads shall comply with Threaded Openings in HGV5. 

 

External Surfaces – The external surfaces of the rectangular tank shall 

be protected by a coating of paint or powder coat according to appropriate 

industry practice. The protective coating shall meet the requirements for 

External Surfaces set forth in HGV5. 
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6.3.2. MANUFACTURING REQUIREMENTS 

This section includes tests that must be carried out in order to qualify the 

design for subsequent manufacturing, as well as the manufacturing 

procedures and tests required to confirm a quality final product that meets 

the other requirements set forth in this functional specification. 

 

Qualification Testing – Prior to shipment of a completed rectangular tank 

the design qualification tests listed below must be carried out, according to 

HGV5, with satisfactory results. Any change in the rectangular tank design 

may require some or all qualification tests to be repeated according to 

Change of Design in HGV5. 

• Ambient Cycling Test 

• Extreme Temperature Cycling Test 

• Hydrostatic Burst Test 

• Bonfire Test 

• Penetration Test 

• Leak Before Break Test 

• NDE Defect Size Determination 

• Expected Service Performance Test 

The ability of the tank to act as an overhead guard must also be tested 

according to the typical industry practice for testing overhead guards. The 

tank must not depressurize during the overhead guard testing. 

Comments: Because the design group did not construct or test a 

prototype the qualification tests above are extremely important. Only these 

tests can determine the real-world robustness of the final design. 

 

Welding – The welding of the joints in the rectangular tank shall be 

designed, carried out, and inspected according to appropriate industry 

practice and according to the requirements set forth in Alternative 

Construction or Materials in HGV5. 
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Comments: Due to the difficulties of designing a workable cross-section it 

was not possible for the design group to consider the welding design or 

implementation. The section of HGV5 referred to allows for welded 

construction if it provides “at least equivalent performance” to the 

prescribed construction methods. 

 

Production Unit and Batch Testing – Unit and batch testing must be 

carried out during the manufacturing process according to the applicable 

requirements set forth in Production Tests and Examinations and Batch 

Tests of HGV5. 

 

Quality Assurance – In general, manufacturing must be carried out 

according to the section Manufacture in HGV5. Quality assurance 

practices must be established and operated to ensure all rectangular 

tanks will be manufactured according to the qualified design. Quality 

assurance practices must meet the requirements of the Quality Assurance 

section in HGV5. 

 

Marking, Dispatch, and Records – Each rectangular tank must be 

marked and dispatched from the manufacturing facility per the 

requirements of Marking and Dispatch set forth in HGV5. The 

manufacturer shall follow the requirements for Records of Manufacture set 

forth in HGV5. 

6.3.3. OPERATIONAL REQUIREMENTS 

This section includes basic end-user operational requirements such as 

operating temperature, operating pressure, hydrogen purity, periodic 

inspection, and mounting effect on forklift dynamics. 
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Mounting – The rectangular tank shall be mounted on the fork lift truck so 

as to act as an overhead guard (to protect the operator from falling 

objects). Due to the 719 pound weight of the rectangular tank, its effect on 

the vehicle dynamics must be analyzed and found not to be dangerous. 

The mounting system must be designed according to appropriate industry 

practice so as to 1) not interfere with the normal operation of the tank, 2) 

allow it to function as an overhead guard, and 3) prevent the build-up of 

hydrogen gas should a leak occur in or around the tank. 

Comments: The mounting design will depend very much on the model of 

fork lift truck on which the rectangular tank is to be used. 

 

Service and Maximum Pressure – In accordance with HGV5, the service 

pressure of the rectangular tank is 5,000 psi and the service life shall be 

10 years or 15,000 refueling cycles, whichever is reached first. The 

maximum pressure is not to exceed 6,250 psi immediately after filling, in 

accordance with HGV5. 

 

Temperature – The hydrogen gas temperature and container temperature 

shall meet the requirements for Settled Gas Temperatures and Container 

Temperatures set forth in HGV5. In general, the rectangular tank shall not 

be placed in an environment with an ambient temperature below -25°C or 

above 45°C for an extended period of time.  

Comments: It is important to note that temperature was not a major 

consideration during the design process. It should also be noted that the 

temperatures at which HGV5 (15°C) and DOT (21°C) define the service 

pressure are different than the 0°C temperature at which the basic design 

requirement for service pressure is defined. It is recommended that the 

service pressure be redefined in the basic requirements to more closely 

match the definitions in HGV5 and DOT. The environmental requirement 

shown here is based on the recommendation that a fork lift truck should 

not be operated in such an environment for an extended period of time. 
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Hydrogen Composition – The purity and composition of the hydrogen 

gas used in the rectangular tank shall meet the requirements set forth in 

Gas Composition of HGV5. 

 
Inspection – Each rectangular tank shall be visually and ultrasonically 

inspected periodically while in service according to the Periodic In-Service 

Inspection requirements set forth in HGV5. Any rectangular tank involved 

in a collision, accident, fire, or other event that may have caused damage 

to the tank shall be handled according to the Conditions Requiring 

Immediate Inspections set forth in HGV5. 

Comments: Based on a lack of experience in the industry it is not 

possible for the design group to recommend an appropriate inspection 

frequency. The HGV5 minimum is every 36 months. 
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7. CONCLUSION 

The project can best be concluded by reviewing the accomplishments the design 

group has made in terms of the project objectives laid out in the project 

description at the beginning of this report. It is also important to present the 

recommendations of the design group for future work that might take place on 

the design proposals presented in this report. 

7.1. ACCOMPLISHMENTS 

Listed below are the project objectives presented in the project description. 

Following each objective is a review of the accomplishments of the design 

group with respect to that project objective. 

 

• The project shall involve a thorough review of all applicable design 

standards and a determination of what can and cannot be achieved 

in each design proposal to comply with those standards 

The design group made significant gains during the fall semester 

research phase in obtaining and reviewing design standards applicable to 

the project. Six design standards (DOT Part 178, NGV2-2000, HGV5, ISO 

15869, SAE J2600, and ISO 11114-1) were thoroughly reviewed [12]. At 

the beginning of the spring semester design phase the design group 

chose to focus on meeting the requirements of the DOT Part 178 (for the 

traditional cylindrical vessel only) and HGV5 design standards. The 

functional specifications created for each design proposal detail how the 

designs did or did not fulfill the requirements of the design standards. 

 

• The project shall involve the generation, evaluation, and selection of 

design concepts to be iterated into the final design proposals 

The generation, evaluation, and selection of design concepts were all 

accomplished by the design group during the fall semester research 
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phase of the project [12]. A variety of design concepts were generated 

through brainstorming and the prior art offered by the patent application 

submitted by the project industry advisor. The generated concepts were 

evaluated using Pugh’s and Pahl and Beitz methods. The results of the 

evaluation of alternatives were interpreted and the three design concepts 

to be pursued in detail during the design phase were selected based on 

those interpretations and input from the industry advisor. 

 

• The project shall include, as necessary throughout its duration, 

consultation with industry experts, suppliers, and manufacturers 

The design group communicated with more than a dozen industry 

experts, suppliers, or manufacturers throughout the course of the project. 

Valuable information was gathered regarding design standards used in 

the industry, manufacturing techniques, material availability, and the 

progress being made in the world of hydrogen applied to the material 

handling industry. The success of the project was made possible by the 

input of these industry experts and their support is acknowledged at the 

end of this report. 

 

• The project shall include a history of all design iterations and 

evidence of the capacity of each design proposal to meet the design 

requirements 

The evolution of each design proposal has been presented in detail in this 

report. The history of the design iterations was documented and evidence 

of the capacity to meet the requirements was presented. The evidence 

presented included theoretical calculations, numerical finite element 

analyses, and expert opinion from industry. Additionally, digital data of all 

of the work carried out by the design group is either included with this 

report or available through the various parties listed on the cover page. 
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• The project shall include the generation of a functional specification 

detailing the technical requirements for the final design proposals 

Functional specifications were created for each design proposal. The 

functional specifications detailed the requirements dictated by the finished 

designs in order to meet the basic requirements as well as the 

requirements of the design standards. The functional specifications 

included engineering drawings for each of the design proposals. 

 

• The project shall include acquisition of a quote for tooling and 

manufacture in volume for at least one of the design proposals 

A quote for tooling and manufacture in volume of both versions of the 

traditional cylindrical vessel was acquired from Taylor-Wharton [16]. This 

alone was enough to satisfy the requirement above. Additionally, material 

quotes for the nested high pressure tubing coils were acquired from both 

Swagelok and Handy and Harman Tube Company [26].[28],[34]. 

 

7.2. RECOMMENDATIONS 

Listed below are the recommendations of the design group for future work 

that might take place on the design proposals presented in this report; 

 

• Revisit design steps that might require revision 

Certain steps in the design could certainly have been approached 

differently. In the case of the cylindrical vessels, for example, the 

dimensional variations could have been considered up-front during the 

calculation of the appropriate wall thickness. This also goes for the tubing 

coils, the dimensional variations could have been considered up-front 

during tubing selection. In addition, for the tubing coils, the tubing 

selection was based on the availability of Swagelok fittings. If this had not 

been the catalyst for the tubing selection it is quite possible that different 

tubing sizes would have been selected that might have improved the 
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performance of the design. In the case of the rectangular tank, the effect 

of constraints on some of the FEA results could have been explored 

further. Analyses of larger sections of the tank might also have been 

carried out in order to more completely evaluate its real-world ability to 

withstand stress. These are a few immediate examples of some of the 

steps in the design that could have been approached differently. 

 

• Investigate design aspects that could not be addressed 

There were many aspects of the designs that could not be properly 

addressed by the design group, especially for the tubing coils and the 

rectangular tank. For the tubing coils the impact of the manufacturability 

could have been addressed in much more depth than it was. For 

example, if orbital welding J-shaped tubes together would be the most 

practical large-scale manufacturing technique, the design group could 

have called for the use of this technique and analyzed the potential 

impact on the ability to withstand stress. Additionally, it was decided that 

the ends of the tubes would likely be welded to manifolds in a large-scale 

manufacturing operation. The design group could have designed such 

manifolds rather than simply terminating the tubes with fittings and caps. 

The effect of welding the tubes to the manifolds could also have been 

considered. In the case of the rectangular tank, the impact of the welding 

on the design of the assembly in general could have been addressed. It is 

possible that the junction design might be optimized in order to facilitate 

the welding. Again, the effect of the welding on the ability to withstand 

stress could have been addressed. The impact of dimensional variations 

in the box tubing might have been cause for design changes as well. 

Finally, for all of the design proposals, theoretical approaches to 

considering the effect of refueling cycling could have been carried out. 
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• Conduct a more expansive, up-to-date review of the design 

standards to further sharpen the functional specifications 

The federal Department of Transportation regulations applicable to the 

cylindrical vessel design are more broad than the few parts considered by 

the design group. It would be valuable to conduct a more expansive 

review of the DOT regulations as they relate to one another in order to 

ensure that all of the critical aspects of the regulations were addressed. 

Because the HGV5 standard reviewed by the design group was a draft 

version, it should be reviewed in the future whenever significant changes 

are made. In addition, HGV5 does refer to other standards documents 

that could be investigated. Finally, the ASME Article KD-10 and its 

referenced documents could be thoroughly reviewed. 

 

• Construct prototypes and conduct testing 

A key recommendation for future work is the construction of prototypes 

and the testing of those prototypes. As stated in the functional 

specifications, qualification tests are necessary in order to evaluate the 

real-world robustness of the final design proposals. This is especially true 

for the less conventional tubing coil and rectangular tank designs. 

Certainly some additional revision of the design proposals may be 

required before an investment could be made in prototypes, but 

prototypes should be the eventual goal for future work. Depending on the 

success of the prototypes, the next goal would be full-scale 

implementation as a product on a Raymond Corporation lift truck. 

 

To conclude, a review of the accomplishments of the design group has shown 

that all of the project objectives have been achieved. Much was accomplished 

throughout the course of the project; the final result was the completion of three 

design proposals, complete with functional specifications, for hydrogen tanks that 

could be integrated into the design of Raymond Corporation fork lift trucks. 
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APPENDIX A: HYDROGEN PROPERTY CALCUALTION 

VAN DER WAALS FUNCTION 

function output = vdwaals(Pr,Vo,m,Te) 
% Ideal Gas Law with Van Der Waals correction for hydrogen gas 
% output = vdwaals(P,V,m,T) 
% Input -1 for the variable to solve for. 
% Inputting vdwaals(1,-1,1,273) will solve for V 
% Pr = Absolute pressure in (psi) 
% Vo = Volume in (L) 
% ma = mass in (kg) 
% Te = Temperature in (C) 
 
P = Pr*6.894757293e3; 
V = Vo/1000; 
T = Te+273; 
 
% Constants for Hydrogen Gas Only 
a = 6093; %(m^6)*Pa/(kg^2) 
b = 0.0132; %(m^3)/kg 
R = 4124; %(m^3)*Pa/(kg*K) 
 
if nargin < 4, error('Not enough inputs!'); end 
if Pr(1) ~= -1 && Vo(1) ~= -1 && m(1) ~=-1 && Te(1) ~= -1 
    error('You must input -1 in place of the unknown variable!') 
end 
 
if Pr(1) == -1 
    output = m*R.*T./(V-b*m) - (a*m.^2)./V.^2; 
    output = output/6.894757293e3; 
elseif Vo(1) == -1 
    c1 = P; 
    c2 = -(P*b.*m + m*R.*T); 
    c3 = a*m.^2; 
    c4 = -a*b*m.^3; 
    volume = zeros(1,length(m)); 
    for n = 1:length(m) 
        Vx = @(x) c1(n)*x.^3 + c2(n)*x.^2 + c3(n)*x + c4(n); 
        volume(n) = fzero(Vx,0.05); 
    end 
    output = volume*1000; 
elseif m(1) == -1 
    c1 = a*b./V.^2; 
    c2 = -a./V; 
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    c3 = P*b + R*T; 
    c4 = -P.*V; 
    mass = zeros(1,length(V)); 
    for n = 1:length(V) 
        mx = @(x) c1(n)*x.^3 + c2(n)*x.^2 + c3(n)*x + c4(n); 
        mass(n) = fzero(mx,1); 
    end 
    output = mass; 
elseif Te(1) == -1 
    output = (P + a*m.^2./V.^2).*(V - b*m)./(m*R); 
    output = output-273; 
end  

PLOTTING SCRIPT 

% Plot of volume required to hold 1 kg of H2 at 0 C from 15 - 10000 psi 
 
P = linspace(15,10000,200); V = -1; m = 1; T = 0; 
one = ones(1,length(P)); 
T = T*one; 
m = m*one; 
vary = vdwaals(P,V,m,T); 
set(0,'defaultaxesfontsize',14) 
plot(P,vary,'LineWidth',2); 
axis([0 10000 0 150]) 
title('Volume versus Pressure of Tank containing 1 kg of H_2 at 0^oC') 
xlabel('Pressure (psi)') 
ylabel('Volume (L)') 
grid on 
 
% Plot of pressure required to hold 1 kg of H2 in a 43 liter tank from 
% -28 C to 45 C 
 
P = -1; V = 43; m = 1; T = linspace(-28,45,200); 
one = ones(1,length(T)); 
V = V*one; 
m = m*one; 
vary = vdwaals(P,V,m,T); 
figure(2) 
plot(T,vary,'LineWidth',2); 
axis tight 
title('Effects of Temperature on H_2 Tank Pressure') 
xlabel('Temperature (C)') 
ylabel('Pressure (psi)') 
grid on 
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APPENDIX B: PROJECT SCHEDULE 
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Project Schedule (1st Semester Projection) 
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Project Schedule (1st Semester Projection) 
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Project Schedule (2
nd
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Project Schedule (2
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APPENDIX C: REQUIREMENTS MATRIX 
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APPENDIX D: PROJECT BUDGET  
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APPENDIX E: FUNCTIONAL SPECIFICATION 

(CYLINDRICAL VESSEL) 
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APPENDIX F: FUNCTIONAL SPECIFICATION 

(TUBING COILS) 
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APPENDIX G: FUNCTIONAL SPECIFICATION 

(RECTANGULAR TANK) 
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A-H Figure 1 – 316L SS Cylinder Fringe Plot 

 

A-H Figure 2 – 316L SS Cylinder Fringe Plot – Transverse Cut 

 

Maximum stress = 33,660 psi 
Yield stress = 34,000 psi 

Maximum stress = 33,660 psi 
Yield stress = 34,000 psi 
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A-H Figure 3 – 316L SS Cylinder Fringe Plot – Transverse Cut Close-Up 

 

A-H Figure 4 – 316L SS Cylinder Fringe Plot – Longitudinal Cut 

 

Maximum stress = 33,660 psi 
Yield stress = 34,000 psi 

Maximum stress = 33,660 psi 
Yield stress = 34,000 psi 
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A-H Figure 5 – 316L SS Cylinder Fringe Plot – Longitudinal Cut Close-Up 

 

A-H Figure 6 – 316L SS Cylinder 5% Convergence Plot 

 

Maximum stress = 33,660 psi 
Yield stress = 34,000 psi 
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A-H Figure 7 – 4130 Q&T Cylinder Fringe Plot 

 

A-H Figure 8 – 4130 Q&T Cylinder Fringe Plot – Transverse Cut 

 

Maximum stress = 63,390 psi 
Stress limit = 67,000 psi 

Maximum stress = 63,390 psi 
Stress limit = 67,000 psi 



175 

 

A-H Figure 9 – 4130 Q&T Cylinder Fringe Plot – Transverse Cut Close-Up 

 

A-H Figure 10 – 4130 Q&T Cylinder Fringe Plot – Longitudinal Cut 

 

Maximum stress = 63,390 psi 
Stress limit = 67,000 psi 

Maximum stress = 
63,390 psi 

Stress limit = 67,000 psi 
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A-H Figure 11 – 4130 Q&T Cylinder Fringe Plot – Longitudinal Cut Close-Up 

 

A-H Figure 12 – 4130 Q&T Cylinder 5% Convergence Plot 

 

Maximum stress = 63,390 psi 
Stress limit = 67,000 psi 
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A-H Figure 13 – 316L SS Cylinder Fringe Plot – Case 1 Variation 

 

A-H Figure 14 – 316L SS Cylinder 5% Convergence – Case 1 

 

Maximum stress = 35,990 psi 
Yield stress = 34,000 psi 
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A-H Figure 15 – 316L SS Cylinder Fringe Plot – Case 3 Variation 

 

A-H Figure 16 – 316L SS Cylinder 5% Convergence – Case 3 

Maximum stress = 35,960 psi 
Yield stress = 34,000 psi 
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A-H Figure 17 – 4130 Q&T Cylinder Fringe Plot – Case 1 Variation 

 

A-H Figure 18 – 4130 Q&T Cylinder 5% Convergence – Case 1 

Maximum stress = 69,400 psi 
Stress limit = 67,000 psi 
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A-H Figure 19 – 4130 Q&T Cylinder Fringe Plot – Case 3 Variation 

 

A-H Figure 20 – 316L SS Cylinder 5% Convergence – Case 3 

 

 

Maximum stress = 69,050 psi 
Stress limit = 67,000 psi 
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A-I Figure 1 – 1” OD Tube, 8,333 psi Fringe Plot 

 

A-I Figure 2 – 1” OD Tube, 8,333 psi 5% Convergence Plot

Maximum stress = 59,430 psi 
Maximum inside wall stress 

(Straight section) = 34,314 psi 
Maximum inside wall stress 
(Bent section) = 36,068 psi 
Yield stress = 36,000 psi 

 

Test pressure = 8,333 psi 
Stress ratio (Bent/Straight) = 1.05 
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A-I Figure 3 – 0.875” OD Tube, 8,333 psi Fringe Plot 

 

A-I Figure 4 – 0.875” OD Tube, 8,333 psi 5% Convergence Plot

Maximum stress = 60,290 psi 
Maximum inside wall stress 

(Straight section) = 33,213 psi 
Maximum inside wall stress 
(Bent section) = 34,950 psi 
Yield stress = 36,000 psi 

 

Test pressure = 8,333 psi 
Stress ratio (Bent/Straight) = 1.05 
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A-I Figure 5 – 0.625” OD Tube, 8,333 psi Fringe Plot 

 

A-I Figure 6 – 0.625” OD Tube, 8,333 psi 5% Convergence Plot

Maximum stress = 52,620 psi 
Maximum inside wall stress 

(Straight section) = 28,084 psi 
Maximum inside wall stress 
(Bent section) = 29,514 psi 
Yield stress = 36,000 psi 

 

Test pressure = 8,333 psi 
Stress ratio (Bent/Straight) = 1.05 
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A-I Figure 7 – 0.5” OD Tube, 8,333 psi Fringe Plot 

 

A-I Figure 8 – 0.5” OD Tube, 8,333 psi 5% Convergence Plot 

Maximum stress = 43,670 psi 
Maximum inside wall stress 

(Straight section) = 26,317 psi 
Maximum inside wall stress 
(Bent section) = 27,379 psi 
Yield stress = 36,000 psi 

Test pressure = 8,333 psi 
Stress ratio (Bent/Straight) = 1.04 
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A-I Figure 9 – Stress vs Arc Length (Inside Rim of Bent End, 1” OD) 

 

A-I Figure 10 – Stress vs Arc Length (Inside Rim of Bent End, 0.875” OD) 

Maximum inside wall stress 
(Bent section) = 36,068 psi 

Maximum inside wall stress 
(Bent section) = 34,950 psi 
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A-I Figure 11 – Stress vs Arc Length (Inside Rim of Bent End, 0.625” OD) 

 

A-I Figure 12 – Stress vs Arc Length (Inside Rim of Bent End, 0.5” OD) 

 

 

Maximum inside wall stress 
(Bent section) = 29,514 psi 

Maximum inside wall stress 
(Bent section) = 27,583 psi 
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A-I Figure 13 – 1” OD Tube Displacement 

 

A-I Figure 14 – 0.875” OD Tube Displacement 

Maximum displacement = 
0.02035 in 

Maximum displacement = 
0.02015 in 
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A-I Figure 15 – 0.625” OD Tube Displacement 

 

A-I Figure 16 – 0.5” OD Tube Displacement 

Maximum displacement = 
0.03105 in 

Maximum displacement = 
0.03475 in 



191 

APPENDIX J: FEA RESULTS 

(RECTANGULAR TANK) 

 

A-J Figure 1 – 316L SS Single Member Fringe Plot .........................................193 
A-J Figure 2 – 316L SS Single Member 10% Convergence Plot ......................193 
A-J Figure 3 – 316L SS T-Junction Fringe Plot.................................................194 
A-J Figure 4 – 316L SS T-Junction 10% Convergence Plot .............................194 
A-J Figure 5 – 4130 Q&T Single Member Fringe Plot.......................................195 
A-J Figure 6 – 4130 Q&T Single Member 10% Convergence Plot ...................195 
A-J Figure 7 – 4130 Q&T L-Junction Fringe Plot ..............................................196 
A-J Figure 8 – 4130 Q&T L-Junction 10% Convergence Plot ...........................196 
A-J Figure 9 – 4130 Q&T T-Junction Fringe Plot ..............................................197 
A-J Figure 10 – 4130 Q&T T-Junction 10% Convergence Plot.........................197 
A-J Figure 11 – 4130 Q&T X-Junction Fringe Plot ............................................198 
A-J Figure 12 – 4130 Q&T X-Junction 10% Convergence Plot.........................198 
A-J Figure 13 – 4130 Q&T T-Junction Valve Block Fringe Plot ........................199 
A-J Figure 14 – 4130 Q&T T-Junction Valve Block 10% Convergence Plot .....199 
A-J Figure 15 – 4130 Q&T Boxes v1 Single Member Fringe Plot .....................200 
A-J Figure 16 – 4130 Q&T Boxes v1 Single Member 10% Convergence Plot..200 
A-J Figure 17 – 4130 Q&T Boxes v1 L-Junction Fringe Plot.............................201 
A-J Figure 18 – 4130 Q&T Boxes v1 L-Junction 10% Convergence Plot .........201 
A-J Figure 19 – 4130 Q&T Boxes v1 T-Junction Fringe Plot ............................202 
A-J Figure 20 – 4130 Q&T Boxes v1 T-Junction 10% Convergence Plot .........202 
A-J Figure 21 – 4130 Q&T Boxes v1 X-Junction Fringe Plot ............................203 
A-J Figure 22 – 4130 Q&T Boxes v1 X-Junction 10% Convergence Plot .........203 
A-J Figure 23 – 4130 Q&T Boxes v2 Single Member Fringe Plot .....................204 
A-J Figure 24 – 4130 Q&T Boxes v2 Single Member 10% Convergence Plot..204 
A-J Figure 25 – 4130 Q&T Boxes v2 L-Section Fringe Plot ..............................205 
A-J Figure 26 – 4130 Q&T Boxes v2 L-Section 10% Convergence Plot...........205 
A-J Figure 27 – 4130 Q&T Hydrostatic Straight Sect Fringe Plot .....................206 
A-J Figure 28 – 4130 Q&T Hydrostatic Straight Sect 10% Convergence Plot ..206 
A-J Figure 29 – 4130 Q&T Hydrostatic L-Section Fringe Plot...........................207 
A-J Figure 30 – 4130 Q&T Hydrostatic L-Section 10% Convergence Plot........207 
A-J Figure 31 – 4130 Q&T Hydrostatic T-Section Fringe Plot...........................208 
A-J Figure 32 – 4130 Q&T Hydrostatic T-Section 10% Convergence Plot .......208 
A-J Figure 33 – 4130 Q&T Hydrostatic X-Section Fringe Plot ..........................209 
A-J Figure 34 – 4130 Q&T Hydrostatic X-Section 10% Convergence Plot .......209 



192 



193 

 

 

A-J Figure 1 – 316L SS Single Member Fringe Plot 

 

A-J Figure 2 – 316L SS Single Member 10% Convergence Plot

Maximum stress = 29,840 psi 
Yield stress = 34,000 psi 
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A-J Figure 3 – 316L SS T-Junction Fringe Plot 

 

A-J Figure 4 – 316L SS T-Junction 10% Convergence Plot

Maximum stress = 52,830 psi 
Yield stress = 34,000 psi 
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A-J Figure 5 – 4130 Q&T Single Member Fringe Plot 

 

A-J Figure 6 – 4130 Q&T Single Member 10% Convergence Plot

Maximum stress = 67,370 psi 
Yield stress = 102,000 psi 
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A-J Figure 7 – 4130 Q&T L-Junction Fringe Plot 

 

A-J Figure 8 – 4130 Q&T L-Junction 10% Convergence Plot

Maximum stress = 231,400 psi 
Stress away from constraint = 

82,497 psi 
Yield stress = 102,000 psi 
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A-J Figure 9 – 4130 Q&T T-Junction Fringe Plot 

 

A-J Figure 10 – 4130 Q&T T-Junction 10% Convergence Plot 

 

Maximum stress = 67,260 psi 
Yield stress = 102,000 psi 
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A-J Figure 11 – 4130 Q&T X-Junction Fringe Plot 

 

A-J Figure 12 – 4130 Q&T X-Junction 10% Convergence Plot

Maximum stress = 71,840 psi 
Yield stress = 102,000 psi 
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A-J Figure 13 – 4130 Q&T T-Junction Valve Block Fringe Plot 

 

A-J Figure 14 – 4130 Q&T T-Junction Valve Block 10% Convergence Plot

Maximum stress = 66,240 psi 
Yield stress = 102,000 psi 
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A-J Figure 15 – 4130 Q&T Boxes v1 Single Member Fringe Plot 

 

A-J Figure 16 – 4130 Q&T Boxes v1 Single Member 10% Convergence Plot

Maximum stress = 51,910 psi 
Yield stress = 102,000 psi 
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A-J Figure 17 – 4130 Q&T Boxes v1 L-Junction Fringe Plot 

 

A-J Figure 18 – 4130 Q&T Boxes v1 L-Junction 10% Convergence Plot

Maximum stress = 
178,000 psi 

Stress away from 
constraint = 
84,500 psi 

Yield stress = 
102,000 psi 
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A-J Figure 19 – 4130 Q&T Boxes v1 T-Junction Fringe Plot 

 

A-J Figure 20 – 4130 Q&T Boxes v1 T-Junction 10% Convergence Plot

Maximum stress = 
141,400 psi 

Maximum stress 
away from 

constraint = 
105,000 psi 

Yield stress = 
102,000 psi 
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A-J Figure 21 – 4130 Q&T Boxes v1 X-Junction Fringe Plot 

 

A-J Figure 22 – 4130 Q&T Boxes v1 X-Junction 10% Convergence Plot

Maximum stress = 
123,000 psi 

Yield stress = 
102,000 psi 
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A-J Figure 23 – 4130 Q&T Boxes v2 Single Member Fringe Plot 

 

A-J Figure 24 – 4130 Q&T Boxes v2 Single Member 10% Convergence Plot

Maximum stress = 
91,200 psi 

Yield stress = 
102,000 psi 
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A-J Figure 25 – 4130 Q&T Boxes v2 L-Section Fringe Plot 

 

A-J Figure 26 – 4130 Q&T Boxes v2 L-Section 10% Convergence Plot  

Maximum stress = 
157,700 psi 

Maximum stress away 
from constraint = 

 147,000 psi 
Yield stress = 102,000 psi 
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A-J Figure 27 – 4130 Q&T Hydrostatic Straight Sect Fringe Plot 

 

A-J Figure 28 – 4130 Q&T Hydrostatic Straight Sect 10% Convergence Plot  

Maximum stress = 80,850 psi 
Yield stress = 102,000 psi 
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A-J Figure 29 – 4130 Q&T Hydrostatic L-Section Fringe Plot 

 

A-J Figure 30 – 4130 Q&T Hydrostatic L-Section 10% Convergence Plot  

Maximum stress = 277,700 psi 
Maximum stress away 

from constraint =  
98,990 psi 

Yield stress = 102,000 psi 
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A-J Figure 31 – 4130 Q&T Hydrostatic T-Section Fringe Plot 

 

A-J Figure 32 – 4130 Q&T Hydrostatic T-Section 10% Convergence Plot  

Maximum stress = 79,370 psi 
Yield stress = 102,000 psi 
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A-J Figure 33 – 4130 Q&T Hydrostatic X-Section Fringe Plot 

 

A-J Figure 34 – 4130 Q&T Hydrostatic X-Section 10% Convergence Plot 

Maximum stress = 96,050 psi 
Yield stress = 102,000 psi 
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A-K Figure 1 – Wall Thickness Equations [20],[29] 
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A-K Figure 2 – Manufacturing Quote from Taylor-Wharton [16] 
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A-K Figure 3 – Manufacturing Quote from Taylor-Wharton [16] 
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A-L Figure 1 – Swagelok Tubing Data Catalog [30] 
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A-L Figure 2 – Swagelok Tube Bending Information [31] 
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A-L Figure 3 – Equations to Determine Coil Specifications 
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A-L Figure 4 – Sandvik Certified Material Test Report 1/2” OD Tube [28] 
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A-L Figure 5 – Sandvik Certified Material Test Report 5/8” OD Tube [28] 
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A-L Figure 6 – Sandvik Certified Material Test Report 3/4” OD Tube [28] 
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A-L Figure 7 – Sandvik Certified Material Test Report 1” OD Tube [28] 
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A-L Figure 8 – Equations to Determine Tubing Deflection [32] 
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A-L Figure 9 – Swagelok Quote for 10,000 Tubing Coils [26],[28] 
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A-L Figure 10 – Handy & Harman Quote for 10,000 Tubing Coils [34] 
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A-L Figure 11 – Handy & Harman Quote Terms and Conditions [34] 
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A-M Figure 1 – ASME Equations for Unreinforced Rectangular Vessels [33] 
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A-M Figure 2 – Stress Analysis Excerpt for Rectangular Tank (316L SS) 
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A-M Figure 3 – ASME Equations for Stayed Rectangular [33] 
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A-M Figure 4 – Stress Analysis Excerpt for Stayed Rectangular Tank (316L SS) 
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