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Executive Summary

The “Development of High Pressure Hydrogen Storage Tanks for Storage and Gaseous Truck
Delivery” project [DE-FG36-08G018062] 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
S$3MM to S5MM. 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.
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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 E. Gaseous Hydrogen Storage and Tube Trailer Delivery Costs
e |, Other Fueling Site/Terminal Operations

Technical Targets
The technical targets of DE-FG36-08G018062 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

2015 2020
Goal Units Status Comments
Target Target
2016 acquisition cost of
TITAN® module
Storage
8 S/kg | $730/kg | $575/kg | $590/kg
Costs Operation at 95% delivery
efficiency
Goals deferred because
Delivery 400 bar 520bar | 250 bar development cost of
p bar higher pressure systems is
ressure [5801 psi] | [7542 psi] | [3626 psi] | not supported by adjacent
CNG business case
Delivery
C t status b d
Capacity, kg 700 kg 940 kg 845 kg urrefm Status a.se on
. capacity of XL trailer
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 1ISO 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 Ib]. The internal volume is equal to 8500 liters water capacity and will contain
154 kg [340 Ib] 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:

e |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.
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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 I1SO 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
ABSHOUS557163. 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 1ISO 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:

e  Stress Analysis

e Dimensional Analysis

e Stacking

e Lifting—Top and Bottom

e Inertia Testing (see Figure 3)
e Impact Testing

e 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. ABSHOUS557163 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 — SO 1496 testing of TITAN® container Slongitudinal 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

e Intermodal ISO 668 1A Frame

e Four (4) Type 4 Pressure Vessels in a square arrangement
e 250 bar Working Pressure

e Carbon Fiber, 2.35 Stress Ratio
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Gap Audit

e Increase volumetric capacity from 0.018 kg/liter to 0.035 kg/liter
e Increase delivery capacity from 616 kg to 1100 kg H2 at 15C

e Increase delivery pressure from 250 bar to 700 bar

e Decrease Cost (S 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.

10
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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

e Pressure vessels make up approximately 70% of the total cost
e Frame and Hardware make up approximately 30% of the total cost

Pressure vessel

e End bosses make up approximately 3% of the total cost
e HDPE Liner makes up approximately 11% of the total cost
e 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

e Current TITAN® stress ratio is 2.40 based on DOT PHMSA mandate.
e ASME H2 allows for a 2.25 stress ratio
e 2.00 stress ratio is considered safe

11
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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 S3MM to S5MM. 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
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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

Pressure | Time | Temperature | Cycle o
Step Description
[MPa] [hrs] [°C]
Initial soak at elevated
1 64.8 70 60 temperature to saturate
material
Cool to ambient
2 64.8 48 16
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 10 - Injection molded HDPE (5.3 mm) after 2 hydrogen cycles
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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.

e —
e e —— ' ADVANTAGE
4@ cuintrery Company

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-FG36-08G018062] 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| coaLactieveo _>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.

$575/kg by FY 2020

Delivery Pressure Targets

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

Future Direction

400 bar (5801 psi) by FY2015, 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.

520 bar (7542 psi) by FY 2020 Operation at 520 bar disproportionately increases the
acquisition cost of tube trailers but may be justified by
reduced operating cost for H, 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
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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 | GOALACHIEVED >

940 kg by FY2020

TITAN® module (4-tube I1SO 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 Ib.
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Titan ™ Qualification Plan

Titan™ Tank and ISO Frame Qualification Tests
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Report Change History:

2 Jul 2008 — Initial release

30 Oct 2008 — Changed Para 4.1.18 from 1000 gas cycles to a minimum of 1000 hydro cycles
and 5 gas cycles followed by a blow down. Changed the vessel size used in Para 4.1.18 from
120" long to 458.6". D. Morgan

5 Dec 2008 — Moved the bonfire test from the tank testing area to the 1SO ¢ontainer test area.
The bonfire test will be a test on the system rather than a vessel, see paragraph 4.2.2.

Added allowance to move the pivot point from ground level to 6” maximum off the ground, see
paragraph 4.2.3. D. Morgan

18 Jun 2009 - Paragraph 4.1.1.2 reworded to match SPEC.09001
- Changed the leak test in Paragraph 4.1.1 to-15 min hold for leak test.
- Changed the Ambient Cycle test in Paragraph 4.1.5 to 45,000 cycles.
- Added hold time and burst requirement to' Paragraph 4.1.8. and increased the
cycle test pressure from 125% of working pressure to 130% of working pressure.
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1.0 Introduction

Lincoln Composites, Inc, (LC), has been a manufacturer of filament wound composite products since its
founding as a part of Brunswick Corporation in 1963. Lincoln Composites operated from 1995 under
Technical Products Group Inc, and Advanced Technical Products Inc. In June 2002, Advanced Technical
Products was purchased by General Dynamics, ATP. Then in January 2006, General Dynamics sold its
Comimercial Operation to Hexagon Composites group and Lincoln Composites now is a member of this
group.

LC first built filament wound rocket motor cases, which developed into a composite pressure vessel
product line in 1965. Since that time, LC composite pressure vessels have been useddn acrospace,
defense, automotive, commercial, and oil & gas applications. LC has produced over 120,000 cylinders,
and has many approvals through DOT and other government or certification agencies. Some of these
applications are listed in the following table.

Application Comments

Skylab first man-rated composite PVs in space

Space Shuttle 23 vessels per orbiter,still in service after 25 years

Life raft 20,000+ units placed’in-service

Boeing 767 Inflation of escape slide, DOT-E 7769

Sikorsky S-76 490 sphere, FAA-approval

CNG tank 13 in x 10 ft hoop wrap, DOT-RSPA special permit

Aircraft systems Bonded boss, DOT-E 8487

Qil Platform accumulators ASME Section X approval

Vehicle accumulatéisP ROVED Developed for EPA to improve vehicle fuel efficiency,

This approval covers only operating'at 500 psi, 5000 psi, and 7000 psi

NGV fuel tanksd;:;;;m:ct In service since 1992. Certified to NGV2. Certified to
recuired by ABS. S DOT-NHTSA FMVSS 304. Over 80,000 in service

Hydrogen fuel tankSyments in ARG In service since 1999.

Snorkler pressure vessggler 7.1 x15.5 in., hydrogen at 10,000 psi, aluminum liner

Hyper-X press e 7.1 x 31.3 in., hydrogen at 8500 psi, aluminum liner

Tuffshell bulk- Certified to NGV2 and in use in Australia

Recognizing themeed foratightweight transport and storage of bulk gasses, L.C has developed the
Titan™ Tank, a large, plastic lined, high pressure tank that is 42 inches in diameter and 38 feet long
storing approximately 8400 L water volume.

This document outlines the tests that will be used to qualify the Titan™ tank and ISO frame for bulk
storage and transportation of gases. LC has designed and built cylinders to be used in applications where
they are needed for theitlightweight, low cost, high performance, long life, and safe operation. LC
currently manufacturés the largest high pressure, fully wrapped, composite pressure vessels (Type Il or
Type IV) available. There are several benefits to increasing the size of the tanks that are available; the
biggest advantage is that the user will have the capability to transport a larger volume of gas at a lower
weight, decreasing the cost to hauling gas. The large tank size will also reduce the quantity, cost, and
complexity ofvalves and associated plumbing and therefore have higher system reliability. Specific
applications include the assembly of these cylinders into an intermodal ISO frame for transportations of
hydrogen or natural gas and other specialty gasses such has helium and nitrogen.

The Titan™ Tank is a cylinder with nominal dimensions of 1.07 m (42 inches) in diameter and 11.63 m
(458 inches) in length. They will nominally be 8400 liters water capacity for each cylinder. The
operating pressure of the tank will be 250 bar (3626 psi) at 15°C (59°F). The tank has a 2.35 burst ratio.
The applications would be for individual cylinders and for four cylinders that are installed in a custom
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designed ISO frame. The ISO frame would be compliant with existing size and interface standards for
ISO containers.

The Titan ™ tank will use carbon fiber as the primary reinforcement. The outside of the cylinder will be
coated with an elastomeric coating that provides a durable protection against cuts, abrasions, and other
similar damage. The cylinders covered under this special permit request use a high density polyethylene
(HDPE) liner which is attached to the metal end bosses under an LC patent [1].

None of the current standards specifically apply to this tank due to its large size and volume of gas.
However, there are several standards that apply to smaller vessels that are widely accepted.~L.C has
reviewed the existing standards and applied those that best apply to the development of this cylinder. The
following standards were reviewed for input to determine the appropriate requirementsithat would apply
to a cylinder of this size.

e Lincoln Composites SPEC 09001 - Gas Cylinders — Refillable, Permanently Mounted Composite
Tube for Transportation

o ISO 11439, Gas cylinders — High Pressure Cylinders for the On-Board Storage of Natural Gas
as a Fuel for Automotive Vehicles [2]

e ISO 11119-3, Gas Cylinders of Composite Construction (fullyavrapped non-metallic liners)[3]

e  ANSI/CSA NGV 2-2007, American National Standards for Natural Gas Vehicle Fuel
Containers|4]

e ASME Code Case in Work / ASME BPV Project Téam on Hydrogen Tanks and Section X

For the ISO frame that will contain the cylinders and plumbing, the design and testing is based on ISO
1496-3, Tank ¢ontaipardoreyquids, Gases and Pressurized Dry Bulk [5]. ABS Rules for Certification of
Cargo Containeins 8Guskhedadamational Convention for Safe Containers, and Section 41 of the UN
RecommendatiofifsiieiéMeaitshirt of Dangerous Geods, Manual of Test and Criteria (ST/SG/AC.10/11/
Rev.4) were alsB5d é%y&g?@gﬁ% sure that all flie relevant tests were covered.

reguir
In addition, L.C Wﬁﬁﬁmd the services.of American Bureau of Shipping (ABS) due to the
Titan™ Tanl <bein founted | in an JSO frame for transportation of CNG and compressed
hydrogen via 4 pland istegarded as novel technology based upon the following:

e Large ed to.existing tanks in use.

e No experience and service:history on land or marine
e No regulation and desigi,codes exist for proposed size.

Due to novel technology as-determined above, ABS has agreed that this tank would be treated as
a special case and follew ABS Novel Technology Guidelines for certification.

The ABS scope of work involves:

1. Engineering Evaluation
Risk Evaluation
Prototype Test and Evaluation

i

Certification services of the containers to ABS/CSC and ISO and facilitate special approval from
IMDG (for marine transportation) and specific approval from the competent authority of the

country of use.
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Figure 1, ISO Frame with Four Cylinders

APPROVED

2.0  Writtes deasrpbion

does notinclude items not
required by ABS, See
Vessel Constructiommedthin b3 plastic-lined camposite pressure vessel consists of a durable plastic liner

fully wrapped with a hlgnrpel formance carbon fiber reinforced plastic (CFRP) shell. An elastomeric
covering is appli ges s tural shell to enhance the durability of the vessel.

Plastic Liners T ' er is a-non-structural permeation barrier for the containment of gases at
high pressure. "}t igh-Density Polyethylene (HDPE) copolymer specifically designed
for industrial piping. By virtue ofitslow modulus, the liner transfers all loads to the composite shell.

The liner is an assembly of twa_injection molded domes and an extruded tube joined together at two
places by butt fusion weld. At each end of the liner is a metal boss which provides the structural interface
between the system and thewessel. The bosses are integral to the liner, joined to the dome as an insert in
the injection molding proeess. A circumferential keyway in the boss flange fills with plastic in the
molding process, which-interconnects the dome and boss. The interface is purely mechanical and is
designed such that there is no tendency for the plastic to creep under pressure. The interlocking surface
of the boss is coated with a thin layer of elastomeric material prior to molding which serves as a low
pressure gasket. Contact between the flexible plastic liner and the ridged boss provides a highly effective
and reliable seal; The design features of this interface are further described in U.S. Patent 5,429,845 [1].

The primary advantage a flexible plastic liner offers is its general durability and practically infinite cycle
life. Due to its low modulus and high elongation, a plastic liner is insensitive to material flaws and
loading.

Structural Composite Shell: The structural composite shell is the load-carrying element of the vessel.
It is a continuous carbon fiber and epoxy resin composite fabricated by filament winding. Carbon fiber
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provides high strength-to-weight performance, excellent fatigue properties, insensitivity to environmental
degradation, and performance reliability.

The resin system is a proprietary formulation developed by LC specifically for the plastic-lined vessel.
This resin provides a suitable glass-transition temperature (T,) with a cure temperature below the liner
softening point. Resin protects the fiber from the environment and maintains fiber placement.

The composite is a multi-layered angle-plied structure constructed by winding resin impregnated fiber
(wet) onto the liner using specific patterns to orient the fiber in a manner which yields the most efficient
use of material. Composite materials have several advantages over conventional materials. First,
polymeric matrix composites can be formulated to be extremely resistant to environmental-and chemical
exposure. Second, the specific strength of composites (particularly carbon-based) is much higher, thus
permitting a lower structure weight. And lastly, the material can be oriented to tailor specific properties
for a structure based on the loading condition. In the case of a pressure vessel, thie hoop strength and axial
strength can be controlled independently by varying fiber orientation and thickness of the reinforcing
material respectively. It is because of these qualities that composites are an ideal choice of material for
pressure vessels in a variety of applications.

Elastomeric Coating: An elastomeric polyurethane coating is applied te the external surface of the
composite to protect against ultra-violet degradation of the epoxy resinvand to impede moisture intrusion.
This coating will also protect against cuts, abrasions, and other similar-damage.

Pressure Relieve Device: A thermally activated sensor will protect the full length of the cylinder or will
be located in several discrete locations to protect the full lengthof the ISO frame. Once the sensors detect
a thermal incident it will open a valve on each of the cylinders.in the system and vent the cylinders.

ISO Frame: A sieel frame will hold four boss mounted cylinders for transport. The frame is a welded

assembly that will ARVRLYS3-like structure along the sides and a cabinet for protecting the plumbing and

associated har:l%?m‘ﬁlac [?8 floor is continuous metal with drain holes to reduce the chance of
P Lrem : : .

debris hitting 1]a§eg]ﬁ 1. M?rﬁ‘lﬁ es and top of the’frame can be either left open or optional side panels

can be installed. rgquired byABS See
comments in ABS

3.0 Test umraasary

Due to the fact irgctly-covers an all composite cylinder of this size and pressure, several

P‘{\\&E‘ L

standards were reviewed {o determing the best qualification tests.

The following tests will be used to'demonstrate the performance of the Titan™ tank and associated ISO
frame. Several standards were used to develop the test plan for the Titan™, There are three primary
areas the tests can be groupedin to describe the test that will be performed:

1. Subscale tanks — Several tests that will be performed focus on the materials that will be used in
the fabrication of the Titan™ tank and not the manufacturing process or the design of the tank.
For these testsy subscale tanks will be used to qualify the materials.

2. Full diameter tanks — For tests that are qualifying the manufacturing process or the design of the
cylinders, a full diameter tank will be used. For tests that the length does not have a contributing
factor on the outcome, 10 foot long tanks will be used as opposed to 38 foot long tanks.

3. ISO frame — The primary outline for the tests on the ISO frame will be from the standard ISO
1496-3 including Amendments | and 2.

Table 1 outlines the testing that will be done on the tanks. It includes the tests that will be done on both
the subscale and full scale tanks. It provides the passing criteria for the tests as well as the specimen size
and the origin of the test. Further explanation for the test and the background for each test will be
provided in Section 3.

4|Page



LINCOLN
COMPOSITES

A Member of Hexagon Composites Group
Table 2 briefly summarizes the tests that will be done on the ISO container and the loads that will be used
during the tests. The maximum load rating for a loaded ISO frame (R) is 25401.2 kg (56,000 Ibs). This is
based on a tare weight of 17690.1 kg (39,000 1bs) and a payload of 7711.1 kg (17,000 Ibs).

APPROVED
This approval covers only
ABS requirements and
does notinclude items not
required by ARS, See
comments in ABS
letter
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4.0 Test Descriptions

The following paragraphs describe the background for the tests and why they are required for the
qualification of the Titan Tanks.

4.1 Tank Testing

4.1.1 Hydraulic Proof Pressure Test/Leak Check

Every tank will be proof pressure tested to 1.56 times operating pressure and checked for water leaks
betfore any additional tests will be done. This is the same as will be done in production. The vessel will
be pressurized to 375 bar (5439 psi) then this pressure will be held for 15 minutes. After the pressure is
brought down to zero, the tank will then be inspected for water that would indicate a leak.

The purpose of these tests is to check the integrity of the tanks. The proof test indicates that the vessel
ready for operation and the leak test checks the integrity of the vessel liner. The vessel must not leak, fail
to hold pressure, or have any permanent deformation after the cylinderis depressurized.

4.1.2 Hydraulic Volumetric Expansion

Also during the hydraulic proof test, the volumetric expansion.of the vessel will be measured. This test
will be done by measuring total axial growth and the total diameter growth in 3 places. The purpose of
the test is to clieck flyesqapgigsion versus the design and other tanks that have been tested. This is a
process check thenifyvhasvaetdring unusual happened during the manufacture of the tank and that no

material was lefth8Efrefirhenidinding.
does notinclude items not L _ .
The vessel shall nafiave 2bsstie expansion in excess of 110% of the average elastic expansion for the

batch at manufactapgiosmfail ASneet the design‘requirements for elastic expansion or have any leaks or fail
to hold pressut lefter

4.1.3 Materi

liners

ﬂ.

PN B

The material for the plastic Tiner will-be tested to determine the ductility of the plastic at cold
temperatures and the softening temperature at elevated temperatures. These tests will be used to show
that the liner can withstand the operating temperatures of the vessel.

ISO 527-2 will be used to cheek the ultimate elongation, tensile yield strength and show ductile properties
of the plastic liner material.“ISO 306 will be used to determine the softening temperature.

4.1.4 Hydrostatic Burst

The hydrostatic burst test will be used to show design margin of the structural overwrap. The vessel will
be pressurized until failure. There will be a ten second hold at the minimum burst pressure. The results
of this test will-show adequacy of the design for a 250 bar (3626 psi) tank with a 2.35 burst ratio. The
minimum burst pressure will be at least 587.5 bar (8521 psi).

To demonstrate the stress ratio of every size tank that is being tested, every configuration will have at
least one burst test.
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4.1.5 Ambient Cycle

The ambient cycle test is used to demonstrate the robustness of the tank for the duration of its life. The
vessel will be pressurized 45,000 times. The vessel will be cycled from less than 100 psi to 4714 +100/-
0 PSI. The vessel must not fail by rupture at less than 45000 cycles; it may leak at over 15000 cycles.

A 427x458.6" vessel will be tested. Additional cycle performance will be shown on the Leak Before
Burst test.

4.1.6 Leak Before Burst (LBB)

The LBB test demonstrates the safety of the tanks, that even under severe conditions the tank will leak
and not burst or will have significant safety margin in cyclic fatigue testing. Thetank will be cycled from
less than 20 bar and 375 bar (290 psi to 5439 psi) for 45,000 cycles unless leakage occurs before 45,000
cycles. This pressure cycle is much more severe than the standard pressure €ycle test.

All cylinders shall either fail by leakage or exceed 45,000 pressure cycles.

Two 1.067 m x 3.048 m (427x120”) vessels will be tested. If either of these test leak before 45,000 cycles
an additional 120” vessel will by cycled per 4.15.

4.1.7 Penetration Test

The penetration test is to demonstrate the safety of the vesselagainst rupture, even if it is penetlated by a
projectile. A vesse a.operating pressure will be penetrated by an armor piercing bullet with
a diameter of gt lea@lp (ﬁ’ 3@%@195 The bullet shall completely penetrate at least one side wall of the
cylinder. If th : é%j‘ ! Eﬁ%ﬁ es not penetrate, additional shots will be fired at the tank until it is
penetrated. Tl g,,pé%fsﬁfd sppact the sidewallat an approximate angle of 45°.

One 1.067 m ¥ 35&%&2{&%@@?0”) vessel will be tested.

The environmg ‘»‘{:’*- s formed per ANSI/CSA NGV2-2000 paragraph 18.4. This will be done

; ] be applied to the vessel. The reason the coating is left off is to show that
the composite (f' ber and epoxy) is sufficient to withstand the environmental conditions of service. This
way if there is a blemish in the ceating, the vessel will not be at risk due to environmental conditions. For
this test the vessel will be impaeted and at the points of impact the vessel will be exposed to

a. Sulfuric acid - 19%solution by volume in water

b. Sodium hydroxide~ 25% solution by weight in water

¢. Methanol/gasoline — 5/95% concentration of M5 fuel meeting the requirements of ASTM 04814,
Automotive Spark-Ignition Engine Fuel
Ammonium nitrate - 28% by weight in water

e. Windshield washer fluid (50% by volume solution of methyl alcohol and water).

The vessel will then be pressurized 3000 cycles from 10% to 130% of service pressure. At the completion
of the cycle test the vessel will be pressurized to 130% of service pressure and held for a minimum of 24
hours and until exposure time for the environmental fluids is 48 hours.
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The vessel must not leak or rupture during the test. Upon competition of the pressure hold the vessel is to
vented and then burst tested per Paragraph 4.1.4. The minimum burst pressure will be 1.8 time working
pressure.

One 0.406 m x 1.08 m (16”x71”) tank without outside protective coating shall be used for the test. Since
the same resin and fiber will be used on a full scale tank as the subscale tank, size is not a key factor for
this test.

4.1.9 Flaw Tolerance

To demonstrate the ability of the tank to withstand damage during service, a flaw telerance test will be
performed. For this test, flaws will be introduced into the vessel. One flaw shall'be 130 mm long and 2.5
mm in depth and another flaw shall be 1000 mm long and 1.5 mm in depth, cut-in-the longitudinal
direction into the cylinder sidewall. The flawed cylinder shall then be pressure-eycled between 20 bar and
325 bar (290 psi to 4714 psi) at ambient temperature, initially for 3000 cycles, then followed by an
additional 12000 cycles.

The cylinder shall not leak or rupture within the first 3000 cycles, but may fail by leakage during the
further 12000 cycles.

A 1.067 m x 3.048 m (42”x120”) cylinder without coating shall be used for this test.

This test will also be used to determine what type of damage-a vessel will be able to have and stay in
service.

4.1.10 High Tempegnre Creep

This approval covers enly . . .
To test the sta Jlmﬁﬁﬁinmm e at high temperatures and pressure, the cylinder shall be pressurized

to 375 bar (54394540t ilckdRdaret temperature of, 100°C (212° F) for at least 200 hours. The temperature
requirements for rﬂ? QQY p%é%%le extreme than those found in ISO 11439.
comments in

Following the test\the leSdinder shall meet therequirements of the volumetric expansion, the leak test, and

burst.
"""; linderwithout coating shall be used for this test. This test is for thermal

A 0.406 m x 1,086

stability of the-composite;-which-is independent of the size of the tank.

4.1.11 Accelerated Stress Rupture

Similar to high temperature-creep, this test is to also check for the stability of the composite at high
temperature and pressure. ‘@ne cylinder shall be hydrostatically pressurized to 375 bar (5439 psi) at 65°C
(149 °F). The cylinder shall be held at this pressure and temperature for 1000 hours. The temperature
requirements for this fest are more extreme than those found in ISO 11439.

The cylinder shall then be pressured to burst; the burst pressure shall exceed 85% of the minimum design
burst pressure.

A 0.406 m x 1208 m (16”x71”) cylinder without coating shall be used for this test. This test is for thermal
stability of the composite, which is independent of the size of the tank.

4.1.12 Extreme Temperature Pressure Cycling

To check the robustness of the design at the limits of the temperature range an extreme temperature
pressure cycle test will be performed. One cylinder without protective coating, shall be as follows:
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a) condition for 48 h at zero to 25 bar pressure, between 60 °C and 70 °C, and 95 % or greater
relative humidity;

b) cycle the pressure in the cylinder for 5 000 cycles, between 25 bar and 250 bar, while
maintaining a surface temperature between 60 °C and 70 °C by regulating the environmental
chamber and cycle rate;

c) release the pressure and stabilize the cylinder at approximately 20 °C;

d) condition for 48 h at zero to 25 bar pressure, between - 50 °C and - 60 °C;

e) cycle the pressure in the cylinder for 5 000 cycles, between 25 bar and 250-bat, while
maintaining a surface temperature between - 50 °C and - 60 °C by regulating the
environmental chamber and cycle rate;

f) release the pressure and stabilize the cylinder at approximately 20 °C;

g) cycle the pressure in the cylinder for 30 cycles , between 25 bar and 375 bar.

The vessel shall be burst following the cycle test and have a minimum burst value of 525 bar (7614 psi).
A 1.067 m x 3.048 m (42”x120™) cylinder without coating shall be used for this test.

4.1.13 Resin Shear Strength

Resin materials shall be tested on a sample coupon representative of the composite overwrap in
accordance with ASTM D2344.

Following 24 h boiling in water the composite shall have/a minimum shear strength of 2002 psi.

This is a material tés? Af%® WilP use coupons for testing:
This approval covers only
4.1.14 Drop [Te$s requirements and

does notinclude items not

The only drop teéfﬁﬁeﬂ;égg ité%eﬁs will be done in"conjunction with the ISO frame drop test.

4.1.15 Boss Tazgue "

To verify that
torque to twice
total of two times.

lems.with the hardware is installed on a vessel; the bosses will be
e PRD or valves. The boss will have a torque of 546 ft-1b applied a

They cylinder shall not leak after the test.
A 1.067 m x 3.048 m (42”x120”) or a 1.067 m x 11.65 m (42”x458.6") cylinder shall be used for this test.

4.1.16 Permeation
To determine the amount of gas that permeates through the liner a permeation test will be performed at a
pressure of 250 bar,

The permeation rate shall be less than 0.25 ml of natural gas per hour per liter water capacity of the
cylinder. The cylinder shall be sectioned and the internal surfaces inspected for any evidence of cracking
or deterioration.

Since the same liner material is used on all of Lincoln Composites cylinders, a 0.406 m x 1.08 m
(16”x71”) vessel will be used for this test.
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4.1.17 Natural Gas Cycling

To verify that cycling natural gas does not have a detrimental effect on the liner or boss, the vessel will be
cycled for a minimum of 1000 hydro cycles from less than 20 bar to 250 bar (290 psi to 3626 psi)
followed by 5 cycles with natural gas from less than 20 bar to 250 -0/+7 bar (290 psi to 3626 psi).
Pressure is to be held at 250 -0/+7 bar for 2 hours during each cycle. After the final cycle a blow down
test will be conducted using the plumbing that provides the most rapid venting. The tank will be
monitored for leaks during the gas cycle and blow down tests.

After the cycling test, the vessel shall pass the leak test. The vessel shall then be inspected and the liner
and liner/end boss interface inspected for evidence of any deterioration, such as fatigue cracking or
electrostatic discharge.

A 1.067 m x 3.048 m (42”x458.6") cylinder shall be used for this test.
4.,1.18 Blowdown

After the completion of the natural gas cycling test, for the final cycle the tank will be vented from 250
bar (3626 psi) to ambient. This will demonstrate the ability of the vessel to withstand the temperatures
generated while venting a tank from operating pressure to ambient pressure.

The cylinder shall pass a leak test after this test.
A 1.067 m x 3.048 m (42”x120”) cylinder shall be used for this test.

4.2 Frame Tesiing

This approval covers only

i f
As described a@éﬁé&ﬁ% @e&qu‘é"{hg be tested as outlined in ISO 1496-3 and ABS Rules for Certification of

Cargo Containerseqhduesioisisdact] the descriptionof the test will not be described in any greater detail
that listed aboye. ®hwtnisieABime properties that are used to determine the loading for the frame are
summarized b lefeer

4.2.1 ISOFR

Table 3 summarizes the capacities’of the ISO Container and provides the loading that will be used during
the ISO qualification tests.
Table 3, ISO Container Capacities

Maximum Gross Tare:|T] Payload:[P]

Mass:|R]

25401 Kg. 15496 Kg. 9905 Kg.
56000 b 34161 b 21836 b
Design Pressure 250 bar 3626 psig
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4.2.2 Bonfire

An area of potential concern with a pressure vessel is the presence of a fire under the tank. To mitigate
this concern a bonfire test will be performed to demonstrate the ability of the pressure relief device on the
tank to prevent the rupture of the cylinder.

The container will be placed horizontally approximately 12 inches above the fire source.. A uniform fire
source of 48 inches length and 24 inches wide will be used to provide direct flame impingement on the
container surface. The flame source will be centered along one lower edge and centered on the containers
length. It is to be oriented with it long dimension in the direct of the containers length. Within 5 minutes
of ignition, the temperature will be greater than or equal to 1094°F on the confrol'thermocouple. The
control thermocouple will be mounted in a I inch steel square, .25 inches thick, attached to the bottom of
the ISO frame. It will be located such that it is centered in the flame area. The cylinders shall vent through
the pressure release device system.

One ISO container that is equipped with the PRD hardware will be tested.

5.0 Accmt%?éjc\‘leﬁs,ﬂngl Batch Testing
ABS requirements and
does notinclude items not
In addition to IIlermmh;ﬁ;ayanemwstl g that will be used to show the adequacy of the design of the tank,

every tank that is snomefiietufBd \VIFaISO undergo acceptance testing to demonstrate that it was

manufactured cogrectly®tfach cylinder will undergo the following;

S

ylinderavill be pressured 1.56 times the operating pressure

ank will be held at proof pressure for 30 seconds minimum. The tank
will then be mspected to vetify that there was no leakage

o Volumetric expansion —the volumetric expansion of the tank will be measured either direct
volume measurementof the water put into the tank or by strain gages mounted on the outside of
the tank

e Weight measurement
e Dimensional mecasurement

Along with the acceptance testing, every batch of tanks will also undergo batch testing. A batch of tanks
will be defined as either every 6 months or every 200 tanks manufactured. For the batch testing, a tank of
the same configuration will be pressurized to the minimum burst value. Tanks may or may not be ramped
to failure if they exceed the minimum burst value. Upon completion of the test the tank will be made
inoperable.
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6.0 Re-Inspection Methods

The primary re-inspection method to be used is visual examination. LC has 15 years of successful
experience using visual examination on NGV fuel containers as the sole or primary inspection method
[6]. Periodic hydro-proof testing has not been used. Only one field failure has occurred in this time, in a
vehicle fire for which the vehicle OEM determined the root cause was a system problem. These cylinders
have been involved in a number of incidents [7], see Section 4.1. No failures resulted front these
incidents, which included severe impacts and fires. Burst testing of several returned units showed that, in
spite of severe and obvious impact damage, the damaged cylinders that were tested still met the original
burst test requirements.

7.0 References

1. Newhouse, Norman L., Ronald B. Veys, and Dale B. Tiller, “Bess for a Filament Wound
Pressure Vessel”, U.S. Patent 5,429,845, July 4, 1995.

2. IS0 11439, “Gas cylinders — High pressure cylinders forthe on-board storage of natural gas as a
fuel for automotive vehicles”, ISO, Geneva, Switzerland, 2000

3. ISO 11119-3, “Gas Cylinders of Composite Construction”, 1SO, Geneva, Switzerland, 2002.

4. ANSI/CSA NGV2, “Basic Requirements for Compressed Natural Gas Vehicle (NGV) Fuel

Containerg” C’&Aﬁﬁmmﬁﬂﬂiona] Cleveland, Ohio, 2000.

| I
5. ISO1 ,ﬁ? ?é Oveésg%réﬁlers for Liquids, Gases and Pressurized Dry Bulk”, ISO, Geneva,

Switzerlai (ﬁpéé}%mclude items not

d by ABS, See
6. “Fuel|C 01& ffﬁgﬁhﬁmtlom Guidelines, TUFFSHELL® NGV Fuel Containers & Fuel Storage

Systems”, [Lincoln Elemposites| Inc., Rey.D, 2008.

T Newhmu"' X illiam E; Dick, and Michael P. Sherldan “Safety and Durability of
NGV Fuel| Stag} " GV2002, The 8" International and 20™ National Conference and
Exhibitionle icles, sponsored by the International Association for Natural Gas
Vehicles and the Natural Gas Veh1c!e Coalition, Washington, DC, October 8-10, 2002
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MMC
Project Number: 2086285
Task Number: 529706

20 NOVEMBER 2009

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"™ 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 ™ 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

AMERICAS DIVISION
ABS PLAZA, 16855 NORTHCHASE DRIVE, HOUSTON, TX 77060 USA
TEL: 1-281-877-6000 FAX: 281-877-6001 EMAIL: abs-amer@eagle.org WEBSITE: www.eagle.org


http://www.eagle.org

O
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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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ABS REQUIREMENTS FOR
CONSTRUCTION OF REFILLABLE CARBON COMPOSITE
ROAD AND MARINE TRANSPORT PRESSURE VESSELS

ABS DOCUMENT NO. ABSHOU557163

Revision Status
Rev. Date Descrintion Revised Bv Aporoved Bv Aoproved Bv
0 16 Februarv 2010 Initial Release PS MMC HNP
1 S March 2010 Editorial Revision MMC MMC HNP
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Introduction

Cvlinders of composite construction from 450 to 10 000 liters of water capacitv for the bulk transport of
pressurized ladings are desired to be light-weight and at the same time maintaining or imoroving on the level of
safetv currentlv existing for other cvlinders.

These reauirements are achieved bv:

a)
b)

c)
d)
el
fi

g)
h)

i)
i)

ABS Certification {design assessment. inspection and testing)

specifving service conditions preciselv and comorehensivelv as a firm basis for both cvlinder desien and
use:

using an appropriate method to assess cvclic and static bressure fatigue life:

reauiring design aualification tests:

reauiring non-destructive testing and inspection of all oroduction cvlinders:

reauiring destructive tests on cvlinders and cvlinder material taken from each batch of cvlinders
oroduced:

reauiring manufacturers to have a comprehensive aualitv svstem documented and imolemented:
reauiring periodic re-inspection and. if necessarv. retesting in accordance with the manufacturer’s
instructions:

reauiring manufacturers to specifv as part of their design. the safe service life of their cvlinders:
reauiring cvlinders to be permanentlv mounted in a frame during transpbortation and use.

Cvlinder designs that meet the reauirements of this Specification:

a)
b)

c)

will have a fatigue life which exceeds the specified service life:

when pressure cvcled to failure. will leak but not ruoture or have a demonstrated cvcle life three times
the desien number of filling cvcles:

when subiect to hvdrostatic burst tests. will have factors of “stress at burst oressure” over “stress at
working pressure” that exceed the values specified for the materials used.

The exbirv date shall be marked on each cvlinder. It is the resbonsibilitv of owners and users to ensure that
cvlinders are not used after that date and that thev are inspbected in accordance with the ABS abproved inspection
procedure.

ABS iii
ABS PLAZA. 16855 NORTHCHASE DRIVE. HOUSTON. TX 77060 USA
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Gas Cvlinders - Refillable Permanentlv Mounted Combosite
Tubes for Transportation

1 Scope

This Soecification describes how Gas Cvlinders /Refillable Permanentilv Mounted Combposite Tubes for
Transportationl] built under ABS surveillance are insoected and certified in accordance with ABS Rules and ABS
recognized industrv standards. These instructions are not intended to alter anv local regulatorv reauirements
mandated bv the countrv of use and are not intended to oreclude the technical iudament that the ABS personnel
must use while carrving out the engineering review and survev.

This Soecification covers cvlinders of filament-wound combposite construction. using anv desiegn or method of
manufacture suitable for the soecified service conditions.

Cvlinders covered bv this Soecification are designated as follows™:

Tvpe IV Resin impregnated continuous filament with a non-metallic liner (all composite)

2 Normative References

The following normative documents contain orovisions which. through reference in this text. constitute orovisions
of this Soecification. For dated references. subseauent amendments to. or revisions of. anv of these oublications
do not aoblv. However. parties to agreements based on this Soecification are encouraged to investigate the
possibilitv of anplving 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
registers of currentlv valid International Standards.

ABS Rules for Certification of Cargo Containers

ABS Guidance Notes on Review and Aooroval of Novel Concepts

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

ABS Guide for Buildine and Classine Compressed Natural Gas Carrier

ISO 306:2004. Plastics — Thermoblastic materials — Determination of Vicat softenina temperature (VST) .

ISO 527-2:1993. Plastics — Determination of tensile broperties — Part 2: Test conditions for mouldina and
extrusion plastics (incorporatina Technical Corrinendum 1:1994) .

! Tvpe I. I1. and Il 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 atmospheres — Salt sorav tests.

1SO 14130:1997. Fibre-reinforced plastic composites — Determination of aboarent interlaminar shear strenath bv
short-beam method.

ASTM D522-93a(2008). Standard Test Methods for Mandrel Bend Test of Attached Oraanic Coatinas.

ASTM D1308-02(2007). Standard Test Method for Effect of Household Chemicals on Clear and Piamented Oraanic
Finishes.

ASTM D2794-93(2004). Standard Test Method for Resistance of Oraanic Coatinas to the Effects of Raoid
Deformation (Imoact) .

ASTM D3170-03(2007). Standard Test Method for Chippbina Resistance of Coatinas.

ASTM D3418-08. Standard Test Method for Transition Temperatures and Enthalpies of Fusion and Crvstallization of
Polvmers bv Differential Scannina Calorimetrv.

ASTM G154-06. Standard Practice for Operatina Fluorescent Liaht Abparatus for UV Exposure of Nonmetallic
Materials.

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

1SO 1496-3. Series 1 freiaht containers — Soecification and testina — Part 3: Tank containers for liauids. aases and
pressurized drv bulk.
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3 Terms and Definitions
For the purposes of this Soecification the following terms and definitions abolv:

3.1 Batchof Liners

Group of not more than 200 liners (olus liners for destructive testing). or if the number of fabricated liners is less
than 200 per vear. one vear of liners. broduced having the same nominal diameter. wall thickness. desian.
soecified material of construction and brocess of manufacture.

3.2 Batch of Composite Cvlinders

Group of not more than 200 cvlinders (olus cvlinders for destructive testing). or if the number of broduction
cvlinders is less than 200 per vear. one vear of cvlinders. oroduced from aualified liners having the same size.
design. spbecified materials of construction and orocess of manufacture.

3.3 Burst Pressure
Highest pressure reached in a cvlinder during a burst test.

3.4 Composite Cvlinder
Cvlinder made of resin-impreenated continuous filament wound over a liner.

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

3.6 Finished Cvlinders

Comopleted cvlinders which are readv for use. tvpoical of normal production. complete with identification marks and
external coating including integral insulation specified bv the manufacturer. but free from non-intearal insulation
or orotection.

3.7 Gas Temperature
Temperature of gas in a cvlinder.

3.8 Lliner
Container that is used as a gas-tight. inner shell. on which reinforcing fibres are filament-wound to reach the
necessarv strength.

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

3.9 Manufacturer
Person or organization responsible for the desian. fabrication and testing of the cvlinders.
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3.10 Overwrap
Reinforcement svstem of filament and resin abplied over the liner.

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

3.12 Settled Pressure
Gas pressure when a given settled temperature is reached.

3.13 Settled Tembperature
Uniform gas temperature after the dissipation of anv change in temperature caused bv filline.

3.14 Test Pressure
Reauired pressure aoplied during a pressure test..

3.15 Working Pressure
Settled pressure of 250 bar at a uniform temperature of 15 °C.

3.16 Permanent Gas
A fluid that remains in a gaseous state over the cvlinder’s rated service oressure and temperature range.
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4 Service Conditions

4.1 General

4.1.1 Standard Service Conditions

The standard service conditions snecified in this clause are provided as the basis for the design. manufacture.
inspbection. testine and apboroval of cvlinders that are to be permanentiv mounted in a frame and used to transpbort
permanent gases at ambient temperatures.

4.1.2 Use of Cviinders
The service conditions specified are also intended to pbrovide information on how cvlinders manufactured in
accordance with this Soecification mav safelv be used: this information is intended for

a) manufacturers of cvlinders:

b) owners of cviinders:

c) designers or contractors resnonsible for the installation of cvlinders:
d) designers or owners of eauioment:

e) suobliers of bressurized gases:

f)  reasulatorv authorities who have iurisdiction over cviinder use.

4.1.3 Service Life

The service life for which cvlinders are safe shall be specified bv the cviinder manufacturer on the basis of use
under service conditions specified herein. Service life shall be demonstrated bv aborooriate desien methods.
design qualification testing and manufacturing controls. The maximum service life shall be 30 vears.

4.2 Maximum Pressures

This Soecification is based ubon a working pressure of 250 bar settled at 15 °C for a bermanent eas with a
maximum filling pressure of 325 bar. Other working bressures mav be accommodated bv adiusting the oressure
bv the aporooriate factor (ratio): e.e.. a 200 bar working oressure svstem will reauire pressures to be mulitiolied bv
0.80.

Except where pressures have been adiusted in this wav. the cvlinder shall be designed to be suitable for the
following oressure limits:

a) a oressure that would settle to 250 bar at a settled temperature of 15 °C:
b} the maximum shall not exceed 325 bar. reeardless of filling conditions or temoerature.

4.3 Design Number of Filling Cvcles
Cvlinders shall be designed to be filled up to a settled pressure of 250 bar at a settled gas temperature of 15 °C for
up to 750 times per vear of service.

4.4 Temperature Ranege
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4.4.1 Gas Temperature
Cvlinders shall be designed to be suitable for the following gas temperature limits:

a) the settled temperature of gas in cvlinders. which mav varv from a low of - 40 °C to a high of + 65 °C.
b} the develobed gas temperature during filling and discharge. which mav varv bevond these limits.

4.4.2 Cvlinder Tembperatures
Cvlinders shali be designed to be suitable for the following material temoerature limits:

The temperature of the cvlinder materials mav varv from - 40 °Cto + 82 °C.

Temperatures over + 65 °C shall be sufficientiv local. or of short duration. that the temoerature of gas in the
cviinder never exceeds + 65 °C. exceot under the conditions of 4.4.1 b).

4.5 Gas Composition

Cvlinders shall be filled with non-oxidizing. non-lethal gases. Compatibilitv of the liner shall be demonstrated for
the intended lading for all pressure and temperature ranges. If the cvlinder is used for toxic or flammable eases. a
Failure Modes and Effects Analvsis (FMEA) for the cvlinder and associated svstems shall consider the effects of
permeation.

4.6 External Surfaces

It is not necessarv for cvlinders to be designed for continuous exposure to mechanical or chemical attack. e.z.
leakage from adiacent cargo or severe abrasion damaee from extreme handling conditions. However. cviinder
external surfaces shall be designed to withstand inadvertent exbosure to the following. consistent with installation
beine carried out in accordance with the instructions to be provided with the cvlinder:

al water. either bv intermittent immersion or road sorav:

bl salt. due to the operation of the vehicle near the ocean or where ice-melting sait is used:
c) ultra-violet radiation from sunlight:

d) impact of eravel:

e) solvents. acids and alkalis. fertilizers:

f)  automotive fluids. including petrol. hvdraulic fluids. batterv acid. glvcol and oils:

g) exhaust gases.
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5 Aoproval and Certification

5.1 Inspection and Testing
Evaluation of conformitv is reauired to be nerformed in accordance with the relevant regulations of the
countrvlies) where the cviinders are used.

In order to ensure that the cviinders are in combliance with this Specification thev shall be subiect to design
approval in accordance with 5.2. and insbection and testing in accordance with section 6. This shall be carried out
bv an ABS Survevor. The Survevor shall be competent for insobection of cviinders.

Test orocedures are detailed in Annex A. An examble of accentable aboroval and certification brocedures is
included in Annex B.

5.2 ABS Tvoe Aooroval Process

5.2.1 General
Tvoe aporoval consists of the following:

a) design aboroval. comorising submissions of information bv the manufacturer to ABS Engineering. as
detailed in 5.2.2.

b} Prototvoe Testing and Production Survevs and Batch Testing are reauired to be conducted as per this
specification.

c) Prototvpe testing. comorising testing carried out under the supervision of the attending ABS Survevor.
The cvlinder material. design. manufacture and examination shall be oroved to be adeauate for their
intended service bv meeting the reauirements of the prototvoe tests snecified in 6.5.

d) Inspoection and production testing: ABS will monitor the workmanshio. materials. brocedures. fabrication
techniaues and testing methods performed bv the manufacturer during the lavout. material breparation.
fabrication. welding. machinine. sub-assemblv. shoo testing of the aforementioned Gas Cvlinders

e) In addition to the above. ABS Survevor will periodicallv monitor nerformance of the manufacturer's
aualitv control orogram to assure imolementation and effective control over the following aspects of
aualitv: incoming material. consumables. machinerv. traceabilitv of material. forming and welding
including inspection procedures. welding and inspection personnel aualification. welding and inspection
eauioment maintenance and calibration. heat treatina. stress relieving and other soecial treatments.
machining. finish surfaces paintine.

The test data shall aiso document the dimensions. wall thicknesses and weights of each of the test cvlinders.

5.2.2 Design Approval
Cvlinder designs shall be aooroved bv formal ABS Engineering design review. The following information shall be
submitted bv the manufacturer with a reauest to ABS Engineering for aboroval:

al statement of service. in accordance with 5.2.3:

b) design data. in accordance with 5.2.4:
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¢} manufacturing data. in accordance with 5.2.5:

d} aualitv svstem. in accordance with 5.2.6:

e) soecification sheet. in accordance with 5.2.7:

f)  additional suboorting data. in accordance with 5.2.8.

5.2.3 Statement of Service
The purpose of this statement of service is to guide users and installers of cvlinders as well as to inform the ABS
Engineer and Survevor. The statement of service shall include:

a) a statement that the cvlinder design is suitable for use in the service conditions defined in clause 4 for the
service life of the cvlinder:

b} a statement of the service life:

¢} a soecification for the minimum in-service test and/or inspection reauirements:

d) a specification for the pressure relief devices. and insulation if orovided:

e) a soecification for the sunport methods. pbrotective coatings and anv other items reauired but not
orovided:

f)  adescriotion of the cvlinder desian:

g) anv other information and instructions necessarv to ensure the safe use and inspection of the cvlinder.

5.2.4 Desian Data

5.2.4.1 Drawings
Drawinags shall show at least the following:

a) title. reference number. date of issue. and revision numbers with dates of issue if abplicable:

b) reference to this Soecification:

c) all dimensions combolete with tolerances. including details of end closure shapes with minimum
thicknesses and of openings:

d} mass. comolete with tolerance. of cvlinders:

e) material specifications. complete with minimum mechanical and chemical oroperties or tolerance ranges:

fl  other data such as. minimum test oressure. details of the fire brotection svstem and of anv exterior
protective coating.

5.2.4.2 Stress Analvsis Report
A finite element stress analvsis or other stress analvsis shall be carried out.

A table summarizing the calculated stresses shall be orovided.

5.2.4.3 Material Propertv Data

A detailed descriotion of the materials and tolerances of the material brooerties used in the design shall be
provided. Test data shall also be presented characterizing the mechanical broperties and the suitabilitv of the
materials for service under the conditions soecified in clause 4.

5.2.4.4 Fire Protection

The arrangement of oressure relief devices. and insulation if provided. that will orotect the cvlinder from sudden
ruoture when exoosed to the fire conditions in A.9 shall be soecified. Test data shall substantiate the effectiveness
of the specified fire brotection svstem.
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5.2.5 Manufacturing Data
Details of all fabrication processes. non-destructive examinations. production tests and batch tests shall be
provided.

The tolerances for all oroduction processes such as resin-mix ratio. filament windine tension. curing times and
temperatures shall be specified.

Maximum lot sizes for batch tests shall be specified.

5.2.6 Qualitv Control Program

The manufacturer shall soecifv methods and nrocedures in accordance with a aualitv assurance svstem accentable
to the Survevor and that will complv with anv relevant regulations of the countrv(ies) where the cvlinders are to be
used.

5.2.7 Specification Sheet

A summarv of the documents providing the information reauired in 5.2.2 shall be listed on a specification sheet for
each cvlinder design. The title. reference number. revision numbers and dates of original issue and version issues
of each document shall be given. All documents shall be signed or initialed bv the issuer.

5.2.8 Additional Subporting Data
Additional data which would subport the aoplication. such as the service historv of material broobosed for use. or
the use of a particular cvlinder design in other service conditions. shall be orovided where aoolicable.

5.3 Inspection and testing

Prior to the attendance. the Survevor shall coordinate with the ABS engineering office to ensure that a design
review letter for the design series to be manufactured has been issued. Previouslv aboroved drawings mav no
longer complv with reauested certification as a result of design change or desiagn standard change

5.3.1 Surveillance points

The ABS Survevor shall coordinate with the manufacturer regarding the reauired ABS survev points and shall verifv
that vendor materials. orocedures. and workmanship are in accordance with the aoblicable ABS anbroved
drawings or documents and are in line with the abolicable certifications reauested. including anv additional
reauirements indicated in the design approval letter.

5.3.2 Scope of inspection - General

The ABS Survevor shall ensure that all materials. fabrication methods and materials. nondestructive examination.
testine meet the specific ABS reauirement. In the case of conflicts with the applicable reauirement. clarification
and interpretation of the regulations is to be obtained from the ABS technical office that conducted the desian
review. An ABS plan review letter must be issued orior to commencement of the inspection activities.

5.3.3 Scooe of Inspection - Detailed

ABS Survevor shall determine that each cvlinder broduced is in conformance with the aboroved drawings and
documents. Except as otherwise specified in the anproved documents above. the ABS Survevor shall perform the
following:

1) Inspect all material and reiect anv not meeting apolicable reauirements
2) Verifv the material of construction meets the reauirements of the aoplicable specification
3) Verifv compliance of cvlinders with the apoplicable specification
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5.4 Tvoe Aoproval Certificate
If the results of the desien anoroval according to 5.2 and the prototvbe testing according to 6.5. are satisfactorv.
ABS shall issue a test tvbe aporoval certificate. An examble of a tvoe aporoval certificate is given in the annex B.
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6 Reauirements for Tvoe IV All-Combosite Cvlinders

6.1 General

This Soecification does not provide desian formulae nor list permissible stresses or strains. but reauires the
adecauacv of the desian to be established bv abpropriate calculations and demonstrated bv testing to show that
cvlinders are capbable of consistentlv passing the materials. design aualification. production and batch tests
soecified in this Specification.

The desien shall ensure a “leakage-before-break” failure mode under feasible degradation of pressure parts during
normal service. or demonstrate a minimum cvcle life of three times the design number of filline cvcles.

6.2 Materials
Materials used shall be suitable for the service conditions soecified in clause 4. The design shall ensure that
incompatible materials are not in contact.

6.2.1 General Reauirements

6.2.2 Resins

The material for impbregnation mav be thermosettine or thermonblastic resins. Examples of suitable matrix
materials are epoxv. modified epoxv. polvester and vinvlester thermosetting olastics. and polvethvlene and
polvamide thermonblastic material.

The elass transition temperature of the resin material shall be determined in accordance with ASTM D 3418-99.

6.2.3 Fibres

Structural reinforcing filament material tvoes shall be glass fibre. aramid fibre or carbon fibre. If carbon fibre
reinforcement is used the desien shall incorporate a means of breventine gaivanic corrosion of metallic
components of the cviinder.

The manufacturer shall keep on file the published specifications for composite materials. the material
manufacturer’s recommendations for storage. conditions and shelf life. and the material manufacturer’s
certification that each shioment conforms to said soecification reauirements. The fibre manufacturer shall certifv
that the fibre material bropoerties conform to the manufacturer’s specifications for the oroduct.

6.2.4 Plastic Liners
The polvmeric material shall be combpatible with the service conditions specified in clause 4.

6.2.5 Metal End bosses
The metal end bosses connected to the liner shall be of a material comoatible with the service conditions specified
in clause 4.

6.3 Design Reauirements
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6.3.1 Test Pressure
The minimum test bressure used in manufacture shall be 1.5 times working pressure.

6.3.2 Burst Pressure and Fibre Stress Ratios

The minimum actual burst pressure shall be not less than the values given in Table 1. The combosite over-wrap
shall be desianed for high reliabilitv under sustained loadine and cvclic loadine. This reliabilitv shalil be achieved bv
meeting or exceeding the composite reinforcement stress ratio values given in Table 1. Stress ratio is defined as
the stress in the fibre at the specified minimum burst oressure divided bv the stress in the fibre at working
pressure. The burst ratio is defined as the actual burst pressure of the cvlinder divided bv the working pressure.

For Tvoe IV designs. the stress ratio is eaual to the burst ratio.

Verification of the stress ratios mav also be performed using strain gauges. An acceptable method is outlined in
annex D.

Table 1 - Minimum actual burst values and stress ratios for Tvoe IV cviinders

Fibre Tvoe Stress Ratio Burst Pressure. bar
Glass 3.65 912.5
Aramid 3.10 775.0
Carbon 2.35 587.5
Hvbrid a

3 stress ratios and burst oressure shall be caiculated in accordance with 6.3.2

6.3.3 Stress Analvsis
A stress analvsis shall be performed to iustifv the minimum desian wall thicknesses. It shall include the
determination of the stresses in the combosite fibres.

The pressures used for these calculations shall be working pressure. test oressure and design burst pressure. The
calculations shall use suitable analvsis techniaues to establish stress distribution throughout the cvlinder.

6.3.4 Opoenings
Obenings are nermitted in the end bosses onlv. The centre line of obenings shall coincide with the longitudinal axis
of the cvlinder.

6.3.5 Fire Protection

The cviinder design shall be protected with oressure relief devices. The cvlinder. its materials. oressure relief
devices and anv added insulation or protective material shall be designed collectivelv to ensure adeauate safetv
during fire conditions in the test specified in A.9. A manufacturer mav specifv alternative PRD locations for specific
installations in order to optimize safetv considerations.

6.4 Construction and Workmanshio

6.4.1 General

The combposite cvlinder shall be manufactured from a liner over-wraooed with continuous filament windings. Fibre
winding operations shall be computer or mechanicaliv controlied. The fibres shall be aoplied under tension during
winding. After windine is complete. thermosetting resins shall be cured bv heating. using a predetermined and
controlled time-tempoerature profile.
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6.4.2 End Boss Port Threads
Threads shall be clean cut. even. without surface discontinuities. to auge and comolv with International Standards
acceotable to the Survevor.

6.4.3 Overwran

6.4.3.1 Fibre Winding

The cvlinders shall be manufactured bv a fibre winding techniaue. Durine winding the significant variables shall be
monitored within specified tolerances and documented in a winding record. These variables can include but are
not limited to:

a) fibre tvoe including sizine:

b) manner of imoreenation:

c) windine tension:

d) windine speed:

e) number of rovings:

f)  band width:

g) tvoe of resin and composition:
h) temperature of the resin:

i) temperature of the liner:

i) windine angle.

6.4.4 Curing of Thermosetting Resins
The curing temoerature for thermosetting resins shall not adverselv affect brooerties of the plastic liner as
demonstrated the x and v aualification tests.

6.4.5 Exterior Environmental Protection
The exterior of cvlinders shall meet the reauirements of the environmental test described in A.8. Exterior
orotection mav be orovided bv using anv of the followine:

a) the use of a suitable fibre and matrix material (e.g. carbon fibre in resin): or

b} a orotective coatine (e.e. organic coating. paint): if exterior coating is part of the design. the reauirements
of A.3 shall be met: or

c) acovering impervious to the chemicals listed in A.8.

Anv coatings apolied to cviinders shall be such that the application brocess does not adverselv affect the
mechanical oroperties of the cviinder. The coatine shall be desizned to facilitate subseauent in-service inspection
and the manufacturer shall orovide suidance on coating treatment durine such insbection to ensure the continued
integritv of the cvlinder.

6.5 Prototvoe Testing Procedure

6.5.1 General

Prototvoe testing shall be conducted on each new design. on finished cvlinders which are representative of normal
oroduction and complete with identification marks. Prototvpe testing mav be conducted using sub-scale units as
noted for each aualification test. The test cvlinders or liners shall be selected and the pbrototvoe tests detailed in
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6.5.2 witnessed bv the Survevor. If more cvlinders or liners are subiected to the tests than are reauired bv this
Specification. all results shall be documented.

6.5.2 Prototvoe Tests

6.5.2.1 Tests Reauired
in the course of the tvoe apboroval. the Survevor shall select the necessarv cvlinders or liners for testing and
witness the following tests:

— the tests specified in 6.5.2.2 (material tests) on 1 liner:

— the test specified in 6.5.2.3 (hvdrostatic pressure burst test) on 2 cvlinders:

— the test specified in 6.5.2.4 (ambient temperature pressure cvcling test} on 2 cvlinders:

— the test specified in 6.5.2.5 (LBB test} on 2 cvlinders:

— the test specified in 6.5.2.6 {bonfire test) on 1 or 2 cvlinders as aborooriate:

— the test specified in 6.5.2.7 {penetration test) on 1 cvlinder:

— the test specified in 6.5.2.8 (environmental test) on 1 cvlinder:

— the test specified in 6.5.2.9 {flaw tolerance test) on 1 cvlinder:

— the test specified in 6.5.2.10 (high temperature creep test). where apborooriate. on 1 cvlinder:

— thetest specified in 6.5.2.11 (accelerated stress rupture test). on 1 cvlinder:

— the test specified in 6.5.2.12 {extreme temperature pressure cvcling test} on 1 cvlinder:

—  the test specified in 6.5.2.13 (resin shear strength) on 1 samole coupbon reoresentative of the composite
overwrap:

— thetest specified in 6.5.2.14 (external loading and impact tests):

— the test specified in 6.5.2.15 (boss toraue test) on 1 cvlinder:

— the test specified in 6.5.2.16 (nermeation test) on 1 cvlinder:

— the test specified in 6.5.2.17 (gas cvcling and blow down test) on 1 cvlinder.

6.5.2.2 Material Tests for Plastic Liners
The tensile vield strength and ultimate eloneation shall be determined in accordance with A.15 and shall meet the
reauirements therein.

The softenina temperature shall be determined in accordance with A.16 and shall meet the reauirements therein.

The resistance to high temperature creep shall be determined in accordance with A.12 and shall meet the
reauirements therein.

6.5.2.3 Hvdrostatic Pressure Burst Test

Two cvlinders shall be hvdrostaticallv pressurized to failure in accordance with A.6. The cvlinder burst pressures
shall exceed the specified minimum burst pressure established bv the stress analvsis for the desien. in accordance
with Table 1. and in no case less than the value necessarv to meet the stress ratio reauirements of 6.3.2.

6.5.2.4 Ambient Temperature Pressure Cvcling Test

Two cvlinders shall be pressure cvcle tested to failure at ambient temperature in accordance with A.7.orto a
minimum of three times the desizn number of filling cvcles. The cvlinders shall not fail before reaching the desian
number of filline cvcles defined as the specified service life in vears multiolied bv 750 cvcles. Cvlinders exceeding
design number of filline cvcles shall fail bv leakage and not bv rupture. Cvlinders which do not fail within three
times the design number of filling cvcles shall be destroved either bv continuing the cvcling until failure occurs. or
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bv hvdrostaticallv oressurizing to burst. Cvlinders exceeding three times the desien number of filling cvcles are
permitted to fail bv ruoture.

Sub-scale units mav be used as provided below:

One of the two reauired tests shall be conducted on a full scale cviinder. Otherwise. design validation mav be
demonstrated with full scale diameter cviinders of shorter length: however the L/D ratio of sub-scale units must be
greater than 2.5. If the full scale cviinder L/D ratio is less than 2.5. a full scale cviinder is reauired.

6.5.2.5 Leak-Before-Break (LBB) Test
LBB tests shall be conducted in accordance with A.1 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

Desian validation mav be demonstrated with full scale diameter cviinders of shorter lenath: however the L/D ratio
of sub-scale units must be areater than 2.5. If the full scale cvlinder L/D ratio is less than 2.5. a full scale cvlinder is
reauired.

6.5.2.6 Bonfire Test
One or two cvlinders as aporooriate shall be tested in accordance with A.9 and meet the reauirements therein.

6.5.2.7 Penetration Test
One cvlinder shall be tested in accordance with A.10 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

Desian validation mav be demonstrated with full scale diameter cviinders of shorter length: however the L/D ratio
of sub-scale units must be ereater than 2.5. If the full scale cvliinder L/D ratio is less than 2.5. a full scale cvlinder is
reauired.

6.5.2.8 Environmental Test
One cvlinder shall be tested in accordance with A.8 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

Material orooerties mav be demonstrated using a sub-scale unit of a size aoborooriate to determine the
environmental resistance of the laminate and/or orotective coating. The stress level of the sub-scale must be the
same as the full scale cvlinder.

6.5.2.9 Flaw Tolerance Test
One cvlinder shall be tested in accordance with A.11 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

Design validation mav be demonstrated with full scale diameter cviinders of shorter length: however the L/D ratio
of sub-scale units must be greater than 2.5. If the full scale cviinder L/D ratio is less than 2.5. a full scale cviinder is
reauired.

6.5.2.10 High Temperature Creep Test
In designs where the glass transition temperature of the resin does not exceed 102 °C. one cvlinder shall be tested
in accordance with A.12 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

ABS 15
ABS PLAZA. 16855 NORTHCHASE DRIVE. HOUSTON. TX 77060 USA
TEL: 1-281-877-6000 FAX: 281-877-6001 EMAIL: abs-amer@eaale.ora WEBSITE: www.eaals.ora



Electronicallv published bv ABS Houston.
Reference 557163. dated 05-MAR-2010.
" T

FOUNDED 1862

Material oroperties mav be demonstrated using a sub-scale unit of a size abprooriate to determine the thermal
stabilitv of the laminate. The stress level of the sub-scale must be the same as the full scale cvlinder.

6.5.2.11 Accelerated Stress Rupture Test
One cvlinder shall be tested in accordance with A.13 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

Material oroperties mav be demonstrated using a sub-scale unit of a size aboropriate to determine the thermal
stabilitv of the laminate. The stress level of the sub-scale must be the same as the full scale cvlinder.

6.5.2.12 Extreme Tembperature Pressure Cvcling Test
One cvlinder shall be tested in accordance with A.2 and meet the reauirements therein.

Sub-scale units mav be used as provided below:

Desien validation mav be demonstrated with full scale diameter cvlinders of shorter length: however the L/D ratio
of sub-scale units must be egreater than 2.5. If the full scale cvlinder L/D ratio is less than 2.5. a full scale cvlinder is
reauired.

6.5.2.13 Resin Shear Strength
Resin materials shall be tested in accordance with A.19. and meet the reauirements therein.

6.5.2.14 External Loads and Impact Tests

Cvlinders covered bv this Soecification are reauired to be nermanentlv mounted into a transport frame.
Reauirements pertaining to external loadings arising from transoort are specified in standards for transportation
containers (i.e. ISO 1496-3 or eauivalent). Cvlinders and their interface with the transoort frame are reauired to
meet all reauirements imposed bv the applicable transport container standard. Combliance with this reauirement
shall be demonstrated through container aualification.

As a minimum reauirement. subseauent to container loads testing cvlinders shall be subiected to a leak test in
accordance with A.4. and meet the reauirements therein.

6.5.2.15 Boss Toraue Test
One cvlinder shall be tested in accordance with A.18 and meet the reauirements therein.

Sub-scale units mav be used as orovided below:

Design validation mav be demonstrated with full scale diameter cvlinders of shorter length: however the L/D ratio
of sub-scale units must be greater than 2.5. If the full scale cvlinder L/D ratio is less than 2.5. a full scale cvlinder is
reauired.

6.5.2.16 Permeation Test
One cvlinder shall be tested for permeation in accordance with A.14 and meet the reauirements therein.

Sub-scale units mav be used as orovided below:

Material oroperties mav be demonstrated using a sub-scale unit of a size abprooriate to determine the gas
permeation rate of the liner.

6.5.2.17 Gas Cvcling and Blow Down Test
One cvlinder shall be tested in accordance with A.20 and meet the reauirements therein.
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Sub-scale units mav be used as orovided below:

Electronicallv published bv ABS Houston.
Reference 557163. dated 05-MAR-2010.
=&

Design validation mav be demonstrated with full scale diameter cvlinders of shorter length: however the L/D ratio
of sub-scale units must be areater than 2.5. If the full scale cvlinder L/D ratio is less than 2.5. a full scale cvlinder is

reauired.

6.5.3 Change of Desian
A design change is anv change in the selection of structural materials or dimensional chanee not attributable to
normal manufacturine tolerances.

Minor desian changes shall be permitted to be aualified through a reduced test brogram. Chanees of design
specified in Table 2 shall reauire design aualification testing as specified in the table.

Table 2 - Chanee of Design for Tvoe IV Cvlinders

Tvoe of Test
g
2
[4 g o _ 3 a
a8 £ = § E E 3 o T
Desien Change g 23 S g o -1 B S 3 5 s g
8 g¢ 4 B € s 5 2 - 5 g 43
8 g 2 ¢ s ] - - o 9 £ [ 4 g e
5 28 € g 3 : 8 g g 2 £ o Z
£ <& b & & T Es & & & G =
Clause
A.6 A7 A9 A.10 A8 A1l A.12 A.13 - A.18 A.14 A.20
Fibre Manufacturer X X - - - - - - - - — -
Plastic Liner
X X - - X - X - - X X X
Material
Fibre Material X X X X X X X X X X — —
Resin Material - - - X X X X X — - - -
Diameter Change
X X - - - - - - X - - -
<20%
Diameter Change
X X X X - X - — X - - -
>20%
Length Change a a
X - X - - - - - X - - —
<50%
Lenath Chanae a a
X X X - — — — — X — — -
>50%
Working Pressure
b X X - - - - - — — - — —
<20%
Dome Shape X X - — - - - - - x¢ X X
Ovening Size X X - —- - - - - - - - -
Coating Change - - - - X - - - - - - -
End Boss Desian - - - - - - - - xe x¢ b X
Change in
Manufacturing X X — — — — — — - — — —
Process
Pressure Relief X
Device
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3 Test onlv reauired when the leneth Increases.

b Oniv when thickness change orooortional to diameter and/or pressure chanze.

€ Onlv when the interface between the end boss and liner. or between the end boss and comoosite chanee.
d n accordance with 6.5.2.14.

© Onlv when a chanee will adverselv affect oerformance in the external loads test.

6.6 Material Certification

Material testing shall be conducted on all materials critical to the performance of the cvlinder to demonstrate
conformance with the desian specification. Materials generallv considered critical include. but are not limited to.
materials of end bosses. plastic liner material. and combosite fibres and resin. A material test rebort or suoblier
certificate shall be documented for each batch of materials.

6.7 Batch Tests

6.7.1 General Reauirements

Batch testing shall be conducted on finished cvlinders which are reoresentative of normal production and are
comblete with identification marks. The cvlinder(s) and liner(s) reauired for testing shall be the first oroduced
from each batch. If more cvlinders are subiected to the tests than are reauired bv this Soecification. all results
shall be documented.

6.7.2 Reauired Tests

6.7.2.1 At least the following tests shall be carried out on each batch of cvlinders:
a) on one cviinder:

1) one hvdrostatic bressure burst test in accordance with A.6.

— If the burst oressure is less than the minimum caiculated burst pbressure. the procedures
soecified in 6.10 shall be followed.
b} on one cviinder. or liner. or witness samble reoresentative of a finished cvlinder:

1) a check of the critical dimensions against the desian (see 5.2.4.1):

2) one tensile test of the plastic liner in accordance with A.15. or a material certificate of conformance
from the plastic suoplier: the test results shall satisfv the reauirements of the desien (see 5.2.4.1):

3) the melt temperature of the olastic liner shall be tested in accordance with A.16. or a material
certificate of conformance from the piastic suoplier. and meet the reauirements of the desian:

4) when a protective coating is a part of the design. a coating batch test in accordance with A.17 to
meet the reauirements therein. Where the coating fails to meet the reauirements of A.17. the batch
shall be 100 % inspected to remove similariv defectivelv coated cviinders. The coating on all
defectivelv coated cvliinders mav be stripoed using a method that does not affect the intearitv of the
composite wrapping then recoated. The coating batch test shall then be repeated.

All evlinders or liners rebresented bv a batch test which fails to meet the reauirements soecified shall follow the
procedures specified in 6.10.

6.8 Tests on Everv Cviinder
Production examinations and tests shall be carried out on all cvlinders produced in a batch.

ABS 18

ABS PLAZA. 16855 NORTHCHASE DRIVE. HOUSTON. TX 77060 USA
TEL: 1-281-877-6000 FAX: 281-877-6001 EMAIL: abs-amer@eaale.ora WEBSITE: www.eaale.ora



Electronicallv published bv ABS Houston.
Reference 557163. dated 05-MAR-2010.
&

Each cvlinder shall be examined during manufacture and after combletion. as follows:

a) to verifv that the critical dimensions and mass of the completed cvlinder are within desian tolerances:

b) to verifv the markinas:

c) bv hvdraulic test of finished cvlinders in accordance with A.5. ootion 1. The manufacturer shall define the
aporopriate limit of elastic exoansion for the test pressure used. but in no case shall the elastic exoansion
of anv cvlinder exceed the expansion of the batch hvdrostatic burst test unit bv more than 10 %:

d) bv leak test in accordance with A.4. and shall meet the reauirements therein.

6.9 Batch Acceptance Certificate

If the results of batch testine according to 6.7 and 6.8 are satisfactorv. the manufacturer and the Survevor shall
sign an acceptance certificate. An examble of an acceptance certificate (referred to as a “Report of Manufacture
and Certificate of Conformance”) is given in annex C.

6.10 Failure to Meet Test Reauirements
In the event of failure to meet test reauirements. re-testing shall be carried out as follows:

a) ifthere is evidence of a fault in carrving out a test. or an error of measurement. a further test shall be
oerformed: if the result of this test is satisfactorv. the first test shall be ignored:
b} if the test has been carried out in a satisfactorv manner. the cause of test failure shall be identified.

1) All defective cvlinders shall be reiected or repaired bv an aboroved method. Provided that the
renaired cvlinders pass the test(s) reauired for the repair. thev shall be re-instated as part of the
original batch.

2) The new batch shall be retested. All the relevant orototvoe or batch tests needed to orove the
acceptabilitv of the new batch shall be performed again. If one or more tests pbrove even partiallv
unsatisfactorv. all cvlinders of the batch shall be reiected.

7 Marking

On each cvlinder the manufacturer shall orovide clear bermanent markings not less than 6 mm high. Marking shall
be made either bv labels incorporated into resin coatines and/or labels attached bv adhesive. Adhesive labels and
their anplication shall be in accordance with ISO 7225. or an eauivalent standard acceptable to the Survevor in the
countrv(ies) of use. Multiole labels are allowed and should be located such that thev are not obscured bv
mounting brackets.

Each cvlinder compolving with this Soecification shall be marked as follows:

a) if placed in dedicated service. the words "[gas] Onlv". where [gas] is the eas to be contained:
b} the words “DO NOT USE AFTER XX/XXXX". where XX/XXXX identifies the month and vear of expirv.
1) The period between the disbatch date and the expirv date shall not exceed the sbecified service life.

The expirv date mav be aoplied to the cvlinder at the time of dispatch. provided that the cvlinders
have been stored in a drv location without internal bressure:

¢} manufacturers' identification:

d) cvlinder identification (a serial number uniaue for everv cvlinder):

e} working pressure at temperature:
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f)  reference to this Soecification. along with certification registration number {if abolicable):

g} the words “Use onlv a manufacturer-anoroved PRD":

h} when labels are used. a uniaue identification number and the manufacturer’s identification placed in an
alternate location to permit tracine in the event that the primarv label is destroved:

i) date of manufacture (month and vear):

iy anv additional markings as reauired bv the Survevor or the countrvlies) of use.

The markings shall be placed in the listed seauence but the specific arrangement mav be varied to match the space
available. An accentable example is:

DO NOT USE AFTER 03/2029
Manufacturer/Identification number
250 bar/15 °C

ABS Rea. No AB/XXX/YY-X]

Use onlv manufacturer-aporoved PRD
Manufacture date 03/2009

8 Preparation for Dispatch

Prior to dispatch from the manufacturer's shoo. everv cvlinder shall be internallv cleaned and dried. Cvlinders not
immediatelv closed bv the fitting of a valve. and safetv devices if anolicable. shall have pluas. which prevent entrv
of moisture and orotect threads. fitted to all obeninas.

The manufacturer’s statement of service and all necessarv information and instructions to ensure the brooer
handling. use and in-service inspection of the cvlinder shall be subblied to the purchaser. The statement of service
shall be in accordance with 5.2.3. Guidance on the content of the instructions is given in annex E.
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Annex A
(normative)

Test Methods and Criteria

Al Leak-Before-Break (LBB) Test

Two finished cvlinders shall be pressure cvcled in accordance with the following procedure:

al fill the cvlinder to be tested with a non-corrosive fluid such as oil. inhibited water or glvcol:
b} cvcle the pressure in the cvlinder between 25 bar and 375 bar at a rate not exceeding 10 cvcles per
minute.

The number of cvcles to failure shall be reported. along with the location and descriotion of the failure initiation.

All cvlinders shall either fail bv leakage or exceed three times the desien number of filling cvcles.

A.2 Extreme Temperature Pressure Cvcling
Finished cvlinders. with the comoosite wraoping free of anv orotective coating. shall be cvcle tested. as follows:

al condition for 48 h at zero to 25 bar pbressure. between 60 °Cand 70 °C. and 95 % or greater relative
humiditv:

b} cvcle the oressure in the cvlinder for 5 000 cvcles. between 25 bar and 250 bar. while maintaininz a
surface temperature between 60 °Cand 70 °C bv requlating the environmental chamber and cvcle rate:

c} release the pressure and stabilize the cvlinder at aooroximatelv 20 °C:

d} condition for 48 h at zero to 25 bar pressure. between - 50 °Cand - 60 °C:

e} cvcle the pressure in the cviinder for 5 000 cvcles. between 25 bar and 250 bar. while maintaininz a
surface temperature between - 50 °C and - 60 °C bv requlating the environmental chamber and cvcle rate:

f) release the pressure and stabilize the cvlinder at aobroximatelv 20 °C:

g} cvcle the oressure in the cvlinder for 30 cvcles . between 25 bar and 375 bar.

The fluid shall be selected to ensure that it functions at the temoeratures soecified in the various cvcle tests.

The pressure cvcling rate of b} and el shall not exceed 5 cvcles per minute. The pressure cvcling rate of g) shall not
exceed 10 cvcles per minute.

Durine this oressure cvcling. the cvlinder shall show no evidence of rupture. leakaee or fibre unraveline.

Following the completion of the test the cvlinder shall be hvdrostaticallv pressured to failure in accordance with
A.6. and achieve a minimum burst pressure of 89.4 % of the minimum design burst pressure.
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A3

Coating Tests

Coatings shall be evaluated using the following test methods:

a)

b

c)

d)

e)

e)

A4

adhesion testing. in accordance with 1SO 4624:2002. using method A or B as aoolicable. The coating shall
exhibit an adhesion rating of either 4A or 4B. as aoolicable:

flexibilitv. in accordance with ASTM D522-93. using test method B with a 12.7 mm (0.5 in) mandrel at the
specified thickness at - 20 °C. Sambles for the flexibilitv test shall be orepared in accordance with ASTM
D522-93. There shall be no visuallv anoarent cracks:

impact resistance. in accordance with ASTM D2794-93. The coating at room temperature shall pass a
forward impact test of 18 J (13.3 ft |bs):

chemical resistance. in accordance with ASTM D1308-87 exceot as identified in the followinz. The tests
shall be conducted using the open spot test method and 100 h exoosure to a 30 % sulfuric acid solution
(batterv acid with a specific aravitv of 1.219) and 24 h exposure to a polvalkalene glvcol (e.2. brake fluid).
There shall be no evidence of liftinz. blistering or softening of the coating. The adhesion shall meet a
rating of 3 when tested in accordance with ISO 4624:2002:

minimum 1 000 h exposure. in accordance with ASTM G53-93. There shall be no evidence of blistering.
and adhesion shall meet a rating of 3 when tested in accordance with ISO 4624:2002. The maximum aloss
loss allowed is 20 %:

minimum 500 h exposure in accordance with 1ISO 9227. Undercutting shall not exceed 2 mm at the scribe
mark. there shall be no evidence of blistering and adhesion shall meet a ratinz of 3 when tested in
accordance with ISO 4624:2002:

resistance to chibpbing at room temoerature. in accordance with ASTM D3170-87. The coating shall have a
rating of 7A or better. and there shall be no exposure of the substrate.

Leak Test

Finished cvlinders shall be leak tested using the following procedure (or an alternative acceotable method):

al
b)
c)

thoroughlv drv the cvlinders:

oressurize the cvlinders with water or other suitable fluid to working pressure:

with the cvlinder having been pressurized for at least 15 minutes. carefullv examine for sians of leakage
(e.g. a visual indication or decrease in bressure).

Anv leakage detected shall be cause for reiection.

A5

Hvdraulic Test

One of the following two options shall be used:

Option 1. Volumetric Exoansion Test

a)
b)

c)

The cvlinder shall be hvdrostaticallv tested to at least 1.5 times working nressure.

Pressure shall be maintained for 30 s and sufficientlv longer to ensure comolete expansion. If the test
pressure cannot be maintained due to failure of the test abparatus. it is permissible to repeat the test.
Anv cvlinders not meeting the defined reiection limit shall be reiected and rendered unserviceable.
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Obtion 2. Proof Pressure Test

The hvdrostatic bressure in the cvlinder shall be increased graduallv and reqularlv until the test pressure. at least
1.5 times working pressure. is reached. The cvlinder test bressure shall be maintained for at least 30 seconds to
establish that there are no leaks.

A.6 Hvdrostatic Pressure Burst Test

The rate of bressurization shall not exceed 14 bar/s at bressures in excess of 80 % of the desian burst oressure. If
the rate of nressurization at bressures in excess of 80 % of the design burst oressure exceeds 3.5 bar/s. then either
the cvlinder shall be placed schematicallv between the pressure source and the pressure measurement device. or
there shall be a 5 s hold at the minimum design burst bressure.

The minimum reauired (calculated) burst bressure shall be no less than the value necessarv to meet the stress
ratio reauirements. Actual burst pressure shall be recorded. Rubture mav occur in either the cvlindrical region or
the dome region of the cvlinder.

A7 Ambient Temperature Pressure Cvcling
Pressure cvcling shall be performed in accordance with the following brocedure:

a) fill the cvlinder to be tested with a non-corrosive fluid such as oil. inhibited water or glvcol:
b} cvcle the pressure in the cvlinder between 25 bar and 325 bar at a rate not exceeding 10 cvcles per
minute.

The number of cvcles to failure shall be reported. along with the location and descriotion of the failure initiation.

A.8 Environment Test
On a finished cvlinder the following test orocedure shall be aoolied:

A.8.1 Container Set-Up and Preparation
One container shall be tested. including coating if applicable.

The uoper section of the container is to be divided into five distinct areas and marked for bendulum impact
preconditioning and fluid exoosure. The areas shall be nominallv 4 in {10 cm) in diameter. While convenient for
testina. the areas need not be oriented along a single line. but shall not overlao.

Although preconditioning and other fluid exposure is performed on the cvlindrical section of the container. all of
the container. including the domed sections. shall be as resistant to the exnosure environments as the exposed
areas.

A.8.2 Pendulum Impact Preconditioning

The impact bodv shall be of steel and have the shabe of a bvramid with eauilateral triangle faces and a sauare
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 gravitv of the ovramid: its distance from the axis of rotation of the
pendulum shall be 1 m (39.37 in). The total mass of the pendulum referred to its center of percussion shall be 15

ABS 23
ABS PLAZA. 168565 NORTHCHASE DRIVE. HOUSTON. TX 77060 USA
TEL: 1-281-877-6000 FAX: 281-877-6001 EMAIL: abs-amer@eaale.ora WEBSITE: www.eaale.ora



Electronicallv published bv ABS Houston.
Reference 557163. dated 05-MAR-2010.

ke (33 Ibs). The enerav of the pendulum at the moment of imoact shall be not less than 30 Nm {22.1 ft-Ib) and as
close to that value as possible.

During pendulum impact. the container shall be held in position bv the end bosses or bv the intended mounting
brackets. Each of the five areas shall be oreconditioned bv impact of the bendulum bodv summit at the center of
the area. The container shall be unoressurized during breconditionine.

A.8.3 Environmental Fluids for Exoosure

Each marked area is to be exposed to one of five solutions. The five solutions are:
al Sulfuric acid - 19 percent solution bv volume in water:
b) Sodium hvdroxide - 25 percent solution bv weight in water:
¢} Methanol/zasoline - 5/95 percent concentration of M5 fuel meeting the reauirements of Standard
Soecification for Automotive Soark-lanition Enaine Fuel. ASTM D4814:
dl Ammonium nitrate - 28 percent bv weight in water: and
el Windshield washer fluid (50 percent bv volume solution of methvl alcohol and water).

When exposed. the test sample will be oriented with the exposure area unoermost. A pad of glass wool
aporoximatelv 0.5 mm (1/64 in) thick and between 90 and 100 mm [3.5 and 4.0 inl in diameter is to be placed on
the exposure area. Apblv an amount of the test fluid to the glass wool sufficient to ensure that the pbad is wetted
evenlv 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 significantlv during the duration of the test.

A.8.4 Pressure Cvcle and Pressure Hold

Containers shall be hvdraulicallv bressure cvcled between less than or eaual to 10 percent of working oressure and
130 percent of working oressure for a total of 3000 cvcles. The maximum pressurization rate shall be 27.5 bar (400
opsi) per second. After oressure cvcling. containers shall be pressurized to 130 percent of working oressure. and
held at that bressure a minimum of 24 hours and until the elansed exposure time {pressure cvcling and oressure
hold) to the environmental fluids eauals 48 hours.

A.8.5 Acceotable Results

Following the above test seauence. the residual burst strenath of the container shall be no less than 1.8 times the
working pressure when tested in accordance with A.6.

A9 Bonfire Test

A9.1 General

The bonfire test is designed to demonstrate that finished cvlinders. comblete with the fire orotection svstem
(cvlinder valve. pressure relief devices and/or integral thermal insulation) specified in the design. will orevent the
rupture of the cvlinder when tested under the specified fire conditions.

Precautions shall be taken during fire testing in the event that cvlinder ruoture occurs.

A.9.2 Cvlinder set-up
The cvlinder shall be olaced horizontallv with the cvlinder bottom aporoximatelv 100 mm above the fire source.
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Metallic shielding shall be used to orevent direct flame impingement on cviinder valves. fittings. and/or oressure
relief devices. The metallic shieldine shall not be in direct contact with the specified fire protection svstem
(oressure relief devices or cviinder vaive).

Anv failure during the test of a valve. fitting or tubing that is not part of the intended protection svstem for the
design shall invalidate the result.

A.9.3  Fire source
A uniform fire source of 1.65 m lenath shall orovide direct flame imbpingement on the cviinder surface across its
entire diameter.

Anv fuel mav be used for the fire source provided it supbplies uniform heat sufficient to maintain the soecified test
temperatures until the cviinder is vented. The selection of a fuel should take into consideration air bollution
concerns. The arrangement of the fire shall be recorded in sufficient detail to ensure that the rate of heat inout to
the cvlinder is rebroducible.

Anv failure or inconsistencv of the fire source during a test shall invalidate the resuit.

A.9.4 Temperature and pressure measurements
Surface temoeratures shall be monitored bv at least three thermocoubles located along the bottom of the cviinder
and spaced not more than 0.75 m apart.

Thermocoupie temoeratures and the cviinder pressure shall be recorded at intervais of everv 30 s or less during
the test.

A.9.5 General test reauirements

The cvlinder shali be pressurized to working pressure with the intended lading or comoressed nitrogen and tested
in the horizontal position at working pressure and at 25 % of workine pressure if a thermallv activated PRD is not
used.

Immediatelv followina ignition. the fire shall broduce flame impingement on the surface of the cviinder along the
1.65 m lenath of the fire source and across the cviinder diameter.

Within 5 min of ignition the temperature at least one thermocouple shall indicate a temperature 2590 °C. This
minimum temoerature shall be maintained for the remainder of the test.

For cvlinders of length 1.65 m or less. the centre of the cvlinder shall be positioned over the centre of the fire
source.

For cvlinders of lenath areater than 1.65 m. the cviinder shall be positioned as foliows:

a) if the cviinder is fitted with a pressure relief device at one end. the fire source shall commence at the
ooposite end of the cvlinder:

b) if the cviinder is fitted with pressure relief devices at both ends. or at more than one location along the
lenath of the cvlinder. the centre of the fire source shall be centred midwav between the pressure relief
devices that are separated bv the greatest horizontal distance:

c) if the cviinder is additionallv orotected using thermal insulation. then two fire tests at service pressure
shall be berformed. one with the fire centred midwav along the cviinder iength. and the other with the
fire commencing at one of the ends of a second cvlinder.
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A9.6 Acceptable results
The cvlinder shall vent through a oressure relief device. and without ruoturing.

NOTE: The bonfire test mav also be carried out on cvlinders installed in their transport frame. The fire and its
position relative to the transpoort frame shall be anoroved bv the Survevor.

A.10 Penetration Tests

A cvlinder pressurized to 250 bar * 10 bar with the intended lading or comoressed nitrogen shall be penetrated bv
an armour piercing bullet with a diameter of 7.62 mm or greater. The bullet shall combpletelv penetrate at least
one side wall of the cvlinder. If the bullet does not penetrate. additional rounds shall be fired at the same location
until the wall is penetrated. The proiectile shall impact the sidewall at an aboroximate angle of 45°. The cvlinder
shall not rupture.

A.11 Comnbosite Flaw Tolerance Tests

One finished cvlinder. comblete with protective coating. shall have flaws cut into the combosite in the longitudinal
direction. The flaws shall be greater than the visual inspection limits as specified bv the manufacturer. As a
minimum. one flaw shall be 130 mm long and 2.5 mm in deoth. and another flaw shall be 1 000 mm long and 1.5
mm in deoth. cut in the longitudinal direction into the cvlinder sidewall.

The flawed cvlinder shall then be pressure cvcled between 25 bar and 325 bar at ambient temperature. initiallv for
3 000 cvcles. then followed bv an additional 12 000 cvcles.

The cvlinder shall not leak or rupture within the first 3 000 cvcles. but mav fail bv leakage during the further 12 000
cvcles. All cvlinders which complete this test shall be destroved.

A.12 High Temperature Creep Test
One finished cvlinder shall be tested as follows:

a) the cvlinder shall be pressurized to 375 bar and held at a temoerature of 100 °C for not less than 200 h:
b} following the test. the cvlinder shall meet the reauirements of the hvdrostatic exnansion test (A.5). the
leak test (A.4) and the hvdrostatic oressure burst test {A.6).

A.13 Accelerated Stress Rupture Test

One cvlinder shall be hvdrostaticallv bressurized to 375 bar at 65 °C. The cvlinder shall be held at this bressure and
temperature for 1 000 h. The cvlinder shall then be pressured to burst in accordance with the procedure described
in A.6. except that the burst pressure shall exceed 85 % of the minimum design burst oressure.

A.14 Permeation Test
One finished cvlinder shall be filled with the intended ladine or suitable trace gas to working oressure. placed in an
enclosed sealed chamber at ambient temoerature. and monitored for leakage for 500 h.

The measured permeation rate shall be reported. If a trace eas is used. correlation between the trace gas and
intended lading shall be orovided.
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The cvlinder shall be sectioned and the internal surfaces insbected for anv evidence of cracking or deterioration.

A.15 Tensile Properties of Plastics
The tensile vield strength and ultimate elongation of olastic liner material shall be determined at - 50 °Cin
accordance with ISO 527-2.

The test results shall demonstrate the ductile oroperties of the olastic liner material at temoeratures of - 50 °C or
lower bv meeting the values specified bv the manufacturer.

A.16 Softening Temperature of Plastics
Polvmeric materials from finished liners shall be tested in accordance with a method described in ISO 306.

The softening temperature shall be at least 100 °C.

A.17 Coating Batch Tests

A.17.1 Coating Thickness
The thickness of the coating shall be measured in accordance with ISO 2808 and shall meet the reauirements of
the design.

A.17.2 Coating Adhesion
The coating adhesion strenaeth shall be measured in accordance with ISO 4624:2002. and shall have a minimum
rating of 4 when measured using either test method A or B. as abprooriate.

A.18 Boss Toraue Test

The bodv of the cvlinder shall be restrained against rotation and a toraue of twice the valve or PRD installation
toraue soecified bv the manufacturer shall be abolied to each end boss of the cvlinder. The toraue shall be aoolied
first in the direction of tightening a threaded connection. then in the untightening direction. and finallv again in the
tightening direction.

The cvlinder shall then be subiected to a leak test in accordance with A.4.

A.19 Resin Shear Strength

Resin materials shall be tested on a sambple coubon representative of the combposite overwrap in accordance with
1SO 14130. or an eauivalent standard. Following 24 h boiling in water the composite shall have a minimum shear
strength of 13.8 MPa.

A.20 Gas Cvcling and Blow Down Test

Soecial consideration shall be given to safetv when conducting this test. Prior to conducting this test. cvlinders of
this design shall have successfullv passed the test reauirements of A.4 (leak test). A.6 {hvdrostatic oressure burst
test). A.7 {ambient temperature pressure cvcling test) and A.14 (bermeation test).

One finished cvlinder shall be cvcle tested as follow:
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a) fill the cvlinder to be tested with a non-corrosive fluid such as oil. inhibited water or glvcol:

b) cvcle the pressure in the cvlinder for 1 000 cvcles. between 25 bar and 250 bar:

¢} release the pressure. drain the fluid and drv the interior of the cvlinder:

d) cvcle the pressure in the cvlinder for 5 cvcles. between 25 bar and 250 bar. with the intended lading:
e) following the high pressure hold of final cvcle. the gas shall be released freelv to atmosphere.

The pressure cvcling rate of b) shall not exceed 10 cvcles per minute. The pressure cvcling rate of g) shall brovide
at least a 2 hour hold at the high pressure portion of the cvcle.

The cvlinder shall then be subiected to a leak test in accordance with A.4 and meet the reauirements therein.
Following the completion of the test the cvlinder shall be sectioned and the liner and liner/end boss interface
inspected for evidence of anv deterioration. such as fatigue cracking or electrostatic dischargze.
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B.1
The American Bureau of Shipping
Container Certification Application
Model Number:
Container Size and Description:
ABS Design Type Number: AB/ -
Manufacturer: TYPE OF SUBMITTAL:
& Address: [1 NEW DESIGN
Contact Person: Phone no. [ ADDITIONAL UNITS
E-mail address: Fax no.: [ REVISION
Owner’s Name: TYPE OF CONTAINER:
& Address: [[] GENERAL CARGO
User's Name: [ BULK
& Address: [ PLATEORM
Test Facility: [] TANK CONTAINER
Manuf. Facility: O pORTABLETANK [JUN
Quantity: O THERMAL
Manufacturer's Nos.: thru COMEGC (JUN
thru CERTIFICATIONS:
thru ABS RULES
thru [ CSC 49 CER 451.12)
Owner's Operating Nos.: thru [J CUSTOMS/TIR
thru guic
thry Oiso
thra O ATO-DLO
Maximum Gross Mass: kg Qus. poT
Tare: kg O IMDG
Max. Permissible Payload: kg O aTp
Allowablke Stacking Weight: kg O sAR
Other Information: O usna
[J TRANSPORT CANADA
[J RII¥ADR
O TPED
[ OTHER:
1. the undersigned. hereby apply for the certification of the above listed containers to be built in conformance with the above
requested certifications. | warrant that I have the authority to present these comiginers to ABS for centification and the authority to
use and distribute all information and data supplied in support of this application for ABS certification.
Printed Name: Date:
Agme - 1 have no objection to the information contained in my certification to be displayed publicly on the ABS website.
Please submit electronic copies of the completed and signed appfication. cover ketter. drawings. calculations and any other additionat
information to the email address A BSContainers@eagle.org.

CTR AB 200 Rev. 22 Page t of 3
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B.1
Data Form
Supplement for Tank Containers/Portable
Tanks
Model Number:
Container Size and Description:
ABS Design Type Number: AB/ -
Overall Tank Length: Seam to Seam Length:
Inside Tank Diameter: Head Matenal:
Shell Material: Head Thickness:
Shell Thickness: Lining Maternal:
Equivalent Thickness in Insulation & Cladding:
Reference Steel: Corrosion Allowance:
MAWP: psig Test Pressure: psig Heating Coils: MAWP: psig
bar bar bar
Maximum Payload: kg b Liquid Capacity: liters galions
Maximum Allowable Cargo Density: SG. No. and Capacity of Compartments:
Design temperature:
Min.: *C °F Operating: °C °F Max.: *C °F
Safely Valves: Quantity: Model & Size: Capacity of each: mhr
Discharge Vales: Mode! & Size: Top or Bottom:
COMMODITY CHARACTERISTICS:
Class or Packing
UN NO. Substance Description and Proper Shipping Name Division Group Physical State
CTR AB 200 Rev. 2a Page 2aof 3
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B.1
Data Form
Supplement for Thermal Containers
Mode! Number:
Container Size and Description:
ABS Design Type Number: A8/ -
Capacity: Cubic Feet: Cubic Meters:
INSULATION:
Material Density: Specific Heat:
K Factor per mm of Thickness: Kcat/m? (HR) (°C)
K Factor per Inch of Thickness: BTUFE(HR) CF)
Method of instaliation:
Thickness:
Roof cm. in. Walls: cm, n.  Fioor: cm. in.
DESIGN HEAT LOAD:
Design Overall K Factor: KcaVM? (HR) (°C) BTWFT2(HR) (°F)
Mean Surface Area: m? f  Est. Air Leakage m®%hr ft¥hr
Design Internal Temp: °c @ °C °F Ambient Max.
Total Design Heat Load to be Absorbed by Cooling Unit Kcal'hr BTWhr
COOLING UNIT:
l:Vlodel Manufacturer:
Rating: Kcal/hr BTUMNr @ °C °F Max. Design Amb. Temp.
and @ °C °F Min. Design Amb. Temp.
Horse Power: Power Source
Refrigerant: Std. Refrigerant No.:
Condenser Cooled by: [ Waler O air
Standard to which Refrigeration System is Constructed:
HEATING ARRANGEMENTS:
[ Not Applicable [ included with Cooling Unit [ Details Anached
CTR AB 200 Rev. 2a Page 2bof 3
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B.1
Data Form
Supplement for Multiple Element Gas
Containers (MEGCS)
Model Number:
Container Size and Description:
ABS Design Type Number: AB/ -
Design standards: Dimensions:  OAL: OD of elements:
Number of elements: Capacity’element Manufacturer
Element Material: Material Standard:
Element Thickness: Corrosion Allowance:
Min. Eq. Ref. Steet Thick: Lining Material:
Manifold Material: Material Standard:
insulation Material
MAWP: psig Test Pressure: psig Liquid Capacity: liters
Bar gauge Bar gauge galions
Maximum Payload: kg Ib MPGM kg
Maximum Allowable Cargo Density: S.G Mass of contents per Liter
Design Temperature:  Minimum: °C °F Maximum: *C °F
Safety Valves: Quantity: ModelSize: Capacity of each: myS
Discharge Valves: Model:
CARGO MATERIAL CHARACTERISTICS:
UN NO. Proper Shipping Name/Trade Name Class Code | Packing Group
CTR AB 200 Rev. 2a Page Xcof 3
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B.1

Material Identification Form

Modei Number:
Container Size and Descripfion:

ABS Design Type Number. AR/

Recognized National Standard*
Component Material Specification’Grade DRimensions of Profile

Thickness
(mmi

Lower Side Rails

Upper Side Rails

Front Header

Rear Header

Fromt Sill

Rear Sill

Front Comer Post

Rear Corner Post (Inner)

Rear Comer Post (Quter)

Fromt Panals

Side Panels

Door Panels

Roof Panels

Tunnel

Crossmembers

Forklift Pockets

Comer Fittings:  Foundry: Model (part no.):
Door Hardware;  Mfr; Mode] (part no.j

Wood Flooring:  Genus/Species Nominal Dimensions;
TCT (Chemical Treatment x Type of Joints:

Welding Consumables:

Welding wire specification/grade Process: Siza:

Welding rods specification/grade Process: Size:

Additionat information:

*Nola: Genent descriptions sach as “MGSS™ and HIGH STRENGTH STEFL™ ar unaccepiabke.

CTR AB 200 Rev. 2a
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Prototype Test Certificate

Certificate No.:
Design Type No.: AB/ ¢ -
CSC Approval Reference: USA/AB- ¢ -

This is to certify that the undarsigned Survayor to the Amencan Bureau of Shipping did. ai the request of  Lincoln Composite
. attend the tast facility locatod at
on and subsequent dates in ordar ta examine and raport upen a prototype carge cantainer
which was tested in accordance with the ABS Rules ior the Certification of Cargo Containers and the International Convention for Safe
Containers. This containar was constructed in accordance with General Arrangement drawing no.

reviewed on {daie) with reference no. T-8-7/

CONTAINER IDENTIFICATION

Manufacturer: Max. Gross Mass iMGM x: ke tib)
Model: Size: Tare: k) tib)
Serial no.: Maximum Permissible Payload: (ke (ib)

Re frigeration Machinery Manufacturer and Modek:

ABS TEST NO & DESCRIPTION | TEST FORCE INTERNAL LOAD SEQUENCE

7.1 Dimensional Check
7.01.2a  Stacking, Front
7.11.2b Stacking. Rear

7.1L3 Lifting. Top

7.11.4 Lifting, Bottom

7113 Lifling, FLP Loaded
7.11.6 Lifting. FLP Unloaded
2.11.7 Lifting. Grappler Arm
71018 Floor Sirength, Concentrated
7.1L9 Restraint

7.11.10a  End Panel Front
7.11.10b  End Panel Rear
71011 Stde Panel

7.11.12  Rool Strength
7.11.132 _Racking, Transverse. Front
7.11.13b  Racking. Transverse. Rear

71814 Racking, Loneitudinal
71115 Carga Securing Devicas
7.11.16 Weatherlinhiness

Additionat tests (if anv) isted on the reverse. Refer 1o test report nn. for further detaits.

The container was examined before, during and after testing and was found to be satisfactory.

issued on: at by
idute s iplace) 1Surveyory

NOTE:  This certificate evidences complianm =ith ome or more of he Rulkes, gaides, stancards or ather critena of American Aurean of Shipping and 15 ssued sokoty for the use of the Buran,
its commiiitans, s chients cr ctber autherized entiies. This cenificze & & repmseninion ouy tha the comainer spacified herein has baen foumd to compty » b one o mare of the
Ruirs, gondes, standards oz other criteriz of Amences Hurean of Shippeng The validity, zpplicabity and imespretation of this Contficate ® gowrnad by e Rules iod standzals of
American Rore za of SZipping who shall xemain the soke jodge thenend. Netking cectarred in this Costificste cr in zay Report asued in conkesnplaica of this Cenifitale shall he
doemed ta rieve =y desipner. dakder, oo nes. masuSxiures sl sapplier. mpaer operaler or ochere ity of any warranly e spress of imphied.
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B.2

Certificate NO. <vemcmemeemmmenees

Test ‘Test Description Specimens Standand Relemence and Test resuhts
gxceptions

Hydraulic Proof Pressure
Tesvl aak Check
Hydraulic Volumetric
Expansion Test
oteria ot for ST

ltners

Hyidrostatic Burst Tests
Hydrostatic Burst Tests
Ambient Cycle Test
LBB
Penetration Test
Environmental Test
Flaw Tolerance Test
High Temp Creep
Acoelerated Stress Ruptury
Extreme Temp Pressure
cli
Resin Sheas Strenglh
Drop Test
Boss Torgue wst
| Permeation
Natural Gas Cxcling Test
Blowdown Test
Bonfire

CTR AB 208 Revitien 2 Page 2ot 2
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B.3
American Bureau of Shipping
CNG Container Certificate of Approval
Certificate No.:
Design Type No.: AB/108/07-02
CSC Approval Reference USASAB/ /

Manulrcturer & sddress Serial No.
Owner & nddress Operating No.

This is to certify that the multiple element pas container (MECGO) identified abave has been inspected at ench sage of manufactum and that its construction, including
detls of dosign, matkerials and workmanship, conforms 1o the ABS Rules for the Cerufication of Cargo Containers, to the Intemnational Convention of Safe Containers
and ABS Cuidanoe Noks on Reveew and Approval of Novel Concepts.

ELEMENT CHA RACTERISTICS

Design Standurd: Design Temperature:  Min: Max:
Dimensions (OAL« QD:
o, of Elements : Dosign Pressuze:
Sheli ¢Liner) Makenul: Autofrettage Pressure:
[ Ticads Materia; Service Pessure:
Nozze Mawerial: Design Volumefeloment ¢
Laminate Makerial: Salety Valve:
Skint Material: Discharye Valve:
CONTAINER CHARACTERISTICS
Overall dinensions: ienpth 40 width ¥ height ¥ Maximum Gross Mass: kg ( 1b)
Protatype mit lest miercnce (certificale no.x: idates Tue wi: kgt
Raii Impact Test (oentificate no ): dte) Maximum Fermsssibio Pav load: [7Y] [ED)
Approved Commodities: Compressed Natural Gas (Methaney” (Hazard Cluss 2.3) GN 1073

MANUFACTURER'S STA TEMENT

Thereby affirm that the MEGC described abave has heen manufuctured acconding to the drawings listed helow. as approved by ABS oo «date)_____ mference po.
unda the effective guatity cvatre of the manufacturer identified above.
Drawing numbee (5 — Signed, Dak:
SHIFFER' RESPONSISIBILITY
Maintain the cperating pressure of the contasner below or up mdmgn pressure and the sotited pressare at 20 “C shall be no higher than MPa

- The conlainer shall nat be emptied to a pressure bawer than _____
Gas quatity shall be monitored 1o muntan withia the threshoH lin lmuls of water, carban dioxide and hydrogen suffick contents

Notes: - Individual ARS certificates JAB 113] far each edements ae 1o be appended lo this ceruficates
ARS Periadic inspection iclement and piping a1 intervads not exceeding M) months is required by an ABS Surveyor,
Subpect container is vonsidered ~cut-of<est™ if a 3¢ month perodiz inspection has become due.
Comainer specified above that is "out-of-test” cannot be ased ti.e., loaded with cargos until it has undorpone the follow ing ABS prescribod perzodic
inspection in akhison 4o any relevant mpulations in the country of use.
issued on: at By:
(dai) ¢place} (Surveyos)
NOTE. TH3 Cart? D v IdI0ES OATHRNGD W ONR OF 130r0 of the RS, RS, ST 2 G cr Xt o Anarean Borea of lmnﬂh“lﬂ"mm 4 oo 13 ats ¥ O mIATes
aites mmua:umgrsmﬂ:ﬁm;ﬁ;:r'asba;:mnm:'nnam:;nm awwtr:mwumm ”f'"ﬁﬁ-‘:’mn
m o s mr?mgmvv m“mmmm dﬂm"gggm mm o
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8.4

American Bureau of Shipping
Cylinder Certificate of Compliance

Centificate No.:

Design Type No.: A/ -
.S Dapartment of Transportation No.:

Manufacturer & address:

Owner & address:

CYLINDER DESCRIPTION AND DESIGN CRITERIA:

DoT Specification or BoT Special Permit number: Service pressure:

Nominal size: oD X o . long Test prossurs:

Nominal water capacity- Mirimurm wall thickness:
Calculated strass @ T.P.:

MANUFACTURING PROCESS:

Construction (billet piece. tubse, plate. etc.)

MATERIAL AND HEAT TREATMENT:

REPORT DETAILS:

Quantity: Test date:

Serial no. range: Hoal no. or code:

Ientilying symbol: Lot number:

MARKINGS:

Consigned to:

| hereby certify that | have determined that the cylinders described on this report comply with the requirements of U.S. Depariment of
Transporiation specification: .

Comments:

issued on: at by

(date} iplace) {Surveyor)

NOTE: s certificala evidenoas compiiance with cn2 of more af e Fules. quides, standzrss of alhar crtena of Amercan Buread of ShOpNG &3 ;€ Ssu3d solely toe e use
o Wi Buwreau, ris commtiees, its clients oF othes authorzod antties. TS cartscale is a represertabicn onty 2! the 1ank contaner spacified nesewn has bean found e
campty Wit CAE O mAra of the Hules. glraes, $isNdards ar ciner cniara of American Bureas of SRippu1g. The valknly, soplicattily a1 Sterpretaticn of this Cenincasa
1s govamed by the Autes eng standarge of Amencan Burezu of Shipping wie shall ramaln t1e sle juaga thareol. NEinig soniaired In this Cericake of 10 ary Regest
5s5ued 11 contemplalicn of tus Cesthcas shall be Seamed i rotova ay des gner. Duldar, ownes, marutacturas, setler, simplier, Fepairar, COEFShar O oiier entity 61 any
Warmanty express or imgle

CTH AB 220 Cylinger Qw0 Page rof1
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Annex C
(informative)

Verification of Stress Ratios usine Strain Gauges

This annex describes a brocedure that mav be used to verifv stress ratios bv use of strain gauges.
a) The stress-strain relationshio for fibres is alwavs elastic. therefore. stress ratios and strain ratios are eaual.
b) High elongation strain gauees are reauired.

c) Strain gauees should be orientated in the direction of the fibres on which thev are mounted (i.e. with hooo
fibre on the outside of the cvlinder. mount gauges in the hooo direction).

d) Verification Method
1) Aooplv strain gauees and calibrate.

2) Measure strains at working and minimum burst pressure.

3) Confirm that the strain at burst oressure divided bv the strain at working oressure meets the stress ratio

reauirements. For hvbrid construction. the strain at opberating pressure is comoared with the rupture
strain of cvlinders reinforced with a single fibre tvoe.
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Annex D
{informative)

Instructions for Handline. Use and Inspection of Cviinders

D.1 General
The primarv function of the manufacturer’s instructions is to orovide guidance to the cviinder purchaser.
distributor. installer and user for the safe use of the cvlinder over its intended service life.

D.2 Distribution
The manufacturer should advise the ourchaser to sunnlv these instructions to all parties involved in the
distribution. handling. installation and use of the cvlinders.

The document mav be reoroduced to provide sufficient cooies for this burbose: however. it should be marked to
provide reference to the cvlinders beine delivered.

D.3 Reference to Existine Codes. Standards and Regulations
Soecific instructions mav be stated bv reference to national or recognized codes. standards and regulations.

D.4 Cvlinder Handling
Handling nrocedures should be described which would ensure that the cviinders will not suffer unacceotable
damaee or contamination during handlina.

D.5 Installation
Installation instructions should be orovided which would ensure that the cviinders do not suffer unacceotable
damaee during installation and during normal operation over the intended service life.

Where the mounting is specified bv the manufacturer. the instructions should. where relevant. contain details such
as mounting desian. the use of resilient easket materials. the correct tightenine toraues and avoidance of direct
exposure of the cvlinder to the environment. chemicals and mechanical contacts. Cvlinder locations and
mountings should combplv with recoenized installation standards.

Where the mounting is not specified bv the manufacturer. the manufacturer shouid draw the purchaser’s
attention to possible lone-term impacts of the vehicle mounting svstem. e.g.. vehicle bodv movements and
cviinder exnansion/contraction under the pressure and temperature conditions of service.

Where apblicable. the purchaser’s attention should be drawn to the need to provide installations such that liauids
or solids cannot be collected to cause cvlinder material damaee.

The correct pressure relieve device to be fitted should be specified.
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Cvlinder vaives. oressure relief devices and connections shouid be protected asainst breakage in a coilision. If this
protection is mounted on the cviinder. the desian and method of attachment shouid be aboroved bv the cvlinder

manufacturer. Factors to be considered inciude the abiiitv of the cviinder to suoport anv transferred imoact loads
and the effect of iocalized strains on cviinder stresses and fatigue life.

D.6  Use of Cvlinders

The manufacturer shouid draw the purchaser’s attention to the intended service conditions soecified in this
Specification. in particular the cvlinder’s nermissibie number of bressure cvcies. its life in vears. the gas aualitv
limits and the permissibie maximum pressures.

D.7 In-service Inspection

The manufacturer should cleariv specifv the user’s obligation to observe the reauired cviinder inspection
reauirements (e.g. reinspbection interval. bv authorized nersonneil. This information shouid be in azreement with
the desien anproval reauirements. and should cover the following asbects.

a) In-service Inspection

In addition to the reauired in-service inspection reauirements in accordance with the regulations of the authoritv
havine iurisdiction. each cviinder shouid be visualiv inspected for external damaee or deterioration prior to fillina.
Cvlinders with damage shouid be removed from service untii the severitv of damaee has been assessed and
disposition determined.

b) Periodic reaualification

Inspection and/or testing is reauired to be performed in accordance with the relevant regulations of the
countrvlies) where the cviinders are used.

Recommendations for periodic reaualification bv visual insoection or testing durine the service life shouid be
orovided bv the cviinder manufacturer on the basis of use under service conditions specified herein. Each cviinder
shouid be visuallv inspected at least everv 36 months. and at the time of anv re-instailation. for externai damage
and deterioration. including under the suboort straos. The visual inspection shouid be performed bv a competent
azencv abproved or recognized bv the regulatorv authoritv. in accordance with the manufacturer’s soecifications.

Cviinders without labels or stamps containing mandatorv information. or with labels or stamps containing
mandatorv information that is iliegibie in anv wav should be removed from service. If the cviinder can be
positivelv identified bv manufacturer and seriai number a repiacement iabel or stambing mav be abblied. aliowing
the cvlinder to remain in service.

c) Cvlinders invoived in collisions

Cviinders which have been invoived in a vehicle collision should be re-inspected bv an authorized inspection
agencv. Cviinders which have not experienced anv impact damage from the coliision mav be returned to service.
otherwise the cviinder should be returned to the manufacturer for evaluation.

d) Cvlinders involved in fires

Cvlinders which have been subiect to the action of fire should be re-inspected bv an authorized inspection agencv.
or condemned and removed from service.
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>

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

1.

2.

DOT-SP 14951
(THIRD REVISION)

EXPIRATION DATE: 2017-10-31

(FOR RENEWAL, SEE 49 CFR & 107.109)

GRANTEE: Hexagon Lincoln, Inc.
Lincoln, NE

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.

REGULATORY SYSTEM AFFECTED: 49 CFR Parts 106, 107 and 171-
180.

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, 201le,
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 Identi- Packing
Class/ fication
Division Number 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 2.1 UN1971 N/A
gas, compressed (with high
methane content)

Note:

7.

See paragraph 7.c for cylinder service limitations.

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(1) 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

(1) 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.

(11) 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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(1) Ambient cycling - One test unit must be full
scale, additional unit must be full diameter,
shorter length;

(11) ILBB — 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
5]
=z e = o oo B8 Vv = =1 A 3 ! ot Q b rw 5o o o
0 o) o) - [S IS ORI SRR - Q o o R 50 B kO ® .Q [0) <
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oe
Liner %
material test
Composite 1 1
material test X X X
flydraulic x | x x | x X X X X X X X X X X
pressure
Hydraulic 1 1 1 1 1 1 1 1 1
burst x| x X X X X X X X X X X X 5
Ambient cycle | X x1 X X x1 %1 X X %1
Environmental X X
cycle
High
tempefature X %1 X Xla x1a Xa Xa Xa
creep
Flaw | % % %
tolerance
High velocity
impact X X2 Xl Xl Xl X
(gunfire)
Fire X
1 1
resistance X X"b X"b X
Permeability X %2 X X %1
Torque X X X
Leak X X X X X X
Pneumatic % Xl 1 X X
cycle
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 1is
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, P,, must be not less than 1.6
times the test pressure, P,, 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, pp,, must be not less than 1.4 times the
test pressure, py.

(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, Py). 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, P,, 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 1s 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:

(1) Fill the cylinder to be tested with a non-
corrosive fluid such as o0il, inhibited water or
glycol;

(i1i) 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.

(1i) 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.

(1v) 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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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.

(1i) 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 o0il, 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;



Continuation of DOT-SP 14951 (3" Rev.) Page 13
June 24, 2016

(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 wvalid DOT
RIN in accordance with § 107.805 as follows:

(1) 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.

(1ii) 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:

(1) 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(1);

(B) The frame design must meet all
requirements of CGA TB-25; or

(11) 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(1i);
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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:

I. 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) 1is
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 P, = 1.6P, 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.

MODES OF TRANSPORTATION AUTHORIZED: Motor vehicle, rail
freight and cargo vessel.

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).

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 seqg., when
applicable.

FEach "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.:

~g/$u)f‘\J;;%-n'
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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I * I Transport Transports
Canada Canada
Safety and Security Sécurité et sareté
Transportation of Dangerous Direction générale du transport
Goods Directorate des marchandises dangereuses
330 Sparks Street 330, rue Sparks
Ottawa ON K1A ON5 Ottawa ON K1A ON5

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,

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

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 | 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 1ISO
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) gasesin Class 2.2,

(i) 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/m?of hydrogen sulphide, and
c) 1% by volume of oxygen, or

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

a) 23 mg/m3 of hydrogen sulphide and other soluble sulphides,
b) 115 mg/m?3total 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;

() 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,
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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. 40t Street or 5150 N.W. 40t 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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Equivalency Certificate
(Approval issued by the competent authority of Canada)
SU 9806 (Ren. 2)

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 (1SO),
and is at least 105°C. A material certificate of conformance from the plastic
manufacturer is deemed acceptable;
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Equivalency Certificate
(Approval issued by the competent authority of Canada)
SU 9806 (Ren. 2)

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,
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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,

(i) 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,

(i) 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,
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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,

(i) 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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Equivalency Certificate
(Approval issued by the competent authority of Canada)
SU 9806 (Ren. 2)

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,

(i) 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;
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Equivalency Certificate
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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,

(i) 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,

(i) 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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Equivalency Certificate
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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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Equivalency Certificate
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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

(i) 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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Equivalency Certificate
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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

(see last page for signed copy)

David Lamarche P. Eng., ing.
Chief
Approvals and Special Regulatory Projects
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SPEC 12005, Rev C TC Equivalency Certificate ECN # 35202

Equivalency Certificate
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SU 9806 (Ren. 2)

(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. 40t 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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Equivalency Certificate
(Approval issued by the competent authority of Canada)
SU 9806 (Ren. 2)

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 2590°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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APPENDIX A
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 Ibs.). The energy
of the pendulum at the moment of impact shall be not less than 30 Nm

(22.1 ft-Ib) 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.
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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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APPENDIX A
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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APPENDIX B

Table 1. Design Qualification Tests

Design Variant Changes
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Liner X
material test
1
Composite X X x!
material tests
Hydraulic
pressure X| X | X | X X X X X X X X X X X
Hydraulic 1 1 1 1 1 1 1 1
burst X | X' X' X X X X X X X X X
Ambient cycle X x| X X X x1 X1
Environmental
cycle X X
High
tempe1rature X x1 X x1a x1a Xa Xa Xa
creep
Flaw 1 X X X
tolerance
High velocity
impact (gunfire) X X2 X X x1 X
1
X
Fire resistance X x! X'b X
Permeability X X2 X X X
Torque X X X X
Leak X X X X X X
Pneumatic 1 1
cycle X X 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.

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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APPENDIX C
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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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

MWPB

David Lamarche P. Eng., i
Chief
Approvals and Special Regulatory Projects
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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.

tan #1 k3 # 830 #:
TEST TaNK) (TESTTANK) (Btomage)

AT T LT

w2 XD
4D7

COMPRESSOR

Vent te atm

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.

e —

DC Power Connector

{AC Power supply will be included)

RCA Connector

(NTCS video Signal)

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 3" 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

This report shall not be reproduced, except in full, without the written approval of Powertech Labs Inc.

Page 5 of 46



m
PowerteCh [ TT ] Powertech Labs Inc., 12388 — 88" Ave. Surrey, British Columbia, Canada V3W 7R7

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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Following the transfer, the test tanks were inspected with a handheld hydrogen detector and/or
Snoop solution.

The compressor was operated to compress hydrogen into Titan #2 from the gas stored in the
Titan Module (Titan #3, #4, #5, and #6).

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

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.

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 5
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.

Powertech Hexagon Lincoln - Titan Hydrogen Transfer 1
Titan #1 - 250 bar to 25 bar, 05 June 2015
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Figure 7 — Transfer 1, Data Summary
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Powertech HtH Hexagon Lincoln - Titan Hydrogen Transfer 1 - Pressure Data
Titan #1 - 250 bar to 25 bar, 05 June 2015
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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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05,06,2015 13:34:31 FRI

Figure 10 — Camera 1, Titan 1 during Transfer 1
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05-/06-2015 13:39:02 FRI

Figure 11 - Camera 1, Titan 1 during Transfer 1

05-06,2015 13:39:39 FRI

Figure 13 - Camera 1, Titan 1 during Transfer 1
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05,06,2015 13:45:53 FRI

Figure 15 - Camera 1, Titan 1 during Transfer 1

05,06-2015 13:57:14 FRI

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.

05/06-2015 13:34:07 FRI

Figure 17 - Camera 2, Titan 2 during Transfer 1

05062015 13:37:00 FRI

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.

05/06-2015 13:34: 20 FR[

SFLIR

20
2R (o coOSB ALEH=20 w5 |

Figure 19 — Camera 3, Transfer 1 (start of transfer)

05-06-2015 13:45:43 FRI

SFLIR s 0°C

3

1:00:500py-e=095 Trefl—‘jo [[_;__

ra3

Figure 20 — Camera 3, Transfer 1 (middle of transfer)
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05-.06,2015 14:05:00 FRI _.

SFLI ;

-

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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POWEI"teCh (HH Hexagon Lincoln - Titan Hydrogen Transfer 2
Titan #2 - 250 bar to 25 bar, 12 June 2015
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Figure 23 - Transfer 2, Data Summary
POWEI"tECh HH Hexagon Lincoln - Titan Hydrogen Transfer 2 - Pressure Data
Titan #2 - 250 bar to 25 bar, 12 June 2015
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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.

12,06,2015 13:35:24 FRI

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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12/06-2015 13:33:31 FRL.-

SFLIR e ) CC
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12,06-2015 13:47:35 FRI

SFLIR e

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.

O, i Ll

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.

POW@rteCh HtH Hexagon Lincoln - Titan Hydrogen Transfer 3
Titan #1 - 250 bar to 25 bar, 19 June 2015
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Figure 32 - Transfer 3, Data Summary
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POWEI"teCh HtH Hexagon Lincoln - Titan Hydrogen Transfer 3 - Pressure Data
Titan #1 - 250 bar to 25 bar, 19 June 2015
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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.

19-06-2015 11:26:21 FRI

Figure 34 — Camera 1, Transfer 3 (inside Titan #1)
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19-06-2015 11:31:07 FRI

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)
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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.

POW@rteCh HH Hexagon Lincoln - Titan Hydrogen Transfer 4
Titan #2 - 250 bar to 25 bar, 29 June 2015
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Figure 40 - Transfer 4, Data Summary
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Powertech HtH Hexagon Lincoln - Titan Hydrogen Transfer 4 - Pressure Data
Titan #2 - 250 bar to 25 bar, 29 June 2015
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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.

29/06-,2015 13:45:21 MON

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.
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Figure 43 - Camera 3, Transfer 4 (start of transfer)
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Figure 44 - Camera 3, Transfer 4 (middle of transfer)
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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.

e
e -

- A

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.
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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.

Powertech & Hexagon Lincoln - Titan Hydrogen Transfer 5

Titan #1 - 250 bar to 25 bar, 07 July 2015
280

200

260
240 |‘ 160
220

140

180

200 1

.y .
T =

B =)
5 r
-3 =
—_ 3
¢ 140 ———— 50 E
2 § —Tia
e W +
& 120 — 1 ha - a0 E —Tib
t::.__ '—\4‘ —T2a
100 = = 20 T2b
. —_—
N \’\
N\-\
80 =~ 0
- o\
60 - 20
]
40 N -40
20 -60
0 -80
0 5 10 15 20 25 30 35 40
Time (min)

Figure 50 - Transfer 5, Data Summary
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Powertech Hexagon Lincoln - Titan Hydrogen Transfer 5 - Pressure Data

Titan #1 - 250 bar to 25 bar, 06 July 2015
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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.

06-07,2015 13:45:02 MON

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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06-07/2015 13:45:06 MON

SFLIR

06-07-2015 14:21:29 MON

SFLIR

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.
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POWE]‘tECh HH Hexagon Lincoln - Titan Hydrogen Transfer 6

Titan #2 - 250 bar to 25 bar, 14 July 2015
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Figure 57 — Transfer 6, Data Summary
POWEI‘tECh HH Hexagon Lincoln - Titan Hydrogen Transfer 6 - Pressure Data
Titan #2 - 250 bar to 25 bar, 14 July 2015
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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.

14-07,2015 11:45:00 TUE

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 62 - Camera 3, Transfer 6 (middle of transfer)
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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.

)
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Betrieb

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.

POW@rteCh HtH Hexagon Lincoln - Titan Hydrogen Transfer 7
Titan #1 - 250 bar to 25 bar, 20 July 2015
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Figure 68 — Transfer 7, Data Summary
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Powertech @ Hexagon Lincoln - Titan Hydrogen Transfer 7 - Pressure Data
Titan #1 - 250 bar to 25 bar, 20 July 2015
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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.

20-07,2015 14:12:20 MON

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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Flgure 71 - Camera 3, Transfer 7 (start of transfer)

1 |

Flgure 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

Powertech Labs Inc., 12388 - 88" Ave. Surrey, British Columbia, Canada V3W 7R7

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.

Powertech Hexagon Lincoln - Titan Hydrogen Transfer 8
Titan #2 - 250 bar to 25 bar, 27 July 2015
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Figure 75 — Transfer 8, Data Summary
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POWEI'teCh HtH Hexagon Lincoln - Titan Hydrogen Transfer 8 - Pressure Data
Titan #2 - 250 bar to 25 bar, 27 July 2015
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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.

29,07,2015 13:39:05 MON

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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Flgure 79 - Camera 3, Transfer 8 (mlddle of transfer)
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Figure 80 - Camera 3, Transfer 8 (end of transfer)
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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 84 — Transfer 8, Snoop bubbles at front of tank
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Figure 85 - Transfer 8, Snoop bubbles at rear of tank

Following Transfer 8, all of the Titan tanks were defueled completely and purged with nitrogen. The
cameras were removed from the tanks to allow for a post-test inspection with a borescope.

4.9 Post Test Inspection and Test Summary

Following the completion of hydrogen cycling, a borescope was used to inspect the inside of Titan #1
and Titan #2. There was some water/fluid that was confirmed to be resting in the bottom of Titan #1
which explains the moisture and cloud formation during the defuels of this tank. There was no evidence
of any liner damage and the cylinders appear to remain in good condition.

In summary, all eight transfers were completed successfully with no major issues. There were some
minor leaks found following the rapid defueling process when the tanks were still cold, but the

concentration amounts were minimal especially when the detection point was greater than 1 cm from
the leak location.

All of the data and video files have been submitted to Hexagon Lincoln electronically.

Tested By: Approved By: S,
P §ORICHURAGE ;
%M*i - T N Ty
1§ 5\ AN o 4 &
Paul Obrovac 4 Graham Meadows; P.Eng. -~ .
Date: November 5, 2015 0 St

This report shall not be reproduced, except in full, without the written approval of Powertech Labs Inc.

Page 46 of 46



	Appendix F - Powertech TR-00672-01R1 - Hydrogen Cycling of TITAN Tanks_signed.pdf
	TR-00672-01R1 - Hexagon Lincoln Titan H2 Cycling_minus last page
	Signed Page




