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Typical Gaseous Hydrogen Installations
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Typical Hydrogen Storage Pack Configurations

Designed to meet local Code e.q. seismic / wind loads etc

Vertical Stackable Storage Possible

78 vessels — 700 BAR
2,520 Kg H2 Storage




Pressure Vessels Classifications / Types

Pressure Vessel Types & Key Attributes

Vessel Type Type | Type Il Type llI

Vessel Photos

Vessel Descriptions Constructed entirely of metal, Mostly metallic, consisting of A vessel consisting of a metallic An all-composite constructed
typically steel. Range from small 2 layers, an inner layer made liner (usually aluminum) and a vessel, consisting of a polymeric
cylinders up to jumbo tubes. of metal and an outer partial fully wrapped composite shell. liner (usually high density
wrapping of cable or fibrous The composite material bears the polyethylene) wrapped with a
material, usually glass fiber majority of the pressure load. carbon fiber or carbon/glass fiber
composite. composite shell.
Typical Applications Bulk transport and ground High pressure storage for Special applications like medical, Special applications like medical,
storage of industrial & specialty compressed industrial gases and paint ball, fire fighting and paint ball, fire fighting and
compressed gases and alternative alternative fuels. aerospace along with storage for aerospace along with storage for
fuels. industrial gases and alternative industrial gases and alternative

fuels including on vehicle storage.  fuels including on vehicle storage.




Type | - Manufacturing
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1. Raw Steel Pipe Inspection
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7. Liquid Quenching 8. NDE and Mechanical Testing 9.CNC Tube Threading




A Type | - Manufacturing
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15. Coating and Finishing

13. External Shotblasting and Cleanir




Type Il - Manufacturing

QUALITY PRODUCTS-SERVICE

R S .
'y . ’ - )
. A e v . ¢ ik o -
. Ptk gy Gy v e
. . N s o N e _— M L
| v i

» Wi - Viiew -
Y YA b - - A2
Wity " A )
ML
i

|



Typical H, Vessels Sizes and Capacities

QUALITY PRODUCTS-SERVICE

ASME Type | — H, Refueling Stations with 3-Zone Cascade Module
500, 700 and 1,034 BAR

Pressure Length Water Volume H2 Weight H2 Payload

1,189
803

15,000 1.034

OVERALL LENGTH, REF.
] TUBE LENGTH, REF.

5'-2 1/2" [1588 mm]

500 BAR

SIDE VIEW
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Demonstrated Benefit of Intermediate Zone With Cascading
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Addition of a 700 BAR middle zone between 500 BAR and 1,034 BAR zones introduces system improvements:

» Allows cascading of more vehicles before compressor starts.
* Reduces min-max pressure range (stress intensity) within a cycle, increasing fatigue life of the pressure vessel.

Cycles without 700 BAR Vessel (1,034 Bar — brown line) Cycles with 700 BAR Vessel (blue line)

Storage P x # Cars Filled - Toyota Mirai - 1 Kg H2 Tank Residual Storage P x # Cars Filled - Toyota Mirai - 1 Kg HZ Tank Residual

MO A AAAAN - BT I~
\/ \/ AV, \/ \/ \//_\;_\//Ad \ \/ \// L
L - A

—
—
—_—

#Cars Filled 4 Cars Filled

——21500Bar ——Z31034Bar ——Compressed Hydrogen ——Z1500Bar ——22700Bar ——Z31034Bar — CompressedH2
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Typical H, Vessels Sizes and Capacities
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ASME Type | — other H, applications

Pressure Water Volume H2 Weight H2 Payload

ASME Type Il / Composite

Pressure Water Volume H2 Weight H2 Payload

3,055
9.5 2.9 7.1 22.9 10.4 4,395

15,000 1,034
4.4 . . . 7,074

5.6 . . 9,216
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é}hl_ Are Design Codes prepared for the H2-based economy?
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Wall Thickness o . Mandatory material
? ?
ASME Code s e Safety Factor Specific Rules for H,: Fatigue Rules: test in H,?
Formula 3 App. 22(thicker) No
Formula 2.4 S-N Curves - Air

Formula or Elastic- Diameter ratio / Yes - KD-10 Fracture Mechanics
Plastic thick shell theory - FAD

Division 3

Div.2 S-N Curve Div.3 FAD

Stress vs. Cycles
1,000,000 Default Failure Assessment Diagram
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Equivalent Alternating Stress (psi)
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Lr max

1.0E+00
1.0E+02
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o

o

0.2 0.4 06 08 1 1.2 1.4
Permissible Number of Cycles Lr =reference stress / yield strength




Are Design Codes prepared for the H2-based economy?
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USA, Canada, Europe, Japan, ISO

Standard and code m Service life (Number of cycle) ghecd requrements o

Considered through a safet
S-N approach factor of 10 on the number
of cycles

Prescriptive formula for H, Isn’t considered
o : S-N approach
minimum wall thickness
ASME Section VIII, Prescriptive formula for c-Nianbroach H, isn’t considered
Div. 1/2 minimum wall thickness PP

Recommendations : max
S-N approach UTS €950 MPa
(Low alloyed Steels)

Prescriptive formula for

AD 2000-Merkblatt Germany . .
minimum wall thickness

Prescriptive formula for

France e :
minimum wall thickness

rescriptive formula for
ASME Section VIII, minimum wall thickness or
Div.3 elastic-plastic analysis (according
to KD-2)

Yes, depending on fracture
mechanics calculations (according
to KD-10)

Yes, through KD-10 article
Crack propagation

Design life based on fatigue
Follows the approach of ASME  analysis based on S-N curves and

Sl section VIlI, Divs. 1, 2, 3 crack growth analysis similar to

H, isn’t considered

1S011114-4 International Not for design. 22 Sl e e e e
Hydrogen use (3 methods)

CSA-CHMC1 Canada Not for design. seleetionat matt.enals 2
Hydrogen use (fatigue tests)

MATHRYCE D2.6 Sep-2015
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H, Storage Vessel - ASME Div.3
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Type | - 15,000 psi Monobloc Design

® Firstin the world. Product innovation achieved through NDE * Demonstrated ability to detect small initial flaw sizes = longer life
and surface finish techniques + material processing

Fully meets the unique requirements of ASME Section VIII Division

* Life is not limited to 20 years. Life extension possible 3 and Article KD 10 for H, storage
"W o A
\: >
» - ; r
3 4
’ ’.
’

Inside surface condition is
critical to achieve detection of
smaller notches / longer life.

3
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Code Material Requirements

QUALITY PRODUCTS-SERVICE (Test ma’terlal |n H2 enVIrOnment at hlgh pressure)

Measured K, values for SA 372 J in 103 MPa

No evidence of transition to stage Il for K.,
H, is > 40 MPa m'2 requirement

up to 40 MPa m¥2 in SA-372 Gr J steels

_—
=100 MPa H2

915 MPa |

-

=40 MPam'®

103 MPa H2 SA-372 Grd

R=02 r
0.1 Hz J Gr L-LS

SA-372 GrJ, Su = 839 MPa gi-?m gr 1 2:1
] X 723 Gr3Cl2

SA-372 Gr J, Su =871 MPa E FAAX

SA-372 Gr J, Su =908 MPa i aT

ot I I | I ]
y 600 700 800 900 1000 1100 1200
K . (MPam ) Tensile strength, S (MPa)

]

Fatigue crack growth rate of SA-372 Gr. J steel Fracture Resistance (K,,) as a function of tensile

in gaseous hydrogen 103 MPa strength (S,) for different pressure vessel steels
SANDIA2018_8867PE PVP2019-93907




QUALITY PRODUCTS-SERVICE

—
L
[3)
>
(&)
—
£
E
=
o)
_—
[}
o
¢-.
=
o
=
=]
3
(o]
P
(=2}
L4
Q
]
|
o

7

Hydrogen accelerates fatigue crack growth rates by 1.5 to 2 orders of

Fatigue Crack Growth Rate Hydrogen x Air

magnitude relative to crack growth rates in air environment.

Ni-Cr-Mo (105 MPa)

X100A (21 MPa)
X100A (air)

+ XB5 (air)

+  X65(21MPa)

O X80 (21 MPa)

x  X60 (21 MPa)

+ X100B (21 MPa)

O X70A (34 MPa)

4 X708 (34 MPa)

4 X52 Vintage (34 MPa)

O X52 Modern (34 MPa)

1 L

L IR B T | "
5 6 78910 20 30 40 50
AK (MPa m'2)

at 10 Hz

Fatigue Crack Growth Rate for low

Strength Pipeline Steels
Sandia SAND2017-8212 PE

)

Crack growth rate, da/dN (mm/cycle

—
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1 SA-372 Gr. J Steel

1100 MPa H, gas

1f=0.1Hz
1295 K

oopOoODPOPD

TTTTTDD
o nouwnnn

Heat 3 (R=0.5, A=0.18)
HSLA steels (air)

10 20

50

Stress-intensity factor range, AK (MPa m'?)

Fatigue crack growth rate relationships for SA-372

GR. J steel in 100 MPa hydrogen gas
PVP2013-97455
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Fracture Mechanics
Stages of Fatigue Crack Growth
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Typical fatigue crack growth behavior in metals:
Sigmoidal or “S”-shaped curve contains three distinct regions
with low, intermediate and high AK levels
T.L. Anderson 4™ Ed.

log (da/dN)

Threshold

ASME BPVC VIII.3
Article KD-10
A

Critical pressure > | Rupture
flaw oD determined by
fracture
resistance

log (AK)

o}
2

Sandia SCS005

Evolution of
flaw size

, determined by
fatigue crack
growth

jab]
o

i
1
1
1
Ne

\ Flaw size, a

Number of pressure cycles, N




T Fracture Mechanics
Stages of Fatigue Crack Growth

Crack Depth Growth x Years

0.5
Stage Il \
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Fracture Mechanics

ASME Div.3 approach to establish cycle life
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critical crack depth for rapid crack extension
under sustained or rising load, a,

cycles to critical
crack depth, N,

L
]

|

cycles for

0.25 x critical crack depth ASME DIV.3 Life Estimation
PVP2013-97455

Sample calculation — Inside surface crack

Failure Assessment Diagram Crack Growth Summary (Inside Surface)

o
o

Inside surface crack

o
'

Crack Dim (in)

o
N

0.6 . 20

Lr Completed Years

= a-dim (crack depth) e c-dim (crack half length) = a-dim (crack depth) e c-dim (crack half length)




Finite Element Analysis - Model
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Plug Vessel




Cyclic Curve Generation
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True Stress / True strain curve generated for material modeling in cyclic service,
considering strain hardening and large displacement theory

Monotonic True Stress -True Strain Curve

True Stress,psi
e,

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

True Total Strain in/in



Finite Element Analysis - Model

Model Type = Axisymmetric or 3D depending on the analysis type

Mesh is refined to capture local plastic strain that may occur in
areas of high stress concentration such as thread roots



Finite Element Analysis - Results
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S, Mises Output from FEA used for:

{Avg: 75%)
44351 . . :
40658 - Elastic-Plastic Analysis
36966
33274
29582
25890
22198

13325 - Ratcheting evaluation (progressive incremental inelastic

11121 i i
e deformation or strain)

3737
45
Max: 44351
Elem: P16882F-1-1-1,10831 .
Node: 9785 - Global loading (to check for external loads / events such as

seismic, wind etc)

- Demonstrate protection against local failure (limit strain damage)

- Cyclic stress / Fracture mechanics
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Thank You
Questions?

Info@fibatech.com




