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Executive Summary 
The “Development of High Pressure Hydrogen Storage Tanks for Storage and Gaseous Truck 

Delivery” project [DE-FG36-08GO18062] was initiated on 01 July 2008.  Hexagon Lincoln (then 

Lincoln Composites) received grant funding from the U.S. Department of Energy to support the 

design and development of an improved bulk hauling and storage solution for hydrogen in terms 

of cost, safety, weight and volumetric efficiency.  The development of this capability required 

parallel development and qualification of large all-composites pressure vessels, a custom ISO 

container to transport and store said tanks, and performance of trade studies to identify optimal 

operating pressure for the system.   

Qualification of the 250 bar TITAN® module was completed in 2009 with supervision from the 

American Bureau of Shipping [ABS], and the equipment has been used internationally for bulk 

transportation of fuel gases since 2010.  Phase 1 of the project was successfully completed in 

2012 with the issuance of USDOT SP 14951, the special permit authorizing the manufacture, 

marking, sale and use of TITAN® Mobile Pipeline® equipment in the United States.   

The introduction of tube trailers with light weight composite tankage has meant that 2 to 3 

times as much gaseous fuel can be transported with each trip. This increased hauling efficiency 

offers dramatically reduced operating costs and has enabled a profitable business model for 

over-the-road compressed natural gas delivery.  The economic drivers of this business 

opportunity vary from country to country and region to region, but in many places gas 

distribution companies have realized profitable operations.   

Additional testing was performed in 2015 to characterize hydrogen-specific operating protocols 

for use of TITAN® systems in CHG service at 250 bar.  This program demonstrated that existing 

compression and decompression methodologies can efficiently and safely fill and unload 

lightweight bulk hauling systems. 

Hexagon Lincoln and U.S. DOE agreed to continue into Phase 2 of the project without pursuing 

the development of higher pressure capabilities as originally planned.  At 250 bar, development 

of equipment for hydrogen transport is supported by strong activity in the adjacent natural gas 

transportation sector.  Trade studies performed since 2011 indicate optimization of hauling 

efficiency and system cost for hydrogen transport at about 350 bar (5076 psi).  However, due to 

reduced efficiency of compression of natural gas above 250 bar, 350 bar operation is not an 

attractive option for natural gas transportation.  The CHG market is not developed at this time, 

and it is difficult to forecast the arrival of significant revenues.   

On the investment side, the cost to fully qualify a large tank module at 350 bar is estimated at 

$3MM to $5MM.  There is insufficient CHG market definition to support a stand-alone business 

case for this investment without near term revenue in the adjacent CNG transportation market.  

Therefore development of a 350 bar TITAN® system was deferred and not pursued under this 

project.  Hexagon Lincoln continues to support the development of tankage and equipment for 

operation at 350 bar and above; with 700 bar vehicle tanks and 950 bar tanks for ground storage 

applications. 



  

2 
 

Phase 2 activities were focused on reducing system cost, increasing system capacity, increasing 

system safety and characterization of polymer material performance specific to hydrogen 

pressure vessel usage.  With the successful launch of TITAN® modules and trailers in natural gas 

transportation, over 600 units have been produced through the end of 2016, resulting in 

improved purchasing power for raw materials and manufactured components.  This has allowed 

Hexagon Lincoln to approach the current project goals for system cost.  At $590/kg of 

compressed hydrogen delivered, the system cost of the baseline TITAN® module is below the 

project’s 2015 target of $730/kg H2 delivered, and very close to the project’s 2020 target of 

$575/kg H2 delivered.  [Based on product pricing in 1Q2017.] 

Emphasis was placed on configuration of larger capacity systems within the vehicle weights and 

dimensions allowed on federal and state highways in the United States and other countries.  

These activities resulted in the design and development of integrated tube trailer systems that 

have increased delivery capacities by 45%.  The hydrogen delivery capacity of our largest system 

is 845 kg, exceeding the project’s 2015 target of 700 kg H2 delivered.  Emerging technologies 

offering improvement of the safety systems used on the equipment were investigated, with 

particular focus on improving the reliability and cost of the emergency venting system for fire 

protection.  Finally, investment in our materials laboratory improved detection and 

characterization of hydrogen-induced damage in polymer materials, supporting the 

development of operational protocols to avoid damage to pressure vessel liners and valve 

components. 
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Performance versus Goals 
Overall Objective  
The objective of the project was to design and develop the most effective bulk hauling and 

storage solution for hydrogen in terms of cost, safety, weight, and volumetric efficiency.  This 

was accomplished by developing and manufacturing a tank and corresponding ISO container to 

be used for the 250 bar storage of hydrogen in stationary and transportation applications.   

The most significant commercial objective of the project was accomplished in 2012 with the 

issuance of USDOT SP 14951, the special permit authorizing the manufacture, marking, sale and 

use of TITAN® Mobile Pipeline® equipment in the United States.  The introduction of tube 

trailers with light weight composite tankage has meant that 2 to 3 times as much gaseous fuel 

can be transported with each trip. This increased hauling efficiency offers dramatically reduced 

operating costs and has enabled a profitable business model for over-the-road compressed 

natural gas delivery.  With the successful launch of TITAN® modules and trailers in natural gas 

transportation, over 600 units have been fielded internationally through the end of 2016, with 

about half operating in the United States.   

Technical Barriers 
This project addresses the following technical barriers from the Hydrogen Delivery Program Roadmap. 

• E. Gaseous Hydrogen Storage and Tube Trailer Delivery Costs 

• I. Other Fueling Site/Terminal Operations 

 

Technical Targets 
The technical targets of DE-FG36-08GO18062 are listed in Table 1.  The first phase of this project 

has focused primarily on the design and qualification of a 250 bar pressure vessel and ISO frame 

system to yield a combined storage capacity solution of approximately 34,000 liters of water.  As 

discussed previously, this was completed in 2012 with the issuance of USDOT SP 14951.  The 

original plan for a second phase of this project was to increase working pressure of the baseline 

large tank system to 350 bar and perhaps higher.  However the high costs of prototyping and 

validation testing of such large vessels cannot be offset by a market case for higher pressure 

operation in the foreseeable future.  This business case for investment in such higher pressure 

systems is not supported by the adjacent natural gas transportation industry.  Natural gas 

becomes progressively harder to compress at pressures higher than 250 bar, hence there is no 

demand for CNG equipment operating at 350 bar.  Together with DOE, it was agreed that 

project scope be changed to work towards increasing available volume at the baseline 250 bar 

working pressure by optimizing packaging and integration of systems.   
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Table 1.  Achievement in Meeting Technical Targets for Hydrogen Storage 

Goal Units 
2015 

Target 

2020 

Target  
Status Comments 

Storage 

Costs 
$/kg $730/kg $575/kg $590/kg 

2016 acquisition cost of 

TITAN® module 

Operation at 95% delivery 

efficiency 

Delivery 

Pressure 
bar 

400 bar 

[5801 psi] 

520 bar 

[7542 psi] 

250 bar 

[3626 psi] 

Goals deferred because 

development cost of 

higher pressure systems is 

not supported by adjacent 

CNG business case 

Delivery 

Capacity, 

Trailer 

kg 700 kg 940 kg 845 kg 
Current status based on 

capacity of XL trailer 

 

 

Approach  

 

Task 1.0 Develop and Qualify a 3600 psi Tank 
Develop and manufacture a tank that can be used for the storage of hydrogen in a stationary or 

hauling application.   

Task 2.0 Develop and Qualify an ISO Frame 
Based on current knowledge of tube trailer design, carry out preliminary design and qualify an 

ISO frame mounting 3600 psi tanks, each with 510000 in3 (~8500L) water volume.   

Task 3.0 5000 psi Trade Study 
Complete trade studies needed to increase vessel capacity by increasing pressure to 5000 psi 

(ultimately exceeds the DOE’s FY10 capacity target by >15%).   

Task 4.0 Develop and Qualify a 5000 psi Tank 
Complete trade studies needed to increase vessel capacity by increasing pressure to 5000 psi 

(ultimately exceeds the DOE’s FY10 capacity target by >15 

Task 5.0 Cost Reduction Studies 
Complete the enhancement of the 250 bar system with respect to capacity (> 700 kg/liter) and 

safety (fire protection).   

Task 6.0 Investigate Increased Capacity 
Investigate alternative packaging configurations to maximize system capacity in target markets 
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Results 

Task 1.0 Develop and Qualify a 250 bar [3600 psi] Tank 
The baseline TITAN® vessel has a 250 bar service pressure, with an outer diameter of 1087 mm 

[42.8 inches] and a length of 11.67 meter [38.3] feet.  The weight of this tank is approximately 

2175 kg [4800 lb].  The internal volume is equal to 8500 liters water capacity and will contain 

154 kg [340 lb] of compressed hydrogen gas.  The contained hydrogen is approximately 7.0% of 

the tank weight (6.6% of the combined weight). The large size of the TITAN® vessel also offers 

benefits in system configuration.  A limited number of large tanks is easier to package into a 

container and requires fewer valves and fittings.  This results in higher system reliability and 

lower system cost.  The larger diameter also means thicker tank walls, which will make the 

vessel more robust and damage tolerant. 

The design of the 250 bar pressure vessel architecture was completed using Finite Element 

Analysis to find a composite solution that resolves the internal pressure requirements and 

expected external loads.  This design was translated into a manufacturing process that 

addresses the feasibility of vessel production.  Several development (DVT) units were fabricated 

and pressurized until burst to validate the proposed manufacturing process and design. 

With the completed design and working manufacturing process, several additional vessels were 

fabricated and tested to address optimizing manufacturing issues and minimize production 

expenses.  One of the units was fabricated with an alternative carbon fiber and tested to ensure 

that the highest material availability risk could be addressed.  By ensuring multiple sources of 

supplied materials, more leverage is available during procurement and lower production costs 

can be realized.  Another vessel was fabricated to help establish confidence with migrating to a 

design having a higher margin of safety.  Both of these vessels were subjected to a proof cycle 

and hydraulic burst test.  The result of the testing met the expectations predicted by the design. 

As seen in Figure 1, the composite pressure vessels developed in the project are much larger in 

size compared to typical commercial pressure vessels and their usage is much different 

compared to prior practice.  Consequently, there were no published standards to directly qualify 

the product.  Hexagon Composites worked with the American Bureau of Shipping (ABS) from the 

inception of the TITAN® project. Existing standards for qualification of small pressure vessels of 

similar construction were reviewed for input to determine the appropriate requirements that 

would apply to a vessel of this geometry and construction.  It was acknowledged that there were 

several standards for composite pressure vessels but none was fully applicable for this size of 

composite pressure vessels or for the intended application.  

ABS proposed treatment of the TITAN® composite pressure vessel as a special case and subject 

to the qualification methodology proscribed by the ABS Pub-116 “Guidance Notes on Review 

and Approval of Novel Concepts” [1] for its approval and certification. Hexagon Composites and 

ABS then worked closely to develop an applicable standard for the approval of large composite 

pressure vessels.  This new code was formulated by adopting the appropriate and conservative 

requirements of the following established pressure vessels codes and standards: 

• ISO 11439 2000, Gas cylinders – High pressure cylinders for the on-board storage of 

natural gas as a fuel for automotive vehicles [2] 
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• ISO 11119-3 2002, Gas cylinders of composite construction – Specification and test 

methods –Part 3:  Fully wrapped fibre reinforced composite gas cylinders with non-load-

sharing or non-metallic liners) [3] 

• ANSI/CSA NGV2-2007, American National Standards for Natural Gas Vehicle Fuel 

Containers [4] 

• ASME BPVC-X-2010, ASME Boiler and Pressure Vessel Code, Section X: Fiber-Reinforced 

Plastic Pressure Vessels. [5] 

 

Figure 1 - Filament winding of TITAN™ COPV at the Hexagon Composites facility in Lincoln, Nebraska, USA 

A gap analysis was performed comparing the proposed requirements to existing pressure vessel 

codes and existing marine standards such as classification society rules. Hazard Identification 

(HAZID) and Failure Mode and Effects Criticality Analysis (FMECA) studies were jointly 

performed by ABS and Hexagon Composites. A prototype testing plan was then developed to 

validate design, performance, and to address the risks identified by the risk analyses.  This plan 

is included as Appendix A to this report.  Tests performed included: 

• Hydrostatic Burst 

• Ambient Pressure Cycle Test 

• LBB (Leak Before Burst) Test 

• Penetration Test 

• Environmental Test 

• Flaw Tolerance Test 

• High Temperature Creep Test 

• Accelerated Stress Rupture Test 

• Extreme Temperature Cycle Test 

• Natural Gas Cycle Test with Blow-down 

All agreed upon testing was successfully completed in 2009.  A comprehensive qualification test 

report is included as Appendix B to this report. 



  

7 
 

Special consideration is given to the size and mass of large vessels. Damage resistance is 

managed at the system level, with strict requirement that the vessels are mounted in structure 

that meets the ISO 1496 requirements for tank containers. Fire protection is also managed at 

the system level, with an emergency venting system evacuating all vessels with fire exposure at 

any location on the container.   

“ABS Requirements for Construction of Refillable Carbon Composite Road and Marine Transport 

Pressure Vessels – ABSHOU557163, March 2010” is included as Appendix C to this report.  This 

document is the basis for approval and operation of large composite pressure vessel systems in 

many areas of the world, including Asia, Central America and South America. There are currently 

more than 2400 total tanks operating in TITAN® 4 modules and TITAN® 5 trailers worldwide 

under ABS approvals. 

The mission of the Pipeline and Hazardous Materials Safety Administration (PHMSA) within the 

United States Department of Transportation (US-DOT) is to protect people and the environment 

from the risks inherent in transportation of hazardous materials, by pipeline and other modes of 

transportation. Authorization for the use of modes of transportation not currently authorized in 

the US-DOT Hazardous Materials Regulations can be granted by PHMSA through the issuance of 

a special permit. PHMSA will accept new modes of transportation provided the developer 

addresses all identified risks through a systematic approach and reduces the risks identified to 

an acceptable level.  

All of the work done by Hexagon Composites and ABS in developing and qualifying the TITAN® 

large tank product was aligned with the ultimate goal of obtaining a special permit to allow the 

manufacture, marking, sale and use of TITAN® Mobile Pipeline® equipment in the United States. 

US-DOT Special Permit 14951 was issued in February of 2012, two years after the release of 

ABSHOU557163.  SP 14951 was written as a variant from ISO 11119-3, but the subsequent 

requirements were in harmony with ABSHOU557163. This was followed in November of 2012 by 

the issuance of Equivalency Certificate SU 9806 by the Transport Dangerous Goods Directorate 

of Transport Canada. There are currently over 250 units of the TITAN® 4 module operating in the 

United States and Canada.  The current revisions of US-DOT Special Permit 14951 and Transport 

Canada Equivalency Certificate SU 9806 are included as Appendix D and Appendix E to this 

report. 

A program of deep cycle testing of TITAN® pressure vessels with CHG was initiated in 1Q 2015 

with completion in 3Q 2015.  The goal of this demonstration is to characterize CHG-specific 

operating protocols for use of TITAN® systems in CHG service at 250 bar.  A test protocol was 

developed which shuttled hydrogen gas between two TITAN® tanks.  These test units were 

subjected to long holds at operating pressure to ensure complete saturation of polymeric tank 

materials with hydrogen, and long holds at low pressure to allow any decompression issues such 

as liner blistering or collapse to develop.  The testing conducted at Powertech Labs was 

uneventful, with no hydrogen leakage or unusual behavior observed.  The Powertech Labs test 

report for this activity is included as Appendix F to this report. 

Task 2.0 Develop and Qualify an ISO Frame 
Installation of the compressed hydrogen vessels into an ISO frame offers the benefit of having 

one solution for both transportable and stationary storage.  This approach decreases research 
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and development costs as well as the amount of infrastructure and equipment needed for both 

applications.  Four TITAN® tanks are mounted in a custom-designed ISO frame, resulting in an 

assembly with a combined capacity of 616 kg of hydrogen.  In addition to the structure, a system 

for loading, unloading, and pressure relief was designed and implemented. 

A complete assembly was constructed including ISO frame, four pressure vessels, and all 

relevant plumbing including emergency pressure relief systems.  The test unit shown in Figure 2 

was manufactured in 2009.  The following tests per ISO 1496-3 1995(E) [6] and ABSHOU557163 

were performed on the entire assembly: 

• Stress Analysis 

• Dimensional Analysis 

• Stacking 

• Lifting – Top and Bottom 

• Inertia Testing (see Figure 3) 

• Impact Testing 

• Bonfire Testing 

 

 

Figure 2 - TITAN® container structural and bonfire test unit. 

Final qualification testing of an ISO frame mounting four 250 bar TITAN® pressure vessels was 

completed in 3Q 2009.  A comprehensive qualification test report is included as Appendix B to 

this report.  The American Bureau of Shipping (ABS) approved the entire ISO assembly for 

production including, pressure vessels, ISO frame and subsequent valves, fittings and emergency 

pressure relief system.  ABSHOU557163 is included as Appendix C to this report.   

DOT Special Permit 14951 issued to Hexagon Lincoln on 22 February 2012.  SP 14951 authorizes 

the manufacture, marking, sale and use of TITAN® modules in the United States.  This was 

followed in November of 2012 by the issuance of Equivalency Certificate SU 9806 by the 

Transport Dangerous Goods Directorate of Transport Canada.  The current revisions of US-DOT 
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Special Permit 14951 and Transport Canada Equivalency Certificate SU 9806 are included as 

Appendix D and Appendix E to this report. 

 

Figure 3 – ISO 1496 testing of TITAN® container 9longitudinal inertia test). 

Task 3.0 5000 psi Trade Study 
 

Trade studies were undertaken to evaluate potential design solutions and operational modes 

that would increase utilization storage design meet or exceed DOE targets.  Hexagon Lincoln’s 

existing TITAN® module was used as the baseline for the studies and a gap audit was conducted. 

  

Design Baseline 

• Intermodal ISO 668 1A Frame 

• Four (4) Type 4 Pressure Vessels in a square arrangement 

• 250 bar Working Pressure 

• Carbon Fiber, 2.35 Stress Ratio 
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Gap Audit 

• Increase volumetric capacity from 0.018 kg/liter to 0.035 kg/liter 

• Increase delivery capacity from 616 kg to 1100 kg H2 at 15C 

• Increase delivery pressure from 250 bar to 700 bar 

• Decrease Cost ($ per kg H2) from $500/kg to $300/kg hydrogen 

Cylinder size was identified as a potential candidate for increase capacity through the increase 

of utilization of space.  The study compared the baseline four (4) vessel configuration with a 

single large diameter vessel.  Space utilization for the current TITAN® assembly is roughly 60% in 

volume while replacing it with a single, large tank would increase the utilization to 63%.  

However, when looking at the sheer size of a single tank, the thickness of a liner to manufacture 

this tank would not be very efficient and will have its limitations; i.e. pipe extrusion, and 

injection molding of the domes. 

Hexagon Lincoln also looked at different scenarios of packing of pressure vessels within the 

current ISO frame.  The first scenario considered was to add an additional vessel down the 

center of the existing four (4) vessels.  This would increase the utilization of space to 68% from 

60%, but the manufacturing of a small diameter tank that would fit in the available space would 

be difficult to achieve.  This is due to the Length/Diameter (L/D) ratio.  When this number 

becomes large, the tanks begin to bend due to the weight and decreased strength of the liner.  

Straightness is a key factor when trying to place the vessels next to each other within the frame.  

This also increases the cost of the plumbing of the system.   

Second scenario is eight (8) cylinders packed in a 3x2x3 matrix within the existing ISO frame.  

This arrangement would actually reduce the utilization from 60% to 56%.  Lastly, Lincoln 

Composites performed a study to determine the potential to have many smaller cylinders 

packed within the frame assembly.  Ninety-one (91) smaller cylinders could be packed vertically 

with the frame.  Again, the L/D ratio would increase and thus affect straightness and winding 

stability.  If this were done, utilization would increase from 60% to 68%.  However, the cost of 

plumbing this configuration would increase as well as the complexity of servicing the cylinders. 

A third factor that was investigated through the study was to look at raising working pressure to 

increase compressed hydrogen density.  Figure 4 shows the relationship of working pressure to 

project goals.  By raising working pressure from 250 bar to 350 bar we could potentially see an 

increase of 33% in capacity at 15C.  Higher gas densities would be achieved at higher pressures, 

however cost increases need to be considered.  As can be seen in Figure 5 below, acquisition 

cost increases rapidly as delivery pressure is increased above 350 bar.  At higher pressures 

system costs rise rapidly, as the volumetric performance of the storage systems is negatively 

impacted as the allowed dimensions of the equipment are reached and pressure vessel 

diameters cannot be further increased.  Increasing wall thickness requires reduced liner 

diameters and exacerbates thick-wall effects, resulting in reduced strength translation.   

This study does not consider that compression equipment and operating costs also increase at 

higher pressures.  These costs are driven by several factors; i.e. increased costs of high pressure 

plumbing hardware, increased energy and equipment cost for gas chilling, and increased 

acquisition, energy and maintenance costs of hydrogen compression equipment. 
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Storage temperature was also investigated as a means to increase hydrogen density.  As can be 

seen in Figure 6 below, with a decrease in storage temperature to -40° C, the current 250 bar 

tank could potentially see an increase of 33% in hydrogen density.  With respect to a 350 bar 

tank, reducing the storage to the same temperature, -40° C, has the potential to increase 

hydrogen density by 61%.  However, operation at -40° C presents many challenges that would 

need to be addressed before taking advantage of this increased storage density. 

Lincoln Composites also looked at full module costs as well as costs to manufacture pressure 

vessels for the TITAN® product line.  The breakdown of costs associated with a full bulk hauling 

module and individual pressure vessels are as follows: 

Module 

• Pressure vessels make up approximately 70% of the total cost 

• Frame and Hardware make up approximately 30% of the total cost 

Pressure vessel 

• End bosses make up approximately 3% of the total cost 

• HDPE Liner makes up approximately 11% of the total cost 

• Composite material makes up approximately 86% of the total cost 

As part of the cost factor associated with this study, Lincoln Composites evaluated scenarios to 

reduce costs in both the liners and the composite materials.  Liner costs are associated with 

HDPE tubes/domes and the steel end bosses.  Current construction and design of the liner 

shows that we are presently at minimum Thickness/Diameter ratio and any changes would 

result in difficulties in liner fabrication and filament winding of the vessel.  The end bosses are 

constrained by the current mounting scheme and cost savings would be minimal if changes were 

made.  As for the composite costs, the carbon fiber that is currently being used in the design 

contributes the lowest stress ratio of allowable fibers at 2.35.  Current fiber possesses the 

greatest strength per unit cost.  There are higher strength carbon fibers in existence but would 

have a 2-4 times increase in cost for a 15-40% increase in strength. 

The last factor evaluated was that of reduction of stress ratio. By reducing the stress ratio, one 

could in turn lower the amount of carbon needed in the assembly of the pressure vessels and 

thus lower the cost of fiber used. 

Stress Ratio 

• Current TITAN® stress ratio is 2.40 based on DOT PHMSA mandate. 

• ASME H2 allows for a 2.25 stress ratio 

• 2.00 stress ratio is considered safe 
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Figure 4 – Working pressure vs. Compressed Hydrogen Density 

 

 
Figure 5 – TITAN 4 Module Acquisition Cost vs Working pressure 
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Figure 6 – Compressed Hydrogen Density vs Temperature 

 

Task 4.0 Develop and Qualify a 350 bar [5000 psi] Tank 
Hexagon Lincoln worked directly with DOE in determining that qualification of a TITAN® module 

at 350 bar is not economically feasible at this time.  The high cost to complete this qualification 

and current lack of market demand for fuel gas transport at 350 bar does not support a business 

case for this investment.  Hexagon Lincoln therefore agreed to focus continuing efforts on 

further optimization and improvement development of our current large tank technology at 250 

bar. 

Phase 2 of the program was originally scoped to evaluate using the same approximate sized 

vessel(s) and ISO frame at elevated pressures.  Trade studies performed repeatedly since 2011 

indicate optimization of hauling efficiency and system cost for CHG at 350 bar.  Due to 

differences in the compressibility of CHG and CNG, 350 bar operation is not an attractive option 

for CNG.  The CHG market is not developed at this time.  It is therefore difficult to forecast sales 

potential.  On the investment side, the cost to fully qualify a large tank module at 350 bar is 

estimated at $3MM to $5MM.  Based on insufficient CHG market definition to support a stand-

alone business case for CHG, development of a 350 bar TITAN® system has been placed on hold 

and will not be pursued under this project.  Hexagon Lincoln continues to support the 

development of tankage and equipment for operation at 350 bar and above; with 700 bar 

vehicle tanks and 950 bar tanks for ground storage applications. 

As described in the descriptions of Task 5.0 and Task 6.0 that follow, Hexagon Lincoln continues 

to work with our current 250 bar product to increase the volume per load as well as 

improvements in safety.  Increased volume has been achieved with the development of the 

TITAN® V trailers, integrated semitrailer systems with additional tankage.  Other system 

22 % 
33 % 

61 % 
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improvements supported by the project include the evaluation, testing and qualification of an 

improved emergency venting systems as well as development and installation of laboratory 

capabilities to evaluate the effects of hydrogen on liner materials. 

Task 5.0 Cost Reduction Studies 
Lincoln Composites has continued the design and evaluation of a more robust emergency 

venting system utilizing memory metal wire as a trigger mechanism for de-pressurizing the tank 

in the case of a fire. This patented technology greatly reduces the cost of the system in both 

components and labor for assembly. The reduction of components in the system affects the 

potential number of failure modes that could occur and thus making for a more reliable product. 

The performance of polymeric liner materials is critical for Type 4 pressure vessels in hydrogen 

service.  Therefore it is important to have the ability to screen candidate materials rapidly in a 

cost-effective manner.  Towards this end, Hexagon Lincoln has developed and purchased 

laboratory equipment to evaluate the effects of exposure to 100% hydrogen at extreme 

temperatures and pressures.  This capability is used to fully investigate new materials with the 

potential for them to be integrated into liners. Specifically, the permeation rates of alternate 

materials will be characterized in addition to evaluation of durability. 

Typical material testing is described below.  In this case, the response of three different liner 

materials to repeated saturation/decompression cycles is compared.  The materials tested were 

injection molded HDPE (5.3 mm thick), rotationally molded HDPE (5.2 mm thick) and blow 

molded nylon alloy (4.21 mm thick).  The pressure cycling sequence is shown in Table 1.  This 

sequence was developed to test prolonged hydrogen soaking and rapid depressurization.  

Diffusion of hydrogen through these materials follows an Arrhenius equation; therefore, 

elevated temperature was used during part of the hydrogen soaking time to increase the 

amount of hydrogen diffused into the materials.  The temperature was then lowered for a 

minimum of 14 hours before depressurization was performed.  Two stainless steel reactors 

(pressure vessels) with a combined volume of 2,075 ml were used to isostatically expose the 

samples to hydrogen.  These reactors were heated to a maximum of 60 °C externally and cooled 

before depressurization. 

Microscopic optical comparison of the liner materials as a function of pressure cycles was 

performed.  Optical samples were prepared for each material and pressure cycle exposure.  In 

addition, a set of samples for each material was tested without exposure to hydrogen cycling as 

a baseline reference.  The optical samples were sectioned from the bulk material then the edges 

were melted against a hot plate to seal cut surfaces.  Thin cross-sections were created with a 

microtome and taken from the center of the optical samples.  These optical samples were 

inspected using a stereo microscope at up to 66x magnification and with the aid of polarized 

light.  When the thin specimens are viewed under polarized light, any small fractures or tears in 

the material induced by the dissolution of absorbed hydrogen are visible. 

Figure 7 shows a magnified view of a specimen of injection molded HDPE which has not been 

exposed to hydrogen saturation and decompression.  There are no visible fractures or tears in 

the material. 
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Table 1 - Pressure cycling sequence for saturation/decompression test 

Step 
Pressure 

[MPa] 

Time 

[hrs] 

Temperature 

[°C] 

Cycle 
Description 

1 64.8 70 60  

Initial soak at elevated 

temperature to saturate 

material 

2 64.8 48 16  
Cool to ambient 

temperature 

3 0 0.2 16 Cycle 1 Depressurize ~ 12 minutes 

4 64.8 10 60  Soak 

5 64.8 14 16  Cool 

6 0 0.2 16 Cycle 2 Depressurize ~ 12 minutes 

7 64.8 10 60  Soak  

8 64.8 14 16  Cool 

9 0 0.2 16 Cycle 3 Depressurize ~ 12 minutes 

10 64.8 10 60  Soak  

11 64.8 14 16  Cool 

12 0 0.5 21 Cycle 4 Depressurize ~ 12 minutes 

 

Figure 8 shows a magnified view of a specimen of injection molded HDPE which has been 

exposed to a single cycle of hydrogen saturation and decompression.  Internal fractures are 

beginning to develop as indicated by the red arrow.  With increased magnification, many small 

flaws can be seen surrounding the larger fracture (Figure 9). 

Figure 10 shows a magnified view of a specimen of injection molded HDPE which has been 

exposed to 2 cycles of hydrogen saturation and decompression.  Internal fractures are beginning 

to connect and form a delamination surface at the specimen mid-thickness.  Thicker specimens 

have shown that formation of delamination surfaces initiates at a specific depth into the 

material, in this case that depth corresponds to half the thickness.  With increased 
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magnification, the interconnection of small fractures to form a delamination surface can be seen 

(Figure 11). 

 

Figure 7 – Injection molded HDPE (5.3 mm) before hydrogen cycling 

 

 

Figure 8 - Injection molded HDPE (5.3 mm) after 1 hydrogen cycle 
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Figure 9 – Close up of injection molded HDPE (5.3 mm) after 1 hydrogen cycle 

 

Figure 10 - Injection molded HDPE (5.3 mm) after 2 hydrogen cycles 



  

18 
 

 

Figure 11 – Close up of injection molded HDPE (5.3 mm) after 2 hydrogen cycles 

Figures 12 and 13 show the progression of internal damage in the injection molded HDPE 

specimens with a third and fourth saturation/decompression cycles, respectively.  It is observed 

that several applications of this exposure the small fractures in the material have grown and 

connected such that the interior volume of the specimen is compromised.  It is also observed 

that the exterior surfaces of the specimens remain free of fractures to a depth that is 

characteristic of the material.   

 

 

Figure 12 - Injection molded HDPE (5.3 mm) after 3 hydrogen cycles 
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Figure 13 - Injection molded HDPE (5.3 mm) after 4 hydrogen cycles 

Figure 14 shows a similar degree of internal damage in a specimen taken from a rotationally 

molded HDPE liner after 4 saturation/decompression cycles.   

 

 

Figure 14 – Rotationally molded HDPE (5.2 mm) after 4 hydrogen cycles 
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Figure 15 shows the condition before saturation/decompression cycling of a specimen taken 

form a blow molded nylon alloy liner of 4 mm thickness before saturation/decompression 

cycling.  Figure 16 shows the condition before saturation/decompression cycling of a similar 

specimen after 4 saturation/ decompression cycles.  The microtome shows a general darkening 

as a result of the exposure, and formation of some discrete small voids or “blisters”.  However, 

the nylon alloy exhibits less tendency to form the large numbers of interconnecting fractures 

observed in the HDPE samples.   

 

 

Figure 15 – Nylon Alloy (4 mm) before hydrogen cycling 

Sufficient testing with candidate liner materials has been conducted to show that 

saturation/decompression damage can lead to liner deterioration and leakage in systems 

operating above 350 bar, and must be managed with operational controls.  

Saturation/decompression damage has not been identified in systems operating at or below 350 

bar.   
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Figure 16 - Nylon alloy (4 mm) after hydrogen cycling.  Darker areas are the location of hydrogen influence.  Small 
discrete “blisters” are present.  The larger interconnecting cracks as observed in the HDPE are not present. 

 

Task 6.0 Investigate Increased Capacity 
In 1Q2012, Lincoln Composites completed a prototype for a TITAN® V semitrailer capable of 

increasing total payload capacity by 18% as compared with the baseline TITAN® module.  This 

integrated semitrailer system utilized the same four 38.5’ cylinders with the addition of a single 

28.5’ tank placed lower in the assembly utilizing space between the frame rails of the chassis.  

This prototype unit was useful in resolving initial form, fit and function questions for an 

integrated high-pressure trailer.  It was not ultimately fully assembled and tested, primarily due 

to concerns about roadworthiness due to its high vertical center of gravity. 

To further enhance system volume and reduce the vertical center of gravity, the 

development/design of the TITAN® V Magnum trailer with additional tankage has been 

completed.  First deployed in compressed natural gas (CNG) service in 2013, this design utilizes 

the TITAN® V prototype as a baseline with the addition of up to nine smaller tanks on either side 

of the 30’ single tank at the bottom of the module. See Figure 17 for illustration of this design. 

This configuration has increased capacity by 26% when compared to the standard 4-cylinder 

TITAN® module. This translates to an overall payload of 775 kg of hydrogen. The TITAN® V 

Magnum trailer system is currently deployed in CNG service in South and Central America. 

To further enhance system volume, the development/design of the TITAN® V trailer systems 

was extended to the XL40 configuration with larger auxiliary tankage.  This design utilizes four 

38.5-foot and one 28.5-foot TITAN® tanks with seven 26-inch diameter tanks developed 

specifically for trailer installation.  The new trailer is shown in Figure 2.  This configuration has 

increased capacity by 44% when compared to the standard 4 cylinder TITAN® module.  This  
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Figure 17 - The Hexagon Composites TITAN® Magnum Trailer System [GVW = 42 500 kg (3 axles) 

translates to an overall payload of 890 kg of hydrogen.  This increase in capacity was achieved 

without increasing the loaded mass of the trailer because the trailer structure was designed and 

configured using high-strength (100 ksi) steels.  This new bulk hauling system was first deployed 

in compressed natural gas (CNG) service in 2015 in Central America.  With revision of USDOT SP 
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14951 to allow semitrailer construction in 2Q2016, the TITAN® V XL40 trailer system is now 

deployed in CNG service in North America. 

 

 

Figure 18 - The Hexagon Composites TITAN® XL Trailer System [GVW = 42 500 kg (3 axles)]. 

Products Developed and Technologies Transferred 
Hydrogen gas is recognized as the energy carrier of the future, causing no greenhouse gas 

emissions when used and making it possible to store energy produced by clean energy 

producers during periods of reduced demand.  Natural gas is an important alternative energy 

solution now and will become increasingly important as a transition fuel between conventional 

liquid petroleum fuels and hydrogen.  Natural gas is affordable and plentiful now, with well-

developed technology and stable pricing.  Increasing utilization of compressed natural gas 

provides an opportunity to soften the societal and economic impacts of conversion to utilization 

of hydrogen as a gaseous fuel. 

Grant funding from DOE was a deciding factor in Hexagon Lincoln’s decision to develop the 

TITAN® large tank technology.  Another supporting factor was the favorable economic position 

of natural gas relative to traditional industrial and heating fuels such as propane and fuel oils.  

The energy cost savings offered by natural gas use have led to the emergence of a profitable 

new industry for over-the-road transportation of compressed natural gas.  The Hexagon 

Composites Mobile Pipeline™ products whose development was supported by this project are 

an enabling technology for this new business sector. 
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In most regions of the world, access to affordable natural gas has been limited to areas served 

by natural gas pipelines.  

The economics for using over-the-road trucking to transport natural gas were not attractive until 

the introduction of lightweight composite high-pressure tankage to the industry. In most 

countries, the national and local regulations for gross vehicle weight (GVW) and the allowable 

bridge loadings meant that heavy steel tube trailers could only carry enough natural gas payload 

to make very short distance deliveries profitable. Liquefied natural gas (LNG) trailers could carry 

enough payload to make profitable deliveries, even with very long trip distances, but limited 

sources of LNG and high infrastructure and capital equipment costs have discouraged investors.  

The recent introduction of Mobile Pipeline™ modules and trailers with light-weight composite 

tankage has meant that 2 to 3 times as much natural gas can be transported with each trip. This 

increased hauling efficiency offers dramatically reduced operating costs and a profitable 

business model for over-the-road compressed natural gas delivery. The Mobile Pipeline™ 

products produced by Hexagon Composites fill the gap between customers best served by steel 

tube trailers and those that can justify investment in LNG. The economic drivers of this decision 

vary from country to country and region to region, but in many places gas distribution 

companies have created a profitable business opportunity. 

Profitable and sustained delivery of gaseous fuel (CNG) to off-pipeline consumers is a reality 

many regions of the world, in large part due to increased transportation efficiency with 

lightweight composite tankage.  Lessons are being learned every day that are essential to the 

large-scale transition to a hydrogen economy.   

Since the commercial introduction of the TITAN® module in 2010, revenue to Hexagon Lincoln 

enabled by previous DOE funding has totaled more than $241,000,000 and continues to grow.  

Export sales constitute $130,000,000 of this total.  Over 600 TITAN® systems are in operation 

globally, with over 300 units operating in the United States and Canada.  Hexagon Lincoln’s 

Mobile Pipeline™ production facility in Lincoln, NE maintains 75 employees involved in the 

design, development and production activities.  Since 2008, Hexagon Lincoln has invested an 

additional $2,700,000 in related technologies and facilities. 

Summary and Future Direction 
The overall objective of the “Development of High Pressure Hydrogen Storage Tanks for Storage 

and Gaseous Truck Delivery” project [DE-FG36-08GO18062] was to design and develop the most 

effective bulk hauling and storage solution for hydrogen in terms of cost, safety, weight, and 

volumetric efficiency.  Hexagon Lincoln agreed to develop and manufacture a tank and 

corresponding ISO container to be used for the storage of hydrogen in stationary and 

transportation applications.  This overall objective was accomplished in 2012 with the issuance 

of USDOT SP 14951, the special permit authorizing the manufacture, marking, sale and use of 

TITAN® Mobile Pipeline® equipment in the United States.   

The introduction of tube trailers with light weight composite tankage has meant that 2 to 3 

times as much gaseous fuel can be transported with each trip. This increased hauling efficiency 

offers dramatically reduced operating costs and has enabled a profitable business model for 
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over-the-road compressed natural gas delivery.  With the successful launch of TITAN® modules 

and trailers in natural gas transportation, over 600 units have been fielded internationally 

through the end of 2016, with about half operating in the United States.   

Table 2 summarizes the results achieved during the project, with discussion of future directions 

that Hexagon Lincoln considers appropriate for each target.  

 

Table 2 – Project results relative to project targets and future direction 

DOE Technical Targets Project Results and Future Direction 

Storage Cost Targets 

$730/kg by FY2015 

 

 

 

$575/kg by FY 2020 

 

Typical acquisition cost of a 250 bar TITAN® 4 module as 

of 1Q2017 is $590/kg of H2 delivered 

 

Future Direction 

Module cost is highly influenced by market cost of carbon 

fiber, specialty forgings, etc and therefore subject to 

future variance.   

Delivery Pressure Targets 

 

 

 

400 bar (5801 psi) by FY2015,  

 

520 bar (7542 psi) by FY 2020 

 

Current TITAN® systems operate at 250 bar (3626 psi) 

 

Future Direction 

Trade studies indicate that optimal storage pressure in 

terms of acquisition cost for a semitrailer-based bulk 

hauling system is between 350 bar and 400 bar.  

Operation at 520 bar disproportionately increases the 

acquisition cost of tube trailers but may be justified by 

reduced operating cost for H2 haulers. 

Development and qualification of higher pressure TITAN® 

systems deferred because high development cost of 

higher pressure systems is not supported by adjacent 

CNG business case and/or near-term emergence of 

demand for hydrogen systems. 

Hexagon Lincoln has developed and continues to develop 

high pressure tankage for storage and transport of 

hydrogen at pressures up to 1000 bar (14,500 psi).  We 

GOAL ACHIEVED 
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DOE Technical Targets Project Results and Future Direction 

are currently executing and negotiating several projects 

that utilize these vessels for stationary and mobile 

hydrogen applications.   

Extension of TITAN® large tank systems to 400 bar and 

520 bar operation is straightforward in terms of 

engineering.  Costs for qualification testing are very high.  

Hexagon Lincoln will continue to consider the economic 

feasibility of continued development in this direction as 

the hydrogen economy develops and solidifies. 

Tube Trailer Delivery Capacity 

Targets 

 

 

700 kg by FY2015  

 

 

 

940 kg by FY2020 

 

TITAN® module (4-tube ISO container) - contains 616 kg 

of hydrogen, 585 kg deliverable at 94% efficiency. 

 

XL trailer (5-tube trailer with 7 intermediate tanks) – 

contains 890 kg of hydrogen, 845 kg deliverable at 95% 

efficiency. 

 

Future Direction 

Achieving the FY2020 target requires operation of the XL 

trailer at 350 bar.  Trade studies indicate that a 350 bar 

system would contain 1176 kg of hydrogen, 1120 kg 

deliverable at 95% efficiency.  The GVW of this 

truck/semitrailer would be less than 80,000 lb. 

 

GOAL ACHIEVED 
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APPENDIX A - TITAN® Qualification Plan - TITAN® Tank and ISO Frame 

Qualification Tests 
  



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



S
e
e
 A

B
S
 H

o
u
s
to

n
 L

e
tt
e
r 
R

e
f 
5
1
7
0
3
5
 D

a
te

d
 1

6
-O

C
T
-2

0
0
9



 

 

APPENDIX B - Design Qualification Test Report - Titan Compressed 

Natural Gas Transport Container 
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ABS Engineering Review of

Titan Compressed Natural Gas Transport Container

Design Qualification Test Report [Report No. 08020]


 

 

 

LINCOLN COMPOSITES

6801 CORNHUSKER HWY

LINCOLN, NE 68507

 

 

ATTN: MR. DAVE MORGAN,  SR. TEST ENGINEER 

 

 

We have your email dated 16


th

November 2009 submitting the Design Qualification Test Report [Report No. 08020] and


with regard thereto have to advise that the subject document have been reviewed for compliance with the ABS

approved Titan


TM

Qualification Test Plan dated 12 October 2009 Rev. E with satisfactory results.  .


 

Upon your receipt of the ABS Inspection/Testing Reports, same has to be forwarded to this office for our record and

file.  Stamped copy of the aforementioned test report is attached with this letter.  If we may be of further assistance,

please feel free to contact the undersigned at (281 ) 877-6374.

 

 

  Very truly yours,

 

 


 

_________________________

Mathew M. Chakala

Managing Principal Engineer

ABS Offshore Engineering Department


 

 

 

cc: Paul L Beattie –Pbeattie@eagle.org 

  Harish Patel –hpatel@eagle.org 

 

Electronically published by ABS Houston.

 Reference 529706, dated 20-NOV-2009.

http://www.eagle.org
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The information in this report is considered  “BUSINESS CONFIDENTIAL“  

by Hexagon Lincoln LLC.  Requests to review can be sent to the Director 

of Product Development, Hexagon Lincoln LLC, for consideration.
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PABS 
Introduction 

Cvlinders of comoosite construction from 450 to 10 000 liters of water caoacitv for the bulk transoort of 
oressurized ladinlls are desired to be liltht-weillht and at the same time maintaininll or imorovinll on the level of 
safetv currentlv existinll for other cvlinders. 

These reauirements are achieved bv: 

al ABS Certification (desilln assessment. insoection and testinlll 

bl soecifvinll service conditions oreciselv and comorehensivelv as a firm basis for both cvlinder desilln and 

use: 

cl usinll an aoorooriate method to assess cvclic and static oressure fatiR:ue life: 

dl reauirinll desilln aualification tests: 

el reauirinll non-destructive testinll and insoection of all oroduction cvlinders: 

fl reauirinll destructive tests on cvlinders and cvlinder material taken from each batch of cvlinders 

oroduced: 

Ill reauirinll manufacturers to have a comorehensive aualitv svstem documented and imolemented: 

hl reauirinll oeriodic re-insoection and. if necessarv. retestinll in accordance with the manufacturer's 

instructions: 

il reauirinll manufacturers to soecifv as oart of their desilln. the safe service life of their cvlinders: 

il reauirinll cvlinders to be oermanentlv mounted in a frame durine: transoortation and use. 

Cvlinder desiR:ns that meet the reauirements of this Soecification: 

al will have a fati~~:ue life which exceeds the soecified service life: 

bl when oressure cvcled to failure. will leak but not ruoture or have a demonstrated cvcle life three times 

the desilln number of filline: cvcles: 

cl when subiect to hvdrostatic burst tests. will have factors of "stress at burst oressure" over "stress at 

workinll oressure" that exceed the values soecified for the materials used. 

The exoirv date shall be marked on each cvlinder. It is the resoonsibilitv of owners and users to ensure that 
cvlinders are not used after that date and that thev are insoected in accordance with the ABS aooroved insoection 
orocedure. 
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Gas Cvlinders - Refillable Permanentlv Mounted Comoosite 
Tubes for Transoortation 

1 Scooe 

This Soecification describes how Gas Cvlinders (Refillable Permanentlv Mounted Comoosite Tubes for 
Transoortationl built under ABS surveillance are insoected and certified in accordance with ABS Rules and ABS 
recollnized industrv standards. These instructions are not intended to alter anv local rellulatorv reauirements 
mandated bv the countrv of use and are not intended to oreclude the technical iudllment that the ABS oersonnel 
must use while carrvinll out the ene:ineerinll review and survev. 

This Soecification covers cvlinders of filament-wound comoosite construction. usine: anv desilln or method of 
manufacture suitable for the soecified service conditions. 

Cvlinders covered bv this Soecification are desillnated as follows11
: 

Tvoe IV Resin imorellnated continuous filament with a non-metallic liner fall comoositel 

2 Normative References 
The followine: normative documents contain orovisions which. throue:h reference in this text. constitute orovisions 
of this Soecification. For dated references. subseauent amendments to. or revisions of. anv of these oublications 
do not aoolv. However. oarties to ae:reements based on this Soecification are encouralled to investillate the 
oossibilitv of aoolvinll the most recent editions of the normative documents indicated below. For undated 
references. the latest edition of the normative document referred to aoolies. Members of ISO and IEC maintain 
ree:isters of currentlv valid International Standards. 

ABS Rules for Certification of care:o Containers 

ABS Guidance Notes on Review and Aooroval of Novel Conceots 

ABS Guidance Notes on Risk Aoolication for the Marine and Offshore Oil and Gas Industries 

ABS Guide for Buildine: and Classinll Comoressed Natural Gas carrier 

ISO 306:2004. Plastics - Thermoolastic materials - Determination of Vicat soften ina temoerature fVSTJ . 

ISO 527-2:1993. Plastics- Determination of tensile oraoerties- Part 2: Test conditions for mouldina and 
extrusion olastics fincorooratina Technical Corriaendum 1:1994J. 

1 Tvoe I. II. and Ill are known to refer to other construction tvoes 
ABS 
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ISO 2808:2007. Paints and varnishes- Determination of film thickness. 

ISO 4624:2002. Paints and varnishes- Pull-off test for adhesion. 

ISO 7225. Gas cvlinders - Precautionarv labels. 

ISO 9227:2006. Corrosion tests in artificial atmosoheres - Salt sorav tests. 

ISO 14130:1997. Fibre-reinforced olastic comoosites -Determination of aooarent interlaminar shear strenath bv 
short-beam method. 

ASTM 0522-93aC2008l. Standard Test Methods for Mandrel Bend Test of Attached Oraanic Coatinas. 

ASTM 01308-02(20071. Standard Test Method for Effect of Household Chemicals on Clear and Piamented Oraanic 
Finishes. 

ASTM 02794-93(2004\. Standard Test Method for Resistance of Oraanic Coati nos to the Effects of Raoid 
Deformation flmoactJ. 

ASTM 03170-03(2007\. Standard Test Method for Chiooina Resistance of Coatinas. 

ASTM 03418-08. Standard Test Method for Transition Temoeratures and Enthaloies of Fusion and Crvstallization of 
Polvmers bv Differential Scannina Calorimetrv. 

ASTM G154-06. Standard Practice for Ooeratina Fluorescent Liaht Aooaratus for UV Exoosure of Nonmetallic 
Materials. 

NACE TM0177-96. Laboratorv Testina of Metals for Resistance to Sulfide Stress Crackina and Stress Corrosion 
Crackina in H~ Environments. 

ISO 1496-3. Series 1 freiaht containers - Soecification and testina - Part 3: Tank containers for liauids. oases and 
oressurized drv bulk. 
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3 Terms and Definitions 
For the ourooses of this Soecification the followinll terms and definitions aoolv: 

3.1 Batch of Liners 
Grouo of not more than 200 liners (olus liners for destructive testinlll. or if the number of fabricated liners is less 
than 200 oer vear. one vear of liners. oroduced havinll the same nominal diameter. wall thickness. desilln. 
soecified material of construction and orocess of manufacture. 

3.2 Batch of Comoosite Cvlinders 
Grouo of not more than 200 cvlinders (olus cvlinders for destructive testinlll. or if the number of oroduction 
cvlinders is less than 200 oer vear. one vear of cvlinders. oroduced from aualified liners havinll the same size. 
desilln. soecified materials of construction and orocess of manufacture. 

3.3 Burst Pressure 
Hillhest oressure reached in a cvlinder durinll a burst test. 

3.4 Comoosite Cvlinder 
Cvlinder made of resin-imorel!nated continuous filament wound over a liner. 

3.5 Fillinll Pressure 
Pressure to which a cvlinder is filled .. 

3.6 Finished Cvlinders 
Comoleted cvlinders which are readv for use. tvoical of normal oroduction. comolete with identification marks and 
external coati nil includinll intellral insulation soecified bv the manufacturer. but free from non-intel!ral insulation 
or orotection. 

3.7 Gas Temoerature 
Temoerature of llas in a cvlinder. 

3.8 Liner 
Container that is used as a l!as-til!ht. inner shell. on which reinforcinl! fibres are filament-wound to reach the 
necessarv strenllth. 

NOTE: Non-metallic liners do not carrv anv oart of the load. 

3.9 Manufacturer 
Person or orl!anization resoonsible for the desilln. fabrication and testinll of the cvlinders. 
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3.10 Overwrao 
Reinforcement svstem of filament and resin aoolied over the liner. 

3.11 Service life 
life. in vears. durinll which the cvlinders mav safelv be used in accordance with the standard service conditions. 

3.12 Settled Pressure 
Gas oressure when a rziven settled temoerature is reached. 

3.13 Settled Temoerature 
Uniform llas temoerature after the dissioation of anv chanrze in temoerature caused bv fillinrz. 

3.14 Test Pressure 
Reauired oressure aoolied durinrz a oressure test .. 

3.15 Workimz Pressure 
Settled oressure of 250 bar at a uniform temoerature of 15 ·c. 

3.16 Permanent Gas 
A fluid that remains in a rzaseous state over the cvlinder's rated service oressure and temoerature ramze. 
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APPENDIX D - DOT-SP 14951 (Third Revision) 
  



June 24, 2016 

 

 

 
East Building, PHH-30  

U.S. Department 1200 New Jersey Avenue S.E. 
of Transportation Washington, D.C.  20590 

 

Pipeline and Hazardous 

Materials Safety Administration 

DOT-SP 14951 

(THIRD REVISION) 

 

EXPIRATION DATE: 2017-10-31 

 

 (FOR RENEWAL, SEE 49 CFR § 107.109) 

 

1. GRANTEE: Hexagon Lincoln, Inc.  

   Lincoln, NE 

 

2. PURPOSE AND LIMITATIONS: 

 

a. This special permit authorizes the manufacture, 

marking, sale, and use of a non-DOT specification fully 

wrapped fiber reinforced composite gas cylinder with a 

non-load sharing plastic liner that meets the ISO 11119-3 

standard except for the design water capacity and working 

pressure.  This special permit provides no relief from 

the Hazardous Materials Regulations (HMR) other than as 

specifically stated herein.  The most recent revision 

supersedes all previous revisions. 

  

b. The safety analyses performed in development of this 

special permit only considered the hazards and risks 

associated with transportation in commerce.  The safety 

analyses did not consider the hazards and risks associated 

with consumer use, use as a component of a transport 

vehicle or other device, or other uses not associated with 

transportation in commerce. 

 
3. REGULATORY SYSTEM AFFECTED:  49 CFR Parts 106, 107 and 171- 

180. 

 

4. REGULATIONS FROM WHICH EXEMPTED:  49 CFR § 173.301(f) in 

that a fire protection system is used in lieu of a pressure 

relief valve and § 173.302(a) in that the use of a non-DOT 

specification cylinder is not authorized, except as 

specified herein.  
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5. BASIS:  This emergency special permit is based on the 

application of Hexagon Lincoln, Inc. dated March 3, 2016, 

submitted in accordance with § 107.117 and a determination 

that it is necessary to prevent significant economic loss. 

 

6. HAZARDOUS MATERIALS (49 CFR § 172.101): 

 

Hazardous Materials Description 

Proper Shipping Name Hazard 

Class/ 

Division 

Identi- 

fication 

Number 

Packing 

Group 

Argon, compressed 2.2 UN1006 N/A 

Helium, compressed 2.2 UN1046 N/A 

Hydrogen, compressed 2.1 UN1049 N/A 

Neon, compressed 2.2 UN1065 N/A 

Nitrogen, compressed 2.2 UN1066 N/A 

Methane, compressed or Natural 

gas, compressed (with high 

methane content) 

2.1 UN1971 N/A 

 

Note:  See paragraph 7.c for cylinder service limitations. 
 

7. SAFETY CONTROL MEASURES: 

 

a. PACKAGING – Packaging prescribed is a non-DOT 

specification fully wrapped fiber reinforced composite gas 

cylinder with a non-metallic and non-load sharing plastic 

liner as described in the Lincoln Composites application on 

file with the Office of Hazardous Materials Safety Approvals 

and Permits Division (OHMSAPD).  Each cylinder must meet all 

the design and construction requirements for UN composite 

cylinders specified in § 178.71(l) and of ISO Standard 

11119-3 (Gas Cylinders of Composite Construction-

Specification and Test Methods – Part 3: Fully wrapped fiber 

reinforced composite gas cylinders with non-metallic and 

non-load-sharing metallic liners), except as follows: 
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(1) Scope § 1 – Cylinders made under this special 

permit are limited to a minimum water volume of 450 

liters and a maximum water volume of 8500 liters, and a 

working pressure up to 250 bar (3625 psi). 

 

(2) Batch of non-metallic liners § 3.4 – A batch of 

non-metallic liners is the quantity of liners of the 

same nominal diameter, length, thickness and design, 

made successively from the same materials, and 

subjected to the same manufacturing process. 

 

(3) Design (General Requirement) § 7.1.4 – The minimum 

fiber stress ratio for carbon fiber must be 2.40. 

 

(4) Type approval procedure (General Requirement) 

§ 8.1  

 

(i)  A DOT Independent Inspection Agency (IIA) 

approved in writing by the Associate Administrator 

for Hazardous Materials Safety (AAHMS) in 

accordance with 49 CFR Part 107, Subpart I must 

review the results of design qualification testing 

that was submitted in the application for special 

permit.  The IIA must either verify that the 

cylinder design meets the requirements of the 

special permit based on the testing and other 

documentation submitted in the application for 

special permit, or the IIA may require additional 

testing and/or information from the manufacturer 

in order to verify the cylinder design meets all 

requirements of the special permit. Prior to 

production of cylinders, the IIA’s verification of 

the cylinder design must be submitted to and 

acknowledged in writing by the OHMSAPD. 

 

(ii)  Prior to any manufacture of cylinders under 

this special permit, an IIA approved in writing by 

the AAHMS must provide inspections and 

verifications of all batch testing and all new 

design qualification testing in accordance with 

the requirements of this special permit. 

 

(5) Prototype tests § 8.2.1, § 8.2.2 – The cylinders 

required to be manufactured for prototype testing must 

be representative of production units.  A sufficient 

number of tubes shall be made available to complete the 

prototype testing or testing of the design variant.  

Subscale units are permitted as follows: 
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(i)  Ambient cycling – One test unit must be full 

scale, additional unit must be full diameter, 

shorter length; 

 

(ii)  LBB – test unit must be full diameter and 

may be shorter length; 

 

(iii)  Environmental fluid – test unit may be 

smaller diameter and shorter length; 

 

(iv)  Environmental cycle – test unit may be 

smaller diameter and shorter length; 

 

(v)  High temperature creep and accelerated stress 

rupture – test unit may be smaller diameter and 

shorter length; 

 

(vi)  Flaw – test unit must be full diameter and 

may be shorter length; 

 

(vii)  Gunfire – test unit must be full diameter 

and may be shorter length; 

 

(viii)  Permeability – test unit may be smaller 

diameter and shorter length; 

 

(ix)  Torque – test unit must be full diameter and 

may be shorter length. 

 

(6) Inspector § 8.2.7 - The IIA must witness all 

testing as specified in this special permit (see Table 

2). 

 

(7) Drop test § 8.2.7h, § 8.5.9 – Cylinders made under 

this special permit are not authorized for shipment 

unless mounted in a frame and must be handled in 

accordance with the operational controls listed in this 

special permit therefore they are exempt from drop test 

requirement of § 8.2.7h. 

 

(8) Salt water immersion test § 8.2.7m, § 8.5.14 – 

Cylinders made under this special permit are not 

authorized for underwater use therefore cylinders are 

exempt from salt water immersion testing. 
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(9) New design § 8.3.2(d) - a minor change to a resin 

component that is within the same specification (i.e., 

from one epoxy to another) may be qualified as a design 

variant. 

 

(10) Design Variant § 8.4 - Attached Table 2 

(qualification tests) may be used in lieu of Table 2 of 

ISO 11119-3. 

 

Table 2.  Qualification tests for cylinders with maximum 

test pressure ≤ 375 bars, water volume greater than 450 

liters and less than or equal to 8,500 liters. 
 
Qualification 

for Design 

Variants 
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Liner 
material test 

      
X 

        

Composite 

material test 
       

X 
  1 

X 
 

X
1   

Hydraulic 

pressure 
X X X X X X X X X X X X X X  

Hydraulic 

burst 
X 1 

X 
1 

X 
1 

X X 1 
X 

1 
X X 1 

X X X 1 
X 

1 
X X

1  

Ambient cycle X   
X
1 X  X X

1 
X
1 X X X

1    

Environmental 

cycle 
X 

            
X  

High 
temperature 

creep
1
 

 

X 

    

X
1 

  

X 

   

X
1
a 

 

X
1
a 

 

Xa 

 

Xa 

 

Xa 

 

Flaw 

tolerance
1
 

X 
   

X 
        

X  

High velocity 

impact 

(gunfire) 

 
X 

    

X
2 

    

X
1 

 

X
1 

 

X
1 

   
X 

 

Fire 

resistance 
X 

 
X
1
b 
 

X
1
b 

    
X 

    X 

Permeability X    
X
2

;
 

X X   
X
1      

Torque X      X     X  X  

Leak X   X X  X  X X  X    

Pneumatic 

cycle 
X 

   1 
X 1 X 

    
X 

   

Notes: 

1. For a new design of a cylinder with water volume larger than 450 L, 

a minimum of 1 cylinder may be used for each design change.  For a 

change of boss-liner interface column, a leak check of the liner 

interface would be accepted. The pneumatic cycle test is not required 

if the boss- liner interface does not change. 
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a. Where the design variant’s burst pressure to test pressure ratio 

is over 20% greater than the same ratio for the approved design. 

 

b. When length increases up to 50% and/or diameter increases up 

to 20%, Bonfire test may not be required if the volume stays the 

same or decreases and the same PRD system is used. 

 

2. Test to be conducted for reduction in diameter only. 

 

(11) Cylinder burst test § 8.5.3.1 – Two cylinders are 

required for the burst test.  Pressurization rate is 

limited to 14 bar/sec at pressures above 80% of the 

minimum burst pressure.  If the rate exceeds 3.5 

bar/sec above 80% of the minimum burst pressure, then 

either the cylinder must be placed schematically 

between the pressure source and the pressure 

measurement device, or there must be a 5 second hold at 

the minimum design burst pressure. 

 

(12) Burst test criteria § 8.5.3.2 - The burst pressure 

or pressure at failure, Pb, must be not less than 1.6 

times the test pressure, Ph, of the composite cylinder. 

 

(13) Ambient cycle test procedure § 8.5.4.1.1 – The 

cylinders must be cycled to 130 % of the working 

pressure or higher.  At least one of these cylinders 

must be a full scale cylinder.  One of these cylinders 

may be a subscale with full diameter, but shorter 

length.  The cylinder must pass the LBB test, 8.5.19, 

with no leakage.  Temperature monitoring of cylinder 

not required if temperature is maintained below 85 °C. 

 

(14) Ambient cycle test criteria § 8.5.4.1.2 – The 

cylinder shall withstand a number of cycles equal to 

750 times the design service life in years without 

leakage. The cylinder shall continue cycling until it 

leaks or reaches a total of 2250 times the service life 

in years. However, should failure during this second 

part of the test be by burst, then the cylinder shall 

have failed the test. 

 

(15) Environmental cycle test procedure § 8.5.6.2 – The 

cylinder shall have an internal pressure of 10% of the 

working pressure during the temperature conditioning.  

The cylinder shall be pressure cycled between 10% and 

100% of the working pressure during the extreme 

temperature exposure.  Following the cycle testing at 

designated temperature (60-70 °C), the cylinder shall 

be subjected to 30 cycles from 10% of working pressure 
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to the test pressure at a rate not to exceed 10 cycles 

per minute. 

 

(16) Environmental cycle test criteria § 8.5.6.3 – The 

burst pressure, pb, must be not less than 1.4 times the 

test pressure, ph. 
 

(17) High temperature creep test procedure § 8.5.7.1, 

8.5.7.2 – One cylinder shall be hydrostatically 

pressurized to test pressure at 65 °C.  The cylinder 

shall be held at this pressure and temperature for 

1,000 hours.  The cylinder shall then be pressurized to 

burst in accordance with the procedure described in 

8.5.3, except that the burst pressure shall exceed 100% 

of the minimum design burst pressure (1.6 times the 

test pressure, Ph).  A second cylinder shall be 

pressurized to test pressure and held at a temperature 

of 100°C for not less than 200 hours.  Following the 

test, the cylinder shall meet the requirements of the 

hydrostatic expansion test (8.5.2) and the burst test 

(8.5.3), with the minimum burst being 1.6 times the 

test pressure, Ph, of the composite cylinder.  
 

(18) Flaw test criteria § 8.5.8.1 – One cylinder must 

be tested.  A subscale tank with full diameter and 

shorter length may be used for the test. 

 

(19) Flaw test criteria § 8.5.8.3 – The cylinder must 

not leak or rupture within the first 3,000 cycles, but 

may fail by leakage during the remainder of the cycles. 

 

(20) Drop test § 8.5.9 – The drop test is not required. 

(See operational controls). 

 

(21) High velocity impact test procedure § 8.5.10.1 – 

The cylinder may be filled with air, nitrogen, or the 

gas to be contained.  If a single 7.62 mm (30 caliber) 

round will not penetrate the wall, additional rounds 

may be used, or a larger diameter round may be used. 

 

(22) Fire resistance test § 8.5.11.2 – The cylinder 

(tube) assembly must be tested in a horizontal 

position.  The bonfire test is designed to demonstrate 

that finished tubes, complete with the fire protection 

system (e.g., valve, pressure relief devices and/or 

integral thermal insulation) specified in the design, 

will prevent the rupture of the tube when tested under 

the specified fire conditions.  A uniform fire source 
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of a minimum 1.65 m length must provide direct flame 

impingement on the cylinder surface.  Any failure 

during the test of a valve, fitting or tubing that is 

not part of the intended protection system for the 

design shall invalidate the result.  Direct flame 

impingement is not permitted on valves, fittings, 

and/or pressure relief devices.  The fire and its 

position relative to the transport frame must be 

approved by the Inspector.  Precautions shall be taken 

during fire testing in the event that tube rupture 

occurs. 

 

(23) Fire resistance test criteria § 8.5.11.3 – The 

cylinder must vent through a pressure relief device, 

and without rupturing. 

 

(24) Permeability test procedure § 8.5.12.2 – One 

cylinder must be tested.  This may be the full scale 

cylinder or a subscale (shorter length with same 

diameter) using the same liner material.  Pressure 

cycling prior to permeation testing is not required.  

The cylinder must be filled with the intended lading or 

suitable trace gas to working pressure, placed in an 

enclosed sealed chamber at ambient temperature, and 

monitored for leakage for 500 hours. 

 

(25) Permeability test criteria § 8.5.12.3 – The 

measured permeation rate must be reported. If a trace 

gas is used, correlation between the trace gas and 

intended lading must be provided. If permeation exceeds 

the allowable rate of § 8.5.12.3, the cylinder must be 

sectioned and the internal surfaces inspected for any 

evidence of cracking or deterioration. 

 

(26) Torque test on cylinder neck boss § 8.5.13.1 – The 

body of the cylinder must be restrained against 

rotation and a torque of twice the valve or PRD 

installation torque specified by the manufacturer must 

be applied to each end boss of the cylinder.  The 

torque must be applied first in the direction of 

tightening a threaded connection, then in the un-

tightening direction, and finally again in the 

tightening direction. 
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(27) Torque test criteria § 8.5.13.2 – Upon completion 

of all applied torques, the cylinder must be subjected 

to a leak test to confirm that no leakage occurred as a 

result of applied torque. 

 

(28) Salt water immersion test § 8.5.14 – The salt 

water immersion test is not required, as the cylinder 

is not authorized for underwater applications. 

 

(29) Leak test § 8.5.15 – An acceptable procedure for 

leak testing is to pressurize the cylinders with 

suitable fluid to working pressure and, with the 

cylinder having been pressurized for at least 15 

minutes, carefully examine for signs of leakage (e.g., 

a visual indication or decrease in pressure).   

 

(30) Pneumatic cycle test procedure § 8.5.16.1 – One 

finished cylinder shall be cycle tested as follows.  

Temperature monitoring of the cylinder is not required 

if the temperature is maintained below 85 °C: 

 

(i)  Fill the cylinder to be tested with a non-

corrosive fluid such as oil, inhibited water or 

glycol; 

 

(ii)  Cycle the pressure in the cylinder for 1,000 

cycles, between 10% of working pressure and 

working pressure. The pressure cycling rate shall 

not exceed 10 cycles per minute; 

 

(iii)  Release the pressure, drain the fluid, and 

dry the interior of the cylinder; 

 

(iv)  Cycle the pressure in the cylinder for 5 

cycles, between 10% of working pressure and 

working pressure, with air, nitrogen or other gas 

determined by the inspector.  The pressure cycling 

rate must provide at least a 2 hour hold at the 

high pressure portion of the cycle; 

 

(v)  Following the high pressure hold of the final 

cycle, the gas shall be released freely to 

atmosphere. 
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The cylinder must then be subjected to a leak test.  

Following the completion of the test, the cylinder must 

be sectioned and the liner and liner/end boss interface 

inspected for evidence of any deterioration, such as 

fatigue cracking or electrostatic discharge. 

 

(31) Pneumatic cycle test criteria § 8.5.16.2 – The 

cylinder must have no signs of leakage or 

deterioration. 

 

(32) Water boil test § 8.5.17 – The water boil test is 

not required. 

 

(33) Batch inspection and testing sampling § 9.1.3 – 

Supplier’s certification of the material properties may 

serve as verification of compliance. 

 

(34) Batch inspection and testing criteria § 9.1.4 – 

Supplier’s certification of the liner boss properties 

may serve as verification of compliance. 

 

(35) Overwrap materials § 9.3 – Supplier’s 

certification of the fiber properties may serve as 

verification of compliance. 

 

(36) Batch testing procedure § 9.4.5 – One cylinder 

(tube) out of 5 batches or one year of cylinder 

production, whichever comes first.  A batch here is 

defined to be production quantity of up to 200 finished 

cylinders (tubes) successively produced (plus finished 

cylinders required for destructive testing), of the 

same nominal diameter, length, thickness and design.  

The batch of finished tubes may contain different 

batches of liners, fibers and matrix materials. 

 

(37) Batch testing criteria § 9.4.6 – The burst test 

may be conducted on the first unit of the batch.  After 

reaching the minimum required burst pressure, and 

holding for 5 seconds, the cylinder shall have passed 

the test.   

 

(38) Marking § 10.1 & 10.2 - marking must contain the 

following: 
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(i)  DOT special permit number followed by working 

pressure expressed in bar (psig).  Marking may be 

on a label permanently attached to the outside of 

the cylinder. 

 

(ii)  A serial number and the manufacturer’s 

identification number or a symbol as obtained from 

the Associate Administrator for Hazardous 

Materials Safety, located just below or 

immediately following the DOT marking.  The serial 

number and the manufacturer’s identification 

number may be placed on the boss provided the 

markings are accessible for inspection. 

 

(iii)  The DOT Independent Inspector Agency (IIA) 

official mark must be placed near the serial 

number. The marking must contain date the (month 

and year) of the initial hydraulic proof pressure 

test for that cylinder. 

 

(iv)  The size of the letters and numbers used 

must be at least 0.64 cm (1/4 inch) high if space 

permits. 

 

(v)  The following are examples of an authorized 

format for marking: 

 

DOT-SP AAAAA-YYYY 

(where AAAAA is the special permit 

number and YYYY is the working pressure) 

CCCC MMI 

(where CCCC is the serial number and 

MMI is the manufacturer’s mark or 

symbol) 

DDD - MM/YY 

(where DDD is the inspectors mark and 

MM/YY is the month and year of the 

hydraulic proof pressure test). 

 

Additional markings are permitted, provided the 

additional markings do not obscure the required marking 

and are not detrimental to the integrity of the 

cylinder. Provisions for marking of the required 

requalification dates and RIN information must be made 

near the cylinder markings. 
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(39) Additional requirements for each new design: 

 

(i)  Fire Protection System (FPS) – Each tube 

assembly must be equipped with a Fire Protection 

System (FPS) as described in the Lincoln 

Composites application on file with the OHSMAPD.  

The FPS consists of: 
 

(A) Plastic sensor lines that are energized 

from a low pressure reservoir, a pressure 

release mechanism, and vent lines.  There are 

multiple sensor lines, and they run the 

length of the frame system.  When the sensor 

lines are exposed to a fire, they melt or 

rupture, causing the air pressure inside the 

reservoir of the FPS system to drop.  The 

pressure drop in the FPS reservoir activates 

the tube assembly pressure release mechanism, 

which vents all tubes or   

 

(B) FPS system that uses a shape memory 

metal material as a trigger the vent valve 

during a fire scenario as specified in the 

Lincoln Composites patent application on file 

in the OHMSAPD. 

 

(C) The vent lines direct the released gas 

upwards and outside of the frame system. 

 

(ii)  Environmental fluids test - One finished 

cylinder including coating if applicable must be 

tested in accordance with procedures described in 

the Lincoln Composites application on file with 

the OHMSAPD. 

 

(iii)  Leak Before Burst (LBB) Test - Two finished 

cylinders, of full scale diameter but may be 

shorter length, must be pressure cycled in 

accordance with the following procedure:  

 

(A) Fill the cylinder to be tested with a 

non-corrosive fluid such as oil, inhibited 

water or glycol; 

 

(B) Cycle the pressure in the cylinder 

between 25 bar and 375 bar at a rate not 

exceeding 10 cycles per minute; 
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(C) The number of cycles to failure must be 

reported, along with the location and 

description of the failure initiation; and 

 

(D) All cylinders must either fail by 

leakage or exceed three times the design 

number of filling cycles. 

 

(iv)  Resin Shear Strength - Resin materials must 

be tested in accordance with procedures described 

in the Lincoln Composites application on file with 

the OHMSAPD. 

 

(v)  Ultraviolent (UV) Testing - One finished 

cylinder including coating if applicable must be 

UV tested in accordance with procedures described 

in the Lincoln Composites application on file with 

the OHMSAPD. 
 

b. Requalification – 

 

(1) Each cylinder must be requalified once every 

5 years by a qualified person holding a valid DOT 

RIN in accordance with § 107.805 as follows: 

 

(i)  External and internal visual inspection in 

accordance with CGA pamphlet C-6.2 and with the 

Lincoln Composites Service Bulletin 10-01-002 

and the Lincoln Composites CNG Bulk Hauling 

TITAN™ Module Inspection Manual on file with 

the OHMSAPD and hydraulic proof pressure test 

equal to 1.5 times the marked working pressure 

and hold the pressure for a minimum of 3 

minutes without a loss of pressure.  

 

(ii)  A nondestructive examination (NDE) which 

is approved by the Approvals and Permits 

Division may be used in lieu of internal visual 

inspection and hydraulic proof pressure test.   

 

(2) Persons who perform inspection and testing of 

cylinders subject to this special permit must comply 

with § 180.205(b) and with all the terms and conditions 

of this special permit and the HMR. 
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(3) Requalification date (month/year) must be 

permanently marked on the cylinder as specified in 

paragraph § 180.213. The marking of the RIN symbol on 

the cylinder certifies compliance with all of the terms 

and conditions of this special permit. 
 

c. OPERATIONAL CONTROLS – 

 

(1) Cylinders manufactured under this special 

permit are not authorized for use 15 years from the 

date of manufacture, except as specified under 

paragraph 8.a. of this special permit. 

 

(2) A cylinder that has been subjected to fire may 

not be returned to service. 

 

(3) Cylinders are permanently mounted:  

 

(i)  Inside of framing that is designed, marked 

(approval plate) and approved in accordance with 

the International Convention for Safe Containers 

(CSC) (49 CFR Part 451) as described in the 

Lincoln Composites application on file with the 

OHMSAPD. Structural framework has been evaluated 

for transportation of the tubes under this 

special permit by Finite Element Analysis (FEA) 

on file with OHMSAPD.  The FEA has demonstrated 

the framework’s ability to protect the tubes from 

damage due to front, rear, or side impact, and 

rollover.  The frame designed meets the 

following: 

 

(A) All requirement of § 173.301(i); 

 

(B) The frame design must meet all 

requirements of CGA TB-25; or 

 

(ii)  In semitrailer for motor vehicle that is 

designed and analyzed using Finite Element 

Analysis (FEA) software. Analysis shall 

demonstrate the ability of the semitrailer 

structures to protect the tubes from damage due 

to front, rear, or side impact, and rollover. 

Structural framework Finite Element Analysis 

(FEA) on file with the OHMSAPD.  This semitrailer 

design meets the following: 

 

(A) All requirements of § 173.301(i); 
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(B) The frame design must meet all 

requirements of CGA TB-25. 

 

(C) With the exception of the requirements 

for length, width, height and ISO/CSC 

markings, the frame is also tested in 

accordance with ISO 1496-3:1995(E) per the 

following sections: 

 

1. Section 6.3 - Test No. 2, Top 

Lift; 

 

2. Section 6.4 - Test No. 3, Bottom 

Lift; 

 

3. Section 6.5 - Test No. 4, External 

Restraint (Longitudinal); 

 

4. Section 6.6 - Test No. 5, Internal 

Restraint (Longitudinal); 

 

5. Section 6.7 - Test No. 6, Internal 

Restraint (Lateral); 

 

6. Section 6.8 - Test No. 7, Rigidity 

(Transverse); 

 

7. Section 6.9 - Test No. 8, Rigidity 

(Longitudinal); 

 

8. Section 6.11 - Test No. 10, 

Walkways (if applicable); 

 

9. Section 6.13 - Test No. 12, 

Pressure Test. 

 

(4) Cylinder (tube) handling – cylinder must be 

rejected if it drops from a height greater than 2’ 

during the manufacturing and/or prior to being mounted 

to the CSC framing. 

 

(5) Fire protection System (FPS) Inspection - Prior 

to each filling, the FPS and PRD must be inspected in 

accordance with the Lincoln Composites Service 

Bulletin 10-01-002 on file with the OHMSAPD to ensure 

adequate reservoir pressure for full operation of the 

FPS/PRD. 
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(6) Cabinet Flammability Limit – Lower Level 

Flammability Limit (LEL) of each gas or gas mixtures 

must be calculated for the highest pressure and 

temperature and to ensure the cabinet of the cylinder 

assembly is equipped with proper ventilation to avoid 

a fire or explosion during transportation. 

 

(7) Prior to use in Offshore Service under the terms 

of this special permit, additional information 

justifying such use must be submitted to and 

acknowledged in writing by the AAHMS. 

 

(8) Low pressure/temperature prior to filling – the 

following procedure must be followed in case the 

pressure of a cylinder (tube) dropped below 100 psig 

(7 bar) while the ambient temperature was below -12°C: 

 

Prior to filling - either the tube must be held 

at or above 16°C for 8 hours, or the tube must be 

filled to 435 psig (30 +/- 3 bar) from a 

compressor, and held for one hour, before 

returning to normal fill procedures. 

 

(9) Transportation of Division 2.1 (flammable gas) is 

not authorized aboard cargo vessel unless specifically 

authorized in the Hazardous Materials Table 

(§ 172.101). 

 

(10) When transported by cargo vessel, the cylinders 

must be stowed on deck only and are prohibited from 

passenger ships (Stowage Category D). 

 

8. SPECIAL PROVISIONS: 

 
a. Service Life Extension Program. 

 

(1) Cylinders manufactured under this special permit 

are authorized for a maximum service life of 15 years 

from the date of manufacture in accordance with the 

Lincoln Composites service life extension program dated 

February 14, 2013 on file with the OHMSAPD.  The 

service life extension program must be implemented for 

each design type that is intended for additional 

service life beyond 15 years to determine the  
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additional years of service life.  If cylinders are 

authorized for extended service life, the maximum 

service life of each cylinder under this special permit 

is 30 years from the date of manufacture. 

 

(2) Under the service life extension program, the 

grantee  must randomly recall a minimum of thirty 

cylinders of each design type which have been in 

service for 10 and 13 years.  Cylinders recalled after 

10 years shall be designated “Group A” and cylinders 

recalled after 13 years shall be designated “Group B”. 

All recalled cylinders must be subjected to design 

requalification as specified Sections 8.5.4, 8.5.5, 

8.5.7 and 8.5.8 of ISO 11119-3.  Acceptance criteria 

shall be as defined in ISO 11119-3 except Pb = 1.6Ph and 

the design life (y) must be greater than or equal to 20 

years.  All cylinders that fail to meet the 

requalification requirements must be condemned, removed 

from service and rendered incapable of retaining 

pressure.  In the case that some units from the initial 

minimum lot size are condemned, an additional 30 

cylinders must be selected and subjected to the same 

design requalification as specified above (Sections 

8.5.4, 8.5.5, 8.5.7 and 8.5.8 of ISO 11119-3). An 

Independent Inspection Agency must witness all testing. 

 

(3) The complete test report including original test 

data must be submitted to the Associate Administrator 

for Hazardous Materials Safety for assessment within 

30 days of completion.  Failure to meet the acceptance 

criteria specified in this section shall result in the 

design being restricted to a maximum life of 15 years. 

 
b. In accordance with the provisions of Paragraph (b) of 
§ 173.22a, persons may use the packaging authorized by this 
special permit for the transportation of the hazardous 
materials specified in paragraph 6, only in conformance with 
the terms of this special permit. 

 

c. A person who is not a holder of this special 

permit, but receives a package covered by this special 

permit, may reoffer it for transportation provided no 

modification or change is made to the package and it is 

offered for transportation in conformance with this 

special permit and the HMR. 
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d. A current copy of this special permit must be 

maintained at each facility where the package is offered 

or reoffered for transportation. 

 

e. A current copy of this special permit must be 
maintained at each facility where the package is 
manufactured under this special permit and must be made 
available to a DOT representative upon request. 

 

f. Each packaging manufactured under the authority of 

this special permit must be either (1) marked with the name 

of the manufacturer and location (city and state) of the 

facility at which it is manufactured or (2) marked with a 

registration symbol designated for a specific manufacturing 

facility. 

 

9. MODES OF TRANSPORTATION AUTHORIZED:  Motor vehicle, rail 

freight and cargo vessel. 

 

10. MODAL REQUIREMENTS:   A current copy of this special permit 

must be carried aboard each cargo vessel or motor vehicle 

used to transport packages covered by this special permit.  

For transportation by cargo vessel, see paragraphs 7.c.(9) 

and 7.c.(10). 

 

11. COMPLIANCE:  Failure by a person to comply with any of the 

following may result in suspension or revocation of this 

special permit and penalties prescribed by the Federal 

hazardous materials transportation law, 49 U.S.C. 5101 et 

seq: 

 

o All terms and conditions prescribed in this special 

permit and the Hazardous Materials Regulations, 49 CFR 

Parts 171-180.  

 

o Persons operating under the terms of this special 

permit must comply with the security plan requirement 

in Subpart I of Part 172 of the HMR, when applicable. 

 

o   Registration required by § 107.601 et seq., when 

applicable. 

 

Each "Hazmat employee", as defined in § 171.8, who performs 

a function subject to this special permit must receive 

training on the requirements and conditions of this special 

permit in addition to the training required by §§ 172.700 

through 172.704. 
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No person may use or apply this special permit, including 

display of its number, when this special permit has expired 

or is otherwise no longer in effect. 

 

Under Title VII of the Safe, Accountable, Flexible, 

Efficient Transportation Equity Act: A Legacy for Users 

(SAFETEA-LU)—“The Hazardous Materials Safety and Security 

Reauthorization Act of 2005” (Pub. L. 109-59), 119 Stat. 

1144 (August 10, 2005), amended the Federal hazardous 

materials transportation law by changing the term 

“exemption” to “special permit” and authorizes a special 

permit to be granted up to two years for new special permits 

and up to four years for renewals. 

 

12. REPORTING REQUIREMENTS:   Shipments or operations conducted 

under this special permit are subject to the Hazardous 

Materials Incident Reporting requirements specified in 49 

CFR §§ 171.15 Immediate notice of certain hazardous 

materials incidents, and 171.16 Detailed hazardous materials 

incident reports.  In addition, the grantee(s) of this 

special permit must notify the Associate Administrator for 

Hazardous Materials Safety, in writing, of any incident 

involving a package, shipment or operation conducted under 

terms of this special permit. 

 

Issued in Washington, D.C.:   

 
for Dr. Magdy El-Sibaie 

Associate Administrator for Hazardous Materials Safety 

 

Address all inquiries to:  Associate Administrator for Hazardous 

Materials Safety, Pipeline and Hazardous Material Safety 

Administration, U.S. Department of Transportation, East Building 

PHH-30, 1200 New Jersey Avenue, Southeast, Washington, D.C.  

20590. 

 

Copies of this special permit may be obtained by accessing the 

Hazardous Materials Safety Homepage at 

http://hazmat.dot.gov/sp_app/special_permits/spec_perm_index.htm 

Photo reproductions and legible reductions of this special permit 

are permitted.  Any alteration of this special permit is 

prohibited. 

 

PO: MMToughiry/TG 
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Transport  
Canada 
Safety and Security 

Transports  
Canada 
Sécurité et sûreté 

   
 Transportation of Dangerous Direction générale du transport 

 Goods Directorate des marchandises dangereuses 

 330 Sparks Street 330, rue Sparks 

 Ottawa ON  K1A 0N5 Ottawa ON  K1A 0N5 

 
 

Equivalency Certificate 
(Approval issued by the competent authority of Canada) 

 

Certificate No.:  SU 9806 (Ren. 2) 

 

Certificate Holder: Hexagon Lincoln, Inc. 
 

Mode of Transport: Road, Rail, Marine 

 

Issue Date:    December 12, 2016 
 

Expiry Date:   December 31, 2021 

 

 

CONDITIONS 
 

This Equivalency Certificate authorizes: 
 
1) Hexagon Lincoln, Inc. (formerly known as Lincoln Composites, Inc.), to 

design, manufacture, sell, offer for sale, deliver, or distribute in Canada, 
means of containment used or intended to be used in importing, offering for 
transport, handling, or transporting dangerous goods in a manner that does 
not comply with section 5.1 and Part 8 of the Transportation of Dangerous 
Goods Act, 1992,  

 
2) any person to sell, offer for sale, deliver, distribute, import, or use a 

standardized means of containment in a manner that does not comply with 
Part 8 of the Transportation of Dangerous Goods Act, 1992, and 

 
3) any person to handle, offer for transport, transport, or import, by road or 

railway vehicle, or by ship on a domestic voyage, dangerous goods included 
in Class 2 in a means of containment in a manner that does not comply with 
section 5(a) in relation to safety requirements only, (c), and (d) of the 
Transportation of Dangerous Goods Act, 1992, and subsections 1.7(a) and 
(c), sections 5.1 and 5.2, subparagraphs 5.10(1)(a)(ii), 5.10(1)(b)(iii), and 
5.10(1)(d)(iii), and subsection 5.10(2) of the Transportation of Dangerous 
Goods Regulations, in relation to the manufacture, selection, and use of 
means of containment only, if: 
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Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 

 

Selection and Use 
 

(a) subject to conditions (b) to (z) of this certificate, the requirements with 
respect to specification TC-3FCM cylinders in CSA Standard B340-08, 
“Selection and use of cylinders, spheres, tubes, and other containers for the 
transportation of dangerous goods, Class 2”, March 2008, cited in the rest of 
this certificate as CSA B340-08, are complied with; 
 
(b) subject to conditions (c) and (d) of this certificate, each means of 
containment is a multiple-element gas container (i.e. an assembly of tubes 
interconnected by a manifold and assembled within a framework) that meets 
the definition of “container” within the terms of the International Maritime 
Organization’s (IMO) “International Convention for Safe Containers, 1972”, 
1996 Edition, cited in the rest of this certificate as the International Convention 
for Safe Containers, 1972; 
 
(c) each container is in conformity with the International Convention for Safe 
Containers, 1972, and a Safety Approval Plate conforming to the specifications 
set out in the Appendix to Annex I of the International Convention for Safe 
Containers, 1972 is permanently affixed to the container at a readily visible 
place; 
 
(d) for containers transported by rail, a prototype of the container was 
subjected to and has met the requirements of the dynamic longitudinal impact 
test set out in Appendix C of CSA Standard B625-08, “Portable tanks for the 
transport of dangerous goods”, July 2008; 
 
(e) despite conditions (b) to (d) of this certificate, each means of containment 
may be a container that has been tested in accordance with sections 6.3, 6.4, 
6.5, 6.6, 6.7, 6.8, 6.9, 6.11, and 6.13 of International Standard ISO 
1496-3:2015, “Series 1 freight containers – Specification and testing – Part 3: 
Tank Containers for liquids, gases and pressurized dry bulk”.  Such containers 
shall not be stacked and shall not be transported by railway vehicle; 
 
(f) the tubes, valves, manifolds, pressure-relief devices, and other accessories 
are protected against damage resulting from lateral and longitudinal impact 
and overturning; 
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Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 
 

(g) despite Clause 4.6.2 of CSA B340-08, the tubes are used only for: 
 
(i) gases in Class 2.2, 
(ii) UN1971, METHANE, COMPRESSED; or NATURAL GAS, 

COMPRESSED with high methane content,  
(iii) UN1049, HYDROGEN, COMPRESSED,  
(iv) UN1964, HYDROCARBON GAS MIXTURE, COMPRESSED, N.O.S.,  
(v) UN1954, COMPRESSED GAS, FLAMMABLE, N.O.S.; 

 
(h) when used in natural gas service, methanol or glycol is not deliberately 
added to the natural gas and the composition of the natural gas meets one of 
the following conditions: 

 
(i) for dry gas, the maximum gas contaminant limits apply: 

 
a) 32 mg/m3 of water vapour, 
b) 23 mg/m3 of hydrogen sulphide, and 
c) 1% by volume of oxygen, or 

 
(ii) for wet gas, the maximum gas contaminant limits apply: 

 
a) 23 mg/m3 of hydrogen sulphide and other soluble sulphides, 
b) 115 mg/m3 total sulphur, 
c) 1% by volume of oxygen, 
d) 3% by volume of carbon dioxide, and 
e) 0.1% by volume of hydrogen; 

 
(i) the dangerous goods are compatible with the materials of containment 
under the conditions of use; 

 
(j) each tube is fitted with a shut-off valve that is closed during transport; 
 
(k) the manifold valves are closed during transport; 

 
(l) the manifold is depressurized before transport; 
 
(m) a minimum pressure is maintained in each tube while in service and during 
unloading operations in accordance with Hexagon Lincoln, Inc.’s Service 
Bulletin 14-02-005, “Hexagon Composites CNG Bulk Hauling TITAN® Module 
Operation and Inspection Manual With NC Gas Venting System”, cited in the 
rest of the certificate as Hexagon Lincoln, Inc.’s Service Bulletin 14-02-005,  

SPEC 12005, Rev C TC Equivalency Certificate ECN # 35202
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Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 
 

and filed by the certificate holder with the Executive Director, Regulatory 
Frameworks and International Engagement, Transportation of Dangerous 
Goods Directorate, Transport Canada; 

 
(n) subject to condition (o) of this certificate, the top of the framework is 
covered by opaque panels; 
 
(o) the covered area surrounding the tubes and the enclosed area where 
manifold, piping, and valves are located are vented to the outside; 

 
(p) despite Clause 4.3.1 of CSA B340-08, the container is equipped with a 
pressure-relief device system designed to vent all tubes in the event of a fire. 
The system consists of a thermally activated sensing device at several 
locations within the container running continuously along the full length of the 
framework which actuates when exposed to direct flame or a constant heat of 
177°C or greater. Upon actuation of the pressure-relief device system, the 
contents of the tubes shall be vented. The vent ports are arranged to 
discharge upward and unobstructed to the open air in such a manner as to 
prevent any impingement of escaping gas upon the tubes and are located 
such that they will not be blocked in the event of a rollover of the container;   
 
(q) despite Clause 4.3.2 of CSA B340-08, the pressure-relief device system is 
capable of preventing the rupture of normally filled tubes when subjected to a 
fire test conducted in accordance with paragraph (ax) of this certificate; 
 
(r) the requirements in Clause 5.1.3 and 5.1.4 of CSA B340-08 do not apply; 
 
(s) the tubes are not filled: 
 

(i) if they are due for requalification, 
(ii) unless they and their structural and service equipment have been 

examined and found to be in good working order, 
(iii) if they are damaged to such an extent that their integrity or structural or 

service equipment could be affected. The tubes are evaluated for damage 
at time of filling in accordance with Hexagon Lincoln, Inc.’s Service 
Bulletin 14-02-005, 

(iv) if they were exposed to ambient temperatures below -12°C with less 
than 0.7 MPa of internal pressure, unless they have been: 
a) conditioned at a temperature above 16°C for at least 8 hours, or  
b) conditioned in accordance with the cold fill procedure specified in the 

Hexagon Lincoln, Inc.’s Service Bulletin 14-02-005, and 
(v) unless the required markings specified in condition (bk) and 

condition (bl)(iii) of this certificate are legible; 
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Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 
 

(t) the tubes are operated and maintained in accordance with Hexagon Lincoln, 
Inc.’s Service Bulletin 14-02-005; 
 

(u) before transport, the pressure-relief device system is inspected in 
accordance with Hexagon Lincoln, Inc.’s Service Bulletin 14-02-005; 

 

(v) when the means of containment are transported by ship, they are stowed 
on deck in a well-ventilated area; 
 
(w) tubes that have been subjected to fire are not returned to service; 

 
(x) means of containment that have been involved in a vehicle collision are 
removed from service until they, their service and structural equipment, and the 
tubes comprising the means of containment have been inspected for damage 
and determined to be in good working order by the certificate holder; 

 
(y) the tubes are not used for underwater applications; 

 
(z) not more than 15 years has elapsed since the original manufacturing test 
date for each tube; 

 

Manufacture and Requalification 

 
(aa) subject to conditions (ab) to (bm) of this certificate, each tube was designed, 
constructed, and initially inspected and tested in accordance with the requirements 
applicable to fully-wrapped composite cylinders with non-load-sharing non-metallic 
liners specified in International Standard ISO 11119-3:2002, “Gas cylinders of 
composite construction – Specification and test methods – Part 3:  Fully wrapped 
fibre reinforced composite gas cylinders with non-load-sharing metallic or non-
metallic liners”, published by the International Organization for Standardization 
(ISO), cited in the rest of this certificate as ISO 11119-3:2002; 

 
(ab) each tube was manufactured by Hexagon Lincoln, Inc.,  
5117 N.W. 40th Street or 5150 N.W. 40th Street, Lincoln, Nebraska, U.S.A., in 
accordance with the quality systems manual, the specific procedures, the design 
qualification test reports, and drawings for the part numbers specified in 
Appendix C of this certificate, filed by the certificate holder, with the Executive 
Director, Regulatory Frameworks and International Engagement, Transportation 
of Dangerous Goods Directorate, Transport Canada; 
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CONDITIONS 
 

(ac) despite Clause 3.4 of ISO 11119-3:2002, a batch of non-metallic liners is 
the quantity of liners of the same nominal diameter, length, thickness and 
design, made from the same materials and subjected to the same 
manufacturing process; 

 
(ad) despite Clause 3.5 of ISO 11119-3:2002, a batch of finished tubes is a 
production quantity of up to 200 finished tubes serially produced (plus finished 
tubes required for destructive testing) or 12 months of production, whichever 
occurs first, of the same nominal diameter, length, thickness, wrapping pattern, 
and design; 
 
(ae) each tube consists of a plastic liner wrapped with resin-impregnated 
carbon fibre filament windings in both longitudinal and circumferential directions 
and an optional outer layer of polyurethane paint. An end boss is integrally 
molded into the pole of each end of the liner to provide interface for connecting 
the tube to the gas system and for mounting to the framework; 
 
(af) subject to conditions (ag) and (ah) of this certificate, the plastic liner is 
made from a high-density polyethylene (HDPE) copolymer and is an assembly 
of two injection molded domes and an extruded pipe joined together at two 
places by butt fusion welding copolymer. The wall thickness of each assembly 
shall be specified in the design qualification test reports filed by the certificate 
holder, with the Executive Director, Regulatory Frameworks and International 
Engagement, Transportation of Dangerous Goods Directorate, Transport 
Canada; 
 
(ag) the yield strength and the ultimate elongation of each batch of the plastic 
liner material is determined at –50°C in accordance with International Standard  
ISO 527-2:1993, “Plastics – Determination of tensile properties – Part 2: Test 
conditions for moulding and extrusion plastics” (incorporating Technical 
Corrigendum 1:1994), published by the International Organization for 
Standardization (ISO). The minimum yield strength is 20.7 MPa and the 
ultimate elongation is 5%. A material certificate of conformance from the plastic 
manufacturer is deemed acceptable; 
 
(ah) the softening temperature of each batch of the plastic liner material is 
determined in accordance with International Standard ISO 306:2004, “Plastics 
– Thermoplastic materials – Determination of Vicat softening temperature 
(VST), published by the International Organization for Standardization (ISO),  
and is at least 105°C. A material certificate of conformance from the plastic 
manufacturer is deemed acceptable; 
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CONDITIONS 
 

(ai) each tube has a working (service) pressure of 25.0 MPa;  
 

(aj) an optional protective coating of paint is applied to the external surface of 
each tube; 

 
(ak) inspections and verifications are in accordance with the requirements of 
ISO 11119-3:2002 and carried out by an Independent Inspector registered with 
Transport Canada in accordance with Clause 25.4 of CSA Standard B339-08, 
“Cylinders, spheres, and tubes for the transportation of dangerous goods”, 
March 2008, cited in the rest of this certificate as CSA B339-08. In addition, the 
Independent Inspector: 

 
(i) performs, verifies, or witnesses the burst test, the high velocity impact 

(gunfire) test, the fire resistance test, the torque test, and the additional 
design qualification tests specified in Appendix A of this certificate,  

 
(ii) for each new tube design, prepares a report that includes, as a minimum, 

all information shown in Annex A of ISO 11119-3:2002, and 
 
(iii) for each tube batch, prepares a report that includes, as a minimum, all 

information shown in Annex B of ISO 11119-3:2002.  The reports are 
retained by the manufacturer and by the Independent Inspector for the 
service life of the tubes; 

 
(al) despite Clause 8.2.1 and 8.2.2 of ISO 11119-3:2002, a sufficient number of 
tubes shall be made available to complete the prototype testing or testing of 
the design variant; 
 
(am) unless otherwise specified in this certificate, the prototype tubes shall be 
full-scale tubes representative of the new design; 

 
(an) despite Table 2 referenced in Clause 8.2.3, 8.2.8, and 8.4.4 of  
ISO 11119-3:2002, Table 1 of Appendix B of this certificate is used for 
determining the level of reduced testing for design variants; 
 
(ao) as an alternative to the requirements specified in Clause 8.5.1 or 8.5.2 of 
ISO 11119-3:2002, the hydraulic volumetric expansion test is performed in 
accordance with Hexagon Lincoln, Inc.’s documented proof test procedure that 
has been approved and release within their ISO 9001 Quality Management 
System and in accordance with the following conditions: 
 

(i) the test pressure is maintained for at least 30 s without leakage or burst, 

SPEC 12005, Rev C TC Equivalency Certificate ECN # 35202



Page 8 of 24 

Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 
 
(ii) the expansion at test pressure is determined by measuring total axial 

growth and the total diameter growth in 2 places using strain gauge, 

 
(iii) the expansion per 6.9 MPa during testing does not exceed 0.162% for 

diameter and 0.123% for length, and 
 
(iv) the test may be repeated if the test pressure cannot be maintained due to 

failure of the test apparatus; 
 
(ap) despite Clause 8.5.3 of ISO 11119-3:2002, the burst test is performed as 
follows: 
 

(i) two representative tubes are tested hydrostatically to destruction by 
pressurizing at a rate not exceeding 14 bar/s at pressures in excess of 
80% of the minimum design burst pressure, 

 

(ii) if the rate of pressurization at pressures in excess of 80% of the minimum 
design burst pressure exceeds 3.5 bar/s, then either the tube is placed 
schematically between the pressure source and the pressure 
measurement device, or there is a 5 s hold at the minimum design burst 
pressure,  

 

(iii) the burst pressure is a least 1.6 times the test pressure; 

 
(aq) the ambient cycle test is performed in accordance with Clause 8.5.4 of  
ISO 11119-3:2002, except as follows: 
 

(i) two representative tubes are pressure-cycled, 
 

(ii) one shorter tube may be used as an alternative to a full-scale tube.  The 
shorter tube is manufactured with the same process, materials, wrapping 
pattern, has the same nominal outside diameter as the full-scale 
production tube, and has a length-to-diameter ratio not less  
than 2.5, 

 

(iii) the upper cyclic pressure is at least equal to 130% of the service 
pressure, 

 

(iv) the design life is 20 years, 
 

(v) the cylinders withstand a number of cycles equal to 750 times the design 
life without leakage, 

 

SPEC 12005, Rev C TC Equivalency Certificate ECN # 35202



Page 9 of 24 

Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 
 

(vi) the cylinders continue cycling until leakage occurs or after reaching a total 
number of cycles equal to 2250 times the design life, and 

 

(vii) failure occurs by leakage and not by burst; 

 
(ar) the vacuum test specified in Clause 8.5.5 of ISO 11119-3:2002 is not 
required; 
 
(as) the environmental cycle test is performed in accordance with Clause 8.5.6 
of ISO 11119-3:2002, except as follows: 
 

(i) a shorter tube with smaller diameter may be used as an alternative to a 
full-scale tube. The shorter tube shall be manufactured with the same 
process, materials, wrapping pattern, shall have the same stress level as 
the full-scale production tube at test pressure, and shall have a length-to-
diameter ratio not less than 2.5; 

 
(at) despite Clause 8.5.7 of ISO 11119-3:2002, a finished prototype tube is 
subjected to a high temperature creep test in accordance with section 2 of 
Appendix A of this certificate; 

 
(au) one representative tube is subjected to the flaw test in accordance with 
Clause 8.5.8 of ISO 11119-3:2002, except as follows: 
 

(i) a shorter tube may be used as an alternative to a full-scale tube. The 
shorter tube is manufactured with the same process, materials, wrapping 
pattern, has the same nominal outside diameter as the full-scale 
production tube, and has a length-to-diameter ratio not less than 2.5, 

 
(ii) the tube is subjected to the ambient cycle test specified in Clause 8.5.4 of 

ISO 11119-3:2002, but the upper cyclic pressure is the working pressure 
and the test is suspended after 5000 cycles if the tube has not failed, and 

 
(iii) the tube does not leak or rupture within the first 3000 cycles, but may fail 

by leakage during the remainder of the cycles; 
 

(av) the drop test specified in Clause 8.5.9 of ISO 11119-3:2002 is not 
required. However, any tube that is dropped from a height greater than 0.6 m 
during the manufacturing process or prior to assembly within the framework 
shall be condemned; 
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CONDITIONS 
 
(aw) one representative tube is subjected to the high velocity impact (gunfire) 
test in accordance with Clause 8.5.10 of ISO 11119-1:2002, except as follows: 

 
(i) a shorter tube may be used as an alternative to a full-scale tube. The shorter 

tube is manufactured with the same process, materials, wrapping pattern, 
has the same nominal outside diameter as the full-scale production tube, 
and has a length-to-diameter ratio not less than 2.5, 

 
(ii) the armour-piercing bullet has a diameter of 7.62 mm or greater, and 
 
(iii) if there is no penetration of the wall, additional bullets may be shot at the 

same point until penetrated; 
 
(ax) as an alternative to the fire resistance test specified in Clause 8.5.11 of 
ISO 11119-3:2002, one representative container consisting of a quantity of 
tubes containing the maximum quantity of gas to be vented per single 
pressure-relief manifold within the container design is subjected to a bonfire 
test specified in section 1 of Appendix A of this certificate;   
 
(ay) as an alternative to the permeability test specified in Clause 8.5.12 of  
ISO 11119-3:2002, one representative tube is subjected to a permeability test 
as follows: 
 

(i) a shorter tube with a smaller diameter may be used as an alternative to a 
full-scale tube if differences in liner thickness and diameter have been 
accounted for by calculation, 

 
(ii) the tube is filled with the intended lading or suitable trace gas to working 

pressure, placed in an enclosed sealed chamber at ambient temperature, 
and monitored for permeation for 500 h, 

 
(iii) the measured permeation rate is reported. If a trace gas is used, 

correlation between the trace gas and intended lading is provided, and 
 
(iv) the permeation rate is less than or equal to 0.25 ml of natural gas per hour 

per litre water capacity of the tube or less than the equivalent of 2 ml of 
hydrogen gas per hour per litre water capacity of the tube; 

SPEC 12005, Rev C TC Equivalency Certificate ECN # 35202



Page 11 of 24 

Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

CONDITIONS 
 
(az) as an alternative to the torque test specified in Clause 8.5.13 of  
ISO 11119-3:2002, one representative tube is subjected to a torque test as 
follows: 
 

(i) a shorter tube may be used as an alternative to a full-scale tube. The 
shorter tube is manufactured with the same process, materials, wrapping 
pattern, has the same nominal outside diameter as the full-scale 
production tube, and has a length-to-diameter ratio not less than 2.5, 

 
(ii) the body of the tube is restrained against rotation and a torque of twice 

the valve or PRD installation torque specified by the certificate holder is 
applied to each end boss of the tube. The torque is applied first in the 
direction of tightening a threaded connection, then in the untightening 
direction, and finally again in the tightening direction, 

 
(iii) there is no visible damage to any combination of the boss, liner, and 

composite interfaces, 
 
(iv) the tube is then subjected to a leak test where it is pressurized 

hydraulically to the working pressure for at least 15 minutes and examined 
for leakage in accordance with Hexagon Lincoln, Inc.’s documented proof 
test procedure that has been approved and release within their ISO 9001 
Quality Management System; 

 
(ba) the saltwater immersion test specified in Clause 8.5.14 of ISO 11119-3:2002 
is not required; 
 
(bb) as an alternative to the leak test specified in Clause 8.5.15 of  
ISO 11119-3:2002, the leak test is performed in accordance with Hexagon 
Lincoln, Inc.’s documented proof test procedure that has been approved and 
release within their ISO 9001 Quality Management System and the following: 

 
(i) the tubes are pressurized hydraulically to working pressure, 
 
(ii) the tubes are held at working pressure for at least 15 minutes and 

examined for signs of leakage, and 
 
(iii) tubes showing evidence of leakage are rejected; 
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CONDITIONS 
 
(bc) instead of the pneumatic cycle test specified in Clause 8.5.16 of  
ISO 11119-3:2002, a finished prototype tube is subjected to a gas cycling and 
blowdown test in accordance with section 3 of Appendix A of this certificate; 
 
(bd) a finished prototype tube is subjected to an environmental fluids test in 
accordance with section 4 of Appendix A of this certificate; 

 
(be) a finished prototype is subjected to an accelerated stress rupture test as 
specified in section 5 of Appendix A of this certificate; 
 
(bf) two finished prototype tubes are subjected a leak-before-burst (LBB) test 
as specified in section 6 of Appendix A of this certificate; 

 
(bg) the resin system is tested on sample coupons representative of the 
composite overwrap, in accordance with International Standard  
ISO 14130:1997, “Fibre-reinforced plastic composites – Determination of 
apparent interlaminar shear strength by short-beam method“, or an equivalent 
standard.  Following 24 hour boiling in water the composite shall have a 
minimum shear strength of 13.8 MPa; 

 
(bh) the glass transition temperature of the resin material is determined in 
accordance with ASTM D 3418-08, “Standard Test Method for Transition 
Temperatures and Enthalpies of Fusion and Crystallization of Polymers by 
Differential Scanning Calorimetry” and is greater than 104°C; 
 
(bi) despite Clause 9.4.4 of ISO 11119-3:2002, each completed tube is 
subjected to a hydraulic volumetric expansion test in accordance with  
condition (an) of this certificate; 

 
(bj) despite Clause 9.4.5 of ISO 11119-3:2002, an ambient cycle test is 
performed on one finished tube from each production quantity of up to 1000 
finished tubes serially produced or one year of production, whichever occurs 
first, in accordance with condition (aq) of this certificate, except as follows: 
 

(i) a shorter tube may be used as an alternative to a full-scale tube. The 
shorter tube is manufactured with the same process, materials, wrapping 
pattern, has the same nominal outside diameter as the full-scale 
production tube, and has a length-to-diameter ratio not less than 2.5; 
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CONDITIONS 
 

(bk) each tube is permanently marked in accordance with Clause 4.17 of  
CSA B339-08, except the Transport Canada mark, the specification 
designation and the service pressure are replaced with “TC-SU 9806” followed 
by the service pressure expressed in bar. In addition to these marks, each tube 
must be permanently and legibly marked with: 

 
(i) the text “WARNING – THIS TUBE MUST NOT BE USED IN VACUUM 

SERVICE” or “WARNING – 7 BAR (100 PSIG) MUST BE MAINTAINED 
IN TUBE WHILE IN SERVICE AND DURING UNLOADING 
OPERATIONS”, and 

 
(ii) the text “tube service life expires 15 years from date of manufacture”, 
 

The size of the marks must be not less than 12 mm in height; 
 

(bl) each tube is requalified at least every five years in accordance with the 
Hexagon Lincoln, Inc.’s Service Bulletin 14-02-005, except as follows: 

 
(i) the requalification is performed by a facility registered pursuant to 

Clause 25.3 of CSA B339-08, 
 
(ii) each tube is subjected to a proof pressure test in accordance with 

CGA C-1-2006, “Methods for Hydrostatic Testing of Compressed Gas 
Cylinders”, Ninth Edition, 2006, published by the Compressed Gas 
Association, Inc., and is also visually inspected both internally, inasmuch 
as the size of the openings permit, and externally. The test pressure shall 
be held for at least 3 minutes, 

 
(iii) a requalification marking is applied in accordance with Clause 24.6.3 of 

CSA B339-08. The marking is applied on a label securely affixed to the 
dome of the tube and overcoated with epoxy or polyurethane. Stamping of 
any part of the tube is prohibited, and 

 
(iv) the requalification report is kept for the service life of the tube. The report 

shall include, as a minimum, the inspection results for each type of damage 
described in Hexagon Lincoln, Inc.’s Service Bulletin 14-02-005. The owner 
of the tube and the person who prepared the report shall each keep a copy 
of the report for the service life of the tube;   
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CONDITIONS 
 

(bm) the certificate holder, tube owner, or user reports any incident involving 
loss of contents or failure of the tubes to the Executive Director, Regulatory 
Frameworks and International Engagement, Transportation of Dangerous 
Goods Directorate, Transport Canada;  

 
(bn) before the expiry date of this certificate, the certificate holder reports a 
summary of the tube manufacturing and performance experience to the 
Executive Director, Regulatory Frameworks and International Engagement, 
Transportation of Dangerous Goods Directorate, Transport Canada; and 

 

(bo) each side of the means of containment as well as the rear cabinet of the 
means of containment is marked with the letters and numbers “TC-SU 9806” 
that are of a colour contrasting with the background and not less than 50 mm in 
height. 

 

Note:  The issuance of this Equivalency Certificate in no way reduces the 

certificate holder's responsibility to comply with any other requirements of 

the Transportation of Dangerous Goods Regulations, the Technical 

Instructions for the Safe Transportation of Dangerous Goods by Air, the 

International Maritime Dangerous Goods Code, and the Canadian Aviation 

Regulations not specifically addressed in this certificate. 
 

Signature of Issuing Authority  
 
 

______________________________ 
David Lamarche P. Eng., ing. 

Chief 
Approvals and Special Regulatory Projects 
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(The following is for information purposes only and is not part of the certificate.) 
 
 

Contact Person:  Norman L. Newhouse 
    Vice President, Technology 
    Hexagon Lincoln Inc. 
    5117 N.W. 40th Street 
    Lincoln, Nebraska  68524 
    U.S.A. 
 

Telephone:   402-470-5035 

Facsimile:   402-470-0019 

E-mail:   norman.newhouse@hexagonlincoln.com 

 

 

 

Explanatory Note 
 
This Equivalency Certificate authorizes the handling, offering for transport and 
transport of tubes in a manner that does not comply with Part 5 of the 
Transportation of Dangerous Goods Regulations. The tubes are interconnected 
by a manifold and assembled within a framework. Such an assembly of tubes is 
typically known as a multiple-element gas container. The certificate holder has 
demonstrated that when used and tested under the stipulated conditions, the 
tubes could be used with an equivalent level of safety. 
 
An extension of the tube service life up to a maximum of 20 years might be 
considered upon the submission by the certificate holder, (i.e. the cylinder 
manufacturer) of supporting data and test reports pertaining to these tubes from 
the time of manufacture and from the time in service. 
 
 
 
 
 
 
 
 

Legend for Certificate Number 
 
SH - Road, SR - Rail, SA - Air, SM - Marine 
SU - More than one Mode of Transport   
Ren. – Renewal 
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NOTE 
 
Under Canadian Law, a foreign manufacturer of non-specification means of 
containment cannot be charged with an offence under the Transportation of 
Dangerous Goods Act, 1992 for failure to comply with the conditions of an 
Equivalency Certificate. However, certain remedies under the Act are available to 
Transport Canada in this eventuality. 
 
These include: 
 

1. detention of dangerous goods and consequently the means of containment 
containing them (subsection 17(1)); 

 
2. detention of the means of containment whether full or empty (subsection 17(1)); 

 
3. directions not to import the means of containment or to return them to origin  
(subsection 17(3)); 

 
4. inspectors’ directions (section 19); 

 
5. directions to importers of the means of containment to issue notices of 
defective construction or recall (subsection 9(2)); and 

 
6. revocation of the equivalency certificate, thereby making any use of the 
means of containment an offence (subsection 31(6)). 

 
 
If none of the foregoing are adequate, Protective Directions may be issued to 
prohibit or to control the use of the means of containment (section 32). 
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APPENDIX A 

 

Prototype Tests 

 

1.  Bonfire Test 
 
1.1  General 
 
The bonfire test shall be designed to demonstrate that finished tubes while 
mounted within their transport framework, and complete with the fire protection 
system (tube valves, pressure relief devices and/or integral thermal insulation) 
specified in the design, will prevent the rupture of the tubes when tested under 
the specified fire conditions. 
 
Precautions shall be taken during fire testing in the event that tube rupture 
occurs. 
 
1.2  Tube set-up 
 
One representative container consisting of a quantity of tubes containing the 
maximum quantity of gas to be vented per single pressure-relief manifold within 
the container design shall be placed on a support structure approximately 
300 mm above the fire source. 
 
Metallic shielding shall be used to prevent direct flame impingement on tube 
valves, fittings, and/or pressure relief devices. The metallic shielding shall not be 
in direct contact with the specified fire protection system (pressure relief devices 
or tube valves). 
 
Any failure during the test of a valve, fitting or tubing that is not part of the 
intended protection system for the design shall invalidate the result. 
 
1.3  Fire source 
 
A uniform fire source of at least 0.6 m in length shall provide direct flame 
impingement on the tube or transport container surface.  
 
Any fuel may be used for the fire source provided it supplies uniform heat 
sufficient to maintain the specified tube temperatures until the tubes are vented. 
The selection of a fuel should take into consideration air pollution concerns. The 
arrangement of the fire shall be recorded in sufficient detail to ensure that the 
rate of heat input to the tubes is reproducible. 
 
Any failure or inconsistency of the fire source during a test shall invalidate the 
result. 
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APPENDIX A 

 

Prototype Tests (cont’d) 
 
1.4  Temperature and pressure measurements 
 
Surface temperatures shall be monitored by at least three thermocouples located 
along the bottom of the tubes and spaced not more than 0.75 m apart. 
 
Thermocouple temperatures and the tube pressures shall be recorded at 
intervals of every 30 seconds or less during the test. 
 
1.5  General test requirements 
 
The tubes shall be pressurized to working pressure with the intended lading or 
compressed nitrogen. 
 
Within 5 minutes of ignition the temperature at least one thermocouple shall 
indicate a temperature ≥590°C. This minimum temperature shall be maintained 
for the remainder of the test. 
 
The centre of the tube assembly shall be positioned over the centre of the fire 
source. 
 
1.6  Acceptable results 
 
Each tube shall completely vent through a pressure-relief device, and without 
rupturing. 
 

2. High Temperature Creep test 
 
2.1 Procedure 
 
One finished tube shall be tested as follows: 
 
A shorter tube with smaller diameter may be used as an alternative to a full-scale 
tube. The shorter tube shall be manufactured with the same process, materials, 
general wrapping pattern, shall have the same stress level as the full-scale 
production tube at test pressure, and shall have a length-to-diameter ratio not 
less than 2.5. The tube shall be pressurized to test pressure and held at a 
temperature of 100°C for not less than 200 hours. 
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APPENDIX A 

 

Prototype Tests (cont’d) 

 
2.2 Acceptable Results 
 
Following the test procedure, the tube shall meet the requirements of the 
hydraulic volumetric expansion test (condition (an)), the leak test (condition (ba)) 
and the burst test (condition (ao)) specified in this certificate. 
 

3. Gas Cycling and Blow Down Test 
 
3.1  Procedure 
 
One finished tube shall be cycle tested as follows: 
 

a) a shorter tube may be used as an alternative to a full-scale tube. The 
shorter tube shall be manufactured with the same process, materials, 
wrapping pattern, shall have the same nominal outside diameter as the 
full-scale production tube, and shall have a length-to-diameter ratio not 
less than 2.5, 

b) the tube shall be filled with a non-corrosive fluid such as oil, inhibited 
water or glycol, 

c) the pressure in the tube shall be cycled for 1000 cycles, between 10% of 
service pressure and service pressure. Pressurization shall be performed 
at a maximum rate of 10 cycles per minute, 

d) the pressure shall be released, the fluid shall be drained, and the interior 
of the tube shall be dried, 

e) the pressure in the tube shall be cycled for 5 cycles, between 10% of 
service pressure and service pressure, with air, nitrogen, or the intended 
lading. During each cycle, the pressure shall be held at the upper cyclic 
pressure for at least 2 hours, 

f) following the high pressure hold of the final cycle, the gas shall be 
released freely to the atmosphere, and 

g) the cylinder shall then be subjected to a leak test. 
 
3.2  Acceptable results 
 
Following the above test sequence, the tube shall be sectioned and the liner and 
liner/end boss interface shall be inspected and not show evidence of any 
deterioration, such as fatigue cracking or electrostatic discharge. 
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Prototype Tests (cont’d) 

 

4. Environmental Fluids Test 

 
4.1 Container Set-Up and Preparation 
 
A shorter tube with smaller diameter may be used as an alternative to a full-scale 
tube. The shorter tube shall be manufactured with the same process, materials, 
general wrapping pattern, shall have the same stress level as the full-scale 
production tube at test pressure, and shall have a length-to-diameter ratio not 
less than 2.5. 
 
One tube shall be tested, including coating if applicable. The upper section of the 
tube shall be divided into five distinct areas and marked for pendulum impact 
preconditioning and fluid exposure. The areas shall be nominally 100 mm (4 in.) 
in diameter. The areas may not be oriented along a single line, but shall not 
overlap. Although preconditioning and other fluid exposure is performed on the 
cylindrical section of the tube, all of the tube, including the domed sections, shall 
be as resistant to the exposure environments as the exposed areas. 

 
4.2 Pendulum Impact Preconditioning 
 
The impact body shall be of steel and have the shape of a pyramid with 
equilateral triangle faces and a square base, the summit and the edges being 
rounded to a radius of 3 mm (0.12 in.). The center of percussion of the pendulum 
shall coincide with the center of gravity of the pyramid; its distance from the axis 
of rotation of the pendulum shall be 1000 mm (39.37 in.). The total mass of the 
pendulum referred to its center of percussion shall be 15 kg (33 lbs.). The energy 
of the pendulum at the moment of impact shall be not less than 30 Nm 
(22.1 ft-lb) and as close to that value as possible. During pendulum impact, the 
tube shall be held in position by the end bosses. Each of the five areas shall be 
preconditioned by impact of the pendulum body summit at the center of the area. 
The tube shall be unpressurized during preconditioning. 

 
 

4.3 Environmental Fluids for Exposure 
 
Each marked area shall be exposed to one of five solutions.   
 
The five solutions are:  
 

Sulfuric acid - 19 percent solution by volume in water. 
 

SPEC 12005, Rev C TC Equivalency Certificate ECN # 35202



Page 21 of 24 

Equivalency Certificate 

(Approval issued by the competent authority of Canada) 

SU 9806 (Ren. 2) 

 

APPENDIX A 

 

Prototype Tests (cont’d) 
 

Sodium hydroxide - 25 percent solution by weight in water. 
 
Methanol/gasoline - 5/95 percent concentration of M5 fuel meeting the 
requirements of ASTM D4814, Standard Specification for Automotive Spark-
Ignition Engine Fuel. 
 
Ammonium nitrate - 28 percent by weight in water. 
 
Windshield washer fluid (50 percent by volume solution of methyl alcohol and 
water). 
 

When exposed, the test sample shall be oriented with the exposure area 
uppermost. A pad of glass wool approximately 0.5 mm (1/64 in.) thick and 
between 90 and 100 mm (3.5 and 4.0 in.) in diameter shall be placed on the 
exposure area. A sufficient amount of the test fluid shall be applied to the glass 
wool to ensure that the pad is wetted evenly across its surface and through its 
thickness for the duration of the test, and to ensure that the concentration of the 
fluid is not changed significantly during the duration of the test.  

 
4.4  Pressure Cycle and Pressure Hold 
 
The tube shall be hydraulically pressure cycled between less than or equal to  
10 percent of service pressure and 130 percent of service pressure for a total of 
3000 cycles. The maximum pressurization rate shall be 27.5 bar (400 psi) per 
second. After pressure cycling, the tube shall be pressurized to 130 percent of 
service pressure, and held at that pressure a minimum of 24 hours and until the 
elapsed exposure time (pressure cycling and pressure hold) to the environmental 
fluids equals 48 hours. 

 
4.5  Acceptable Results 
 
Following the above test sequence, the residual burst strength of the tube shall 
be no less than 1.8 times the service pressure when tested in accordance with 
condition (ap) of this certificate. 
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Prototype Tests (cont’d) 
 

5.  Accelerated Stress Rupture Test 
 

5.1 Procedure 
 

One finished tube shall be tested as follows: 
 

A shorter tube with smaller diameter may be used as an alternative to a full-scale 
tube. The shorter tube shall be manufactured with the same process, materials, 
general wrapping pattern, shall have the same stress level as the full-scale 
production tube at test pressure, and shall have a length-to-diameter ratio not 
less than 2.5. 
 

The tube shall be hydrostatically pressurized to test pressure and held at 65°C. 
 

The tube shall be held at this pressure and temperature for 1000 h. The tube 
shall then be pressurized to burst in accordance with condition (ap) of this 
certificate. 
 

5.2 Acceptable Results 
 

The burst pressure shall exceed 85% of the minimum design burst pressure. 
 

6.  Leak-Before-Burst (LBB) Test 
 

6.1 Procedure 
 

Two finished tubes shall be tested as follows: 
 

A shorter tube may be used as an alternative to a full-scale tube. The shorter 
tube shall be manufactured with the same process, materials, wrapping pattern, 
shall have the same stress level as the full-scale production tube at test 
pressure, and shall have a length-to-diameter ratio not less than 2.5. 
 

The tubes shall be filled with a non-corrosive fluid and subjected to successive 
reversals between 2.5 MPa and 37.5 MPa at a rate not exceeding 10 cycles 
per minute. 
 

The number of cycles to failure shall be reported, along with the description of 
the failure initiation. 
 

6.2 Acceptable Results 
 

The tubes shall either fail by leakage or exceed three times the design number of 
filling cycles (45000 cycles). 
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Table 1: Design Qualification Tests 
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Notes 
1. For a new design of a cylinder with water volume larger than 450 L, a minimum of 1 cylinder 

may be used for each design change. For a change of boss-liner interface column, a leak 
check of the liner interface would be accepted. The pneumatic cycle test is not required if the 
boss-liner interface does not change. 

a. Where the design variant’s burst pressure to test pressure ratio is over 20% greater 
than the same ratio for the approved design. 

b. When length increases up to 50% and/or diameter increases up to 20%, Bonfire test 
may not be required if the volume stays the same or decreases and the same PRD 
system is used. 

2. Test to be conducted for reduction in diameter only. 
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Container and Tube Part Numbers 
 

240253-006 
240253-007 
240253-008 

240140-0101 (Titan™ tank) 
240140-0401  

240245 (SmartStore™ Container) 
240251 (Titan® XL40 Trailer) 
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1 Introduction 

Hydrogen gas cycle testing of Titan tanks was performed by Powertech Labs Inc. at the request of 

Hexagon Lincoln.  The test was conducted on two Titan tanks that were instrumented with pressure 

sensors, internal temperature sensors, and internal cameras.  An additional four Titan tanks assembled 

as a module were used as hydrogen gas accumulators during each transfer cycle. 

A total of four gas cycles per Titan tank were completed for a total of eight transfers.  Hydrogen sensors 

monitored the dome areas for leakage during the transfers followed by a hands‐on inspection at the 

completion of each cycle.  

2 Test Setup 

A dedicated hydrogen gas cycle system was designed and configured for the purposes of this test.  The 

test setup was comprised of six Titan tanks per the arrangement shown in Figure 1.  Titan #1 and #2 

were the two test tanks.  Titan #3 through #6 were the accumulator storage tanks.  

 
Figure 1 – Titan Test Schematic 

The two test tanks were supported on custom mounting cradles with an ultra‐high‐molecular‐weight 

(UHMW) polyethylene layer to allow the tanks to expand and contract during cycling as shown in Figure 

2. 
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Figure 2 – Test Tanks Supported on Cradles 

 

All of the tanks where connected to pressure transducers at the inlet fittings to monitor tank pressure 

throughout the test.  Titan #1 and #2 also were equipped with internal thermocouples and cameras 

provided by Hexagon Lincoln as shown in Figure 3 and Figure 4.  The two test tanks also had hydrogen 

detectors installed on each end near the end boss connections.   

 

 
Figure 3 – Thermocouples and Cameras for Test Tanks 
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Figure 4 – End Fittings with Cameras installed in Titan #1 

 

The tanks were connected with ¾” stainless steel tubing.  Two actuated ball valves were installed on 

each test tank (one for fueling and one for defueling) as shown in Figure 5.  Manual ball valves were 

installed on the Titan module as shown in Figure 6. 

 

 
Figure 5 – Test Titans connected with Actuated Valves 
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Figure 6 – Test Titans connected to Module 

 

All of the six Titans were purged with nitrogen then filled with hydrogen to the initial condition of 25 

barg (lower pressure bound).  Hydrogen was then compressed into Titan #1 to 250 barg (upper pressure 

bound). 

3 Test Procedures and Conditions 

The following test procedure was performed: 

1) All tanks were set to initial conditions as follows: 
a. Titan #1: 250 barg  
b. Titan #2: 25 barg 
c. Titan Module (Titans #3/#4/#5/#6): 25 barg 

 
2) Titan #1 was subjected to a pressure hold at 250 barg (upper pressure bound) for a minimum 3 

days before the first transfer. 
  

3) Hydrogen gas was depressurized from Titan #1 into Titan #2, then Titan #3, then Titan #4, Titan 
#5 and finally into Titan #6. Once equalized, with Titan #6, the remaining pressure in Titan #1 
was released through a vent stack until the pressure had been reduced to 25 barg.  The overall 
time to depressurize to 25 barg was to be less than 1 hour regardless of internal gas 
temperature in the test tank. 
 

4) During the transfer period, the hydrogen gas detectors were monitored for any sign of leakage 
from the end fittings or dome region of the test tanks. 
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5) Following the transfer, the test tanks were inspected with a handheld hydrogen detector and/or 
Snoop solution. 
 

6) The compressor was operated to compress hydrogen into Titan #2 from the gas stored in the 
Titan Module (Titan #3, #4, #5, and #6). 
 

7) Titan #2 was then subjected to a pressure hold at 250 barg (upper pressure bound) for a 
minimum 3 days.  
 

8) Hydrogen gas was depressurized from Titan #2 into Titan #1, then Titan #3, then Titan #4, Titan 
#5 and finally into Titan #6. Once equalized, with Titan #6, the remaining pressure in Titan #2 
was released through a vent stack until the pressure had been reduced to 25 barg.  The overall 
time to depressurize to 25 barg was to be less than 1 hour regardless of internal gas 
temperature in the test tank. 
 

9) Steps 2 to 8 were repeated for a total of 4 pressure cycles each on Titan #1 and Titan #2 (8 total 
transfers) as shown in Table 1. 

 
Table 1 – Transfer Sequence Summary 

Transfer #  Titan #1 Initial Pressure  Titan #2 Initial Pressure  Cycle # 

1  250  25 
1 

2  25  250 

3  250  25 
2 

4  25  250 

5  250  25 
3 

6  25  250 

7  250  25 
4 

8  25  250 

 
10) When all transfers were complete, Titan #1 and Titan #2 were vented and purged with nitrogen 

for the return shipment. 

4 Test Results 

4.1 Transfer 1, Titan #1 to Titan #2 

The first transfer was performed by defueling Titan #1.  The initial starting pressure was 256 barg and 

the total depressurization time to 25 barg was 30 minutes.  While defueling Titan #1 into Titan #2, the 

flow was paused multiple times as the temperature in Titan #2 approached the upper limit rating of 

+85°C.  The gas temperature continued to rise above +85°C after the stoppage in flow reaching 

temperatures as high as +120°C. In a post‐Transfer #1 discussion with Hexagon Lincoln, it was 

determined that future transfers should require the pauses in flow to occur at a lower temperature, 

selected to be +60°C, to ensure temperature peaks occur at +85±5°C. The coldest temperature recorded 
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in Titan #1 was ‐55°C near the end of the transfer.  The data for this transfer is shown in Figure 7 and 

Figure 8. 

 

 
Figure 7 – Transfer 1, Data Summary 
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Figure 8 – Transfer 1, Pressure Data 

During the transfer, the internal cameras were recording activity and monitoring for buckling within the 

test tanks.  Camera 1 (inside Titan #1) was monitoring the defuel and Camera 2 (inside Titan #2) was 

monitoring fueling.  As the hydrogen gas was flowing from Titan #1, the internal temperatures started to 

drop and moisture in the tank began to form a cloud formation.  Figure 9 through Figure 15 show the 

various states of the cloud formation throughout the transfer period.  Approximately halfway through 

the transfer period, the internal temperatures became cold enough for the Camera 1 to stop working as 

shown in Figure 16.  This camera remained off for the remainder of the transfer.  During the settling 

period following the transfer, as the internal temperatures warmed, the camera started to function 

again and revealed no issues with the liner. 
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Figure 9 – Camera 1, Titan 1, Start of Transfer 1 

 
Figure 10 – Camera 1, Titan 1 during Transfer 1 
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g  
Figure 11 ‐ Camera 1, Titan 1 during Transfer 1 

 
Figure 12 ‐ Camera 1, Titan 1 during Transfer 1 

 
Figure 13 ‐ Camera 1, Titan 1 during Transfer 1 
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Figure 14 ‐ Camera 1, Titan 1 during Transfer 1 

 
Figure 15 ‐ Camera 1, Titan 1 during Transfer 1 

 
Figure 16 ‐ Camera 1, Titan 1 during Transfer 1 – Camera failing 
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Camera 2 monitored the inside of Titan #2 as shown in Figure 17.  As Titan #2 was being filled, the 

internal temperatures reached the upper limit of +85°C and though the flow was paused at that point, 

the temperature continued to increase.  As the camera heated with the warm gas, the picture went dark 

as shown in Figure 18, then ultimately failed and went completely black for the remainder of the 

transfer.  The wiring connections were checked but Camera 2 remained non‐operational for the 

remainder of the test cycles. It is believed that the high temperature peaks seen in Titan #2 contributed 

to the failure of the camera. As previously outlined, measures to keep the high temperature peak within 

typical service conditions were put in place for the remaining cycles.  

 

 
Figure 17 ‐ Camera 2, Titan 2 during Transfer 1 

 

 
Figure 18 – Camera 2, Titan 2 just before failure 

In addition to the internal cameras, Camera 3 (IR video) monitored the temperature profile during the 

transfer.  The thermal image shows Titan #1 becoming cold while defueling and Titan #2 becoming hot 

as it was filled as shown in Figure 19 to Figure 21.  Camera 4 was a standard video camera that captured 
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the expansion of Titan #2 and the contraction of Titan #1 (Figure 22).  This expansion/contraction is best 

viewed by fast forwarding or “skipping” through the video footage. 

 
Figure 19 – Camera 3, Transfer 1 (start of transfer) 

 
Figure 20 – Camera 3, Transfer 1 (middle of transfer) 
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Figure 21 – Camera 3, Transfer 1 (end of transfer) 

 
Figure 22 – Camera 4, Transfer 1 

During the transfer there was no evidence of any leakage on any of the hydrogen detectors.  There was 

also no leakage noticed when inspecting the tanks following the transfer.   

Titan #2 was then pumped up to 250 barg in preparation for Transfer 2. 

 

4.2 Transfer 2, Titan #2 to Titan #1 

The second transfer was performed by defueling Titan #2.  The initial starting pressure was 254 barg and 

the total depressurization time to 25 barg was 30 minutes.  While defueling Titan #2 into Titan #1, the 

flow was paused multiple times as the temperature in Titan #1 approached the upper limit rating of 

+85°C.  The coldest temperature recorded in Titan #2 was ‐58.9°C near the end of the transfer.  The data 

for this transfer is shown in Figure 23 and Figure 24 
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Figure 23 ‐ Transfer 2, Data Summary 

 
Figure 24 ‐ Transfer 2, Pressure Data 
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Camera 1 monitored Titan #1 as it was being filled as shown in Figure 25.  There was no sign of anything 

abnormal during this transfer.  Camera 4 monitored the expansion/contraction of the test tanks as 

shown in Figure 26. 

 

 

 
Figure 25 – Camera 1, Transfer 2 

 

 
Figure 26 – Camera 4, Transfer 2 

Camera 3 (IR video) monitored the thermal profile during the transfer as shown in Figure 27 to Figure 

29.  The thermal profile was the opposite of Transfer 1 as Titan #2 cooled down during defueling and 

Titan #1 became hot as it was filled. 
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Figure 27 ‐ Camera 3, Transfer 2 (start of transfer) 

 
Figure 28 ‐ Camera 3, Transfer 2 (middle of transfer) 

 
Figure 29 ‐ Camera 3, Transfer 2 (end of transfer) 
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There was no sign of any leakage on the hydrogen detectors during the transfer.  Following the transfer, 

the test tanks were inspected with a handheld detector and Snoop as shown in Figure 30 and Figure 31.  

There were a couple areas showing a small formation of Snoop bubbles.  The handheld detector was 

able to measure 10 – 250 ppm when sniffing right at the bubbling location but dissipated to a negligible 

level when the sensor head was moved approximately 1 cm away from the bubbling locations.  The 

bubbling seemed to disappear within a 30 minute period from the end of the transfer.  

 

 
Figure 30 – Handheld detector after transfer (Titan #2) 

 
Figure 31 – Snoop bubbles after transfer (Titan #2) 

Titan #1 was then pumped up to 250 barg in preparation for Transfer 3. 
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4.3 Transfer 3, Titan #1 to Titan #2 

The third transfer was performed by defueling Titan #1.  The initial starting pressure was 254 barg and 

the total depressurization time to 25 barg was 26 minutes.  While defueling Titan #1 into Titan #2, the 

flow was paused multiple times as the temperature in Titan #2 approached the upper limit rating of 

+85°C.  The coldest temperature recorded in Titan #1 was ‐63°C.  The data for this transfer is shown in 

Figure 32 and Figure 33. 

 

 
Figure 32 ‐ Transfer 3, Data Summary 
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Figure 33 ‐ Transfer 3, Pressure Data 

 

Camera 1 monitored the inside of Titan #1 as it was defueled (Figure 34).  The same cloud formation as 

discovered during Transfer 1 also occurred during this transfer as shown in Figure 35 and Figure 36. 

 
Figure 34 – Camera 1, Transfer 3 (inside Titan #1) 
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Figure 35 – Camera 1, Transfer 3 (during transfer) 

 
Figure 36 – Camera 1, Transfer 3 (during transfer) 

 

Camera 3 (IR video) monitored the thermal profile of Titan #1 from above as it was defueled as shown in 

Figure 37 to Figure 38.  Camera 4 was also installed above the test tanks to monitor for 

expansion/contraction as shown in Figure 39. 

During the transfer there was no evidence of any leakage on any of the hydrogen detectors.  There was 

also no leakage noticed when inspecting the tanks following the transfer.   

Titan #2 was then pumped up to 250 barg in preparation for Transfer 4. 
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Figure 37 – Camera 3, Transfer 3 (start of defuel) 

 
Figure 38 – Camera 3, Transfer 3 (during defuel) 

 
Figure 39 – Camera 4, Transfer 3 
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4.4 Transfer 4, Titan #2 to Titan #1 

The fourth transfer was performed by defueling Titan #2.  The initial starting pressure was 258 barg and 

the total depressurization time to 25 barg was 36.5 minutes.  While defueling Titan #2 into Titan #1, the 

flow was paused multiple times as the temperature in Titan #1 approached the upper limit rating of 

+85°C.  The coldest temperature recorded in Titan #2 was ‐52.4°C near the end of the transfer.  The data 

for this transfer is shown in Figure 40 and Figure 41. 

 

 
Figure 40 ‐ Transfer 4, Data Summary 
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Figure 41 ‐ Transfer 4, Pressure Data 

Camera 1 monitored Titan #1 as it was being filled as shown in Figure 42.  There was no sign of anything 

abnormal during this transfer.   

 
Figure 42, Camera 1, Transfer 4 

Camera 3 (IR video) monitored the thermal profile during the transfer as shown in Figure 43 to Figure 

45.  The thermal profile shows that Titan #2 cooled down during defueling and Titan #1 became hot as it 

was filled. 



                                     Powertech Labs Inc., 12388 – 88th Ave. Surrey, British Columbia, Canada  V3W 7R7 

This report shall not be reproduced, except in full, without the written approval of Powertech Labs Inc. 

Page 26 of 46 

 
Figure 43 ‐ Camera 3, Transfer 4 (start of transfer) 

 
Figure 44 ‐ Camera 3, Transfer 4 (middle of transfer) 

 
Figure 45 ‐ Camera 3, Transfer 4 (end of transfer) 
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Camera 4 monitored the expansion/contraction of the test tanks as shown in Figure 46. 

 
Figure 46 – Camera 4, Transfer 4 

 

Following the equalization of Titan #2 into the module, the remaining pressure was vented to 

atmosphere through the vent stack as shown in Figure 47 until the pressure had reached 25 barg. 

 
Figure 47 – Venting Titan #2 to 25 barg 
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There was no sign of any leakage on the hydrogen detectors during the transfer.  Following the transfer, 

the test tanks were inspected with a handheld detector and Snoop as shown in Figure 48 and Figure 49.  

There were a couple areas showing a small formation of Snoop bubbles on Titan #2 that were similar to 

Transfer 2.  Nothing was detected on Titan #1.  The bubbling seemed to disappear within a 30 minute 

period from the end of the transfer.  

 

 
Figure 48 – Snoop bubble formation on Titan #2 (front) 

 
Figure 49 – Handheld sniffer at Titan #2 (rear dome) 

Titan #1 was then pumped up to 250 barg in preparation for Transfer 5. 
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4.5 Transfer 5, Titan #1 to Titan #1 

The fifth transfer was performed by defueling Titan #1.  The initial starting pressure was 253 barg and 

the total depressurization time to 25 barg was 34 minutes.  While defueling Titan #1 into Titan #2, the 

flow was paused multiple times as the temperature in Titan #2 approached the upper limit rating of 

+85°C.  The coldest temperature recorded in Titan #1 was ‐49.8°C.  The data for this transfer is shown in 

Figure 50 and Figure 51. 

 

 
Figure 50 ‐ Transfer 5, Data Summary 
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Figure 51 ‐ Transfer 5, Pressure Data 

Camera 1 monitored the inside of Titan #1 as it was defueled (Figure 52).  The same cloud formation as 

discovered during Transfer 1 and Transfer 3 also occurred during this transfer as shown in Figure 53. 

 

 
Figure 52 – Camera 1, Transfer 5 (inside Titan #1) 
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Figure 53 ‐ Camera 1, Transfer 5 (inside Titan #1) 

 

For this transfer, Camera 4 was positioned to monitor down the length of the tanks between Titan #1 

and Titan #2 as shown in Figure 54.  

 

 
Figure 54 – Camera 4, Transfer 5 

 

Camera 3 (IR Video) was also located in the same position to monitor the thermal profile as shown in 

Figure 55 and Figure 56.  

Following the transfer, there were no significant leaks detected on either test tank.  Titan #2 was then 

pumped to 250 barg in preparation for Transfer 6. 
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Figure 55 – Camera 3, Transfer 5 (start of transfer) 

 
Figure 56 – Camera 3, Transfer 5 (end of transfer) 

 

4.6 Transfer 6, Titan #2 to Titan #1 

The sixth transfer was performed by defueling Titan #2.  The initial starting pressure was 257 barg and 

the total depressurization time to 25 barg was 28 minutes.  While defueling Titan #2 into Titan #1, the 

flow was paused multiple times as the temperature in Titan #1 approached the upper limit rating of 

+85°C.  The coldest temperature recorded in Titan #2 was ‐59.7 °C.  The data for this transfer is shown in 

Figure 57 and Figure 58. 



                                     Powertech Labs Inc., 12388 – 88th Ave. Surrey, British Columbia, Canada  V3W 7R7 

This report shall not be reproduced, except in full, without the written approval of Powertech Labs Inc. 

Page 33 of 46 

 
Figure 57 – Transfer 6, Data Summary 

 
Figure 58 – Transfer 6, Pressure Data 
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Camera 1 monitored Titan #1 as it was being filled as shown in Figure 59.  There was no sign of anything 

abnormal during this transfer.   

 

 
Figure 59 – Camera 1, Transfer 6 

 

Camera 4 monitored the expansion/contraction of the test tanks as shown in Figure 60. 

 
Figure 60 – Camera 4, Transfer 6 

 

Camera 3 (IR video) monitored the thermal profile during the transfer as shown in Figure 61 to Figure 

63.  The thermal profile shows that Titan #2 cooled down during defueling and Titan #1 became hot as it 

was filled. 
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Figure 61 ‐ Camera 3, Transfer 6 (start of transfer) 

 
Figure 62 ‐ Camera 3, Transfer 6 (middle of transfer) 

 
Figure 63 ‐ Camera 3, Transfer 6 (end of transfer) 
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There was no sign of any leakage on the hydrogen detectors during the transfer.  Following the transfer, 

the test tanks were inspected with a handheld detector and Snoop as shown in Figure 64 through Figure 

67.  There were a few areas showing a small formation of Snoop bubbles.  The handheld detector was 

able to measure a maximum level of 0.6 vol% immediately after the transfer when sniffing right at a 

specific bubbling location.  The measurement dropped to 20‐100 ppm when measuring 1 cm from the 

bubbling location and 0‐20 ppm at a distance of 2 cm.  Over the next few hours, the measurement in the 

1‐2 cm range became negligible (<5 ppm) and remained negligible when the tank was inspected over the 

next few days.  

 

 
Figure 64 – Snoop Bubbles at Titan #2, after Transfer 6 

 
Figure 65 – Handheld detector, Titan #2 immediately after Transfer 6 (0.5 vol%) 
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Figure 66 – Handheld detector, Titan #2 (0 ppm, 1‐2 cm from bubbles) 

 

 
Figure 67 ‐  Snoop bubble formation, Titan #2 (rear) after Transfer 6 
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4.7 Transfer 7, Titan #1 to Titan #2 

The seventh transfer was performed by defueling Titan #1.  The initial starting pressure was 253 barg 

and the total depressurization time to 25 barg was 27 minutes.  While defueling Titan #1 into Titan #2, 

the flow was paused multiple times as the temperature in Titan #2 approached the upper limit rating of 

+85°C.  The coldest temperature recorded in Titan #1 was ‐57.8°C.  The data for this transfer is shown in 

Figure 68 and Figure 69. 

 

 
Figure 68 – Transfer 7, Data Summary 
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Figure 69 – Transfer 7, Pressure Data 

Camera 1 monitored the inside of Titan #1 as it was defueled.  The same cloud formation as previously 

discovered also occurred during this transfer as shown in Figure 70. 

 
Figure 70 – Camera 1, Transfer 7 

Camera 3 (IR video) monitored the thermal profile during the transfer as shown in Figure 71 to Figure 

73.  The thermal profile shows that Titan #1 cooled down during defueling and Titan #2 became hot as it 

was filled.  Camera 4 monitored the expansion/contraction of the test tanks as shown in Figure 74. 
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Figure 71 ‐ Camera 3, Transfer 7 (start of transfer) 

 
Figure 72 ‐ Camera 3, Transfer 7 (middle of transfer) 

 
Figure 73 ‐ Camera 3, Transfer 7 (end of transfer) 
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Figure 74 – Camera 4, Transfer 7 

4.8 Transfer 8, Titan #2 to Titan #1 

The eighth and final transfer was performed by defueling Titan #2.  The initial starting pressure was 254 

barg and the total depressurization time to 25 barg was 23 minutes.  While defueling Titan #2 into Titan 

#1, the flow was paused multiple times as the temperature in Titan #1 approached the upper limit rating 

of +85°C.  The coldest temperature recorded in Titan #2 was ‐57.8 °C.  The data for this transfer is shown 

in Figure 75 and Figure 76. 

 
Figure 75 – Transfer 8, Data Summary 
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Figure 76 – Transfer 8, Pressure Data 

 

Camera 1 monitored Titan #1 as it was being filled as shown in Figure 77.  There was no sign of anything 

abnormal during this transfer.   

 

 
Figure 77 – Camera 1, Transfer 8 

Camera 3 (IR video) monitored the thermal profile during the transfer as shown in Figure 78 to Figure 

80.  The thermal profile shows that Titan #2 cooled down during defueling and Titan #1 became hot as it 

was filled. 
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Figure 78 ‐ Camera 3, Transfer 8 (start of transfer) 

 
Figure 79 ‐ Camera 3, Transfer 8 (middle of transfer) 

 
Figure 80 ‐ Camera 3, Transfer 8 (end of transfer) 



                                     Powertech Labs Inc., 12388 – 88th Ave. Surrey, British Columbia, Canada  V3W 7R7 

This report shall not be reproduced, except in full, without the written approval of Powertech Labs Inc. 

Page 44 of 46 

Camera 4 monitored the expansion/contraction of the test tanks as shown in Figure 81. 

 
Figure 81 – Camera 4, Transfer 8 

There was no sign of any leakage on the hydrogen detectors during the transfer.  Following the transfer, 

the test tanks were inspected with a handheld detector and Snoop as shown in Figure 82 through Figure 

85.  There were a few areas showing a small formation of Snoop bubbles.  The handheld detector was 

able to measure a maximum level of 0.2 vol% immediately after the transfer when sniffing right at a 

specific bubbling location.  The measurement dropped to a negligible (<5 ppm) level when sniffing at 1‐2 

cm from the bubbling locations. 

 

 
Figure 82 – Leak Check at Titan 2 (654 ppm right at bubble location, rear) 
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Figure 83 ‐ Leak Check at Titan 2 (0 ppm at 1 cm from bubble location, rear) 

 

 
Figure 84 – Transfer 8, Snoop bubbles at front of tank 
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