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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
establish i ttee: i iZatiorTs; d
non-govgrnmental, in liaison with ISO, also take part in the work. ISO collaborates closely with, the
Internatignal Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internatignal Standards are drafted in accordance with the rules given in the ISO/IEC Directives, ,Part 2.
The main task of technical committees is to prepare International Standards. Draft International Standards
adopted py the technical committees are circulated to the member bodies for voting:\Publication as gn
Internatignal Standard requires approval by at least 75 % of the member bodies casting.a-vote.
In excepfional circumstances, when a technical committee has collected data-of a different kind from thpat
which is hormally published as an International Standard (“state of the art”, for.example), it may decide by|a
simple mpjority vote of its participating members to publish a Technical Report. A Technical Report is entirelly
informatiye in nature and does not have to be reviewed until the data <t provides are considered to be no
longer valid or useful.

Attention|is drawn to the possibility that some of the elements of this*part of ISO/TR 12391 may be the subjert
of patent|rights. ISO shall not be held responsible for identifying-any or all such patent rights.

ISO/TR 12391-3 was prepared by Technical Committee\ISO/TC 58, Gas cylinders, Subcommittee SC B,
Cylinder glesign.

ISO/TR 12391 consists of the following parts, under the general title Gas cylinders — Refillable seamless
steel — Rerformance tests:

— Part|1: Philosophy, background and conclusions
— Part[2: Fracture performance tests — Monotonic burst tests
— Part[3: Fracture performance’tests — Cyclical burst tests

— Parti: Flawed-cylinder-Cycle test

iv © ISO 2002 — Al rights reserved
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Introduction

Gas cylinders as specified in ISO 9809-1 have been constructed of steel with a maximum tensile strength of
less than 1 100 MPa. With the technical changes in steel-making using a two-stage process, referred to as
ladle metallurgy or secondary refining, significant improvement in mechanical properties have been achieved.
These-mproved mmectanicat-properties provide the opportunity of producinggas cytinders wittrhigher tensile
sfrength and which achieve a lower ratio of steel to gas weight. The major concern in using steels|of higher
tgnsile strength with correspondingly higher design wall stress is safety throughout the life of the'gas pylinder.

When ISO/TC 58/SC 3 began drafting 1SO 9809-2, Working Group 14 was formed to study the|need for
aglditional controls for the manufacture of steel gas cylinders having a tensile strength greater than 1{100 MPa.

This part of ISO/TR 12391 presents all of the specific test results of the monotonicyflawed-cylinder Hurst tests
tHat were conducted in order to evaluate the fracture performance of cylinders tanging in tensile strepgth from
Igss 750 MPa to greater than 1 210 MPa.

© 1SO 2002 — Al rights reserved \
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Gas cylinders — Refillable seamless steel — Performance
tests —

Part 3:

racture perrormance tests — Cyclical burst tests

1| Scope
This part of ISO/TR 12391 applies to seamless refillable cylinders of all sizesfrom 0,51 up to and
190 | water capacity produced of steel with tensile strength (R,,,) greater than1 100 MPa.

It| can also be applied to cylinders produced from steels used at lower tensile strengths. In pa
ovides the technical rationale and background to guide future ,alterations of existing ISO standa
bveloping advanced design standards.

This part of ISO/TR 12391 is a summary and compilation of\the test results obtained during the deVv
of the “flawed-cylinder cyclical burst test”. The test is an alternate test method to the flawed-cylinder
wlith monotonic pressurization and is used to evaluatedhe fracture performance of steel cylinders
used to transport high-pressure compressed gases,

he concept and development of the flawed-cylinder cyclical burst test is described in ISO/TR 123

2.5.3.2 of 1SO 9809-2:2000. In this partvof ISO/TR 12391, test results are reported for more
indred flawed-cylinder cyclical burst.iests that were conducted on seamless steel cylinders that
tgnsile strength from 750 MPa to 1 210 MPa. The test method is intended to be used both for the sq
naterials and to establish design ‘parameters in the development of new cylinders as well as for a
gtliality control test to be used.during the production of cylinders.

2| References

30 148:1983, Steel — Charpy impact test (V-notch)

30 6892:4998, Metallic materials — Tensile testing at ambient temperature

I$O 9809-1:1999, Gas cylinders — Refillable seamless steel gas cylinders — Design, constru

T
details of the test method and the criteria for, acceptable fracture performance of steel cylinders ar¢ given in
9
h

including

ticular, it
rds or for

elopment
burst test
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D1-1. The

than one
ranged in
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ction and

tgsting'— Part 1: Quenched and tempered steel cylinders with tensile strength less than 1 100 MPa

ISO 9809-2:2000, Gas cylinders — Refillable seamless steel gas cylinders — Design, construction and

testing — Part 2: Quenched and tempered steel cylinders with tensile strength greater than or
1 100 MPa

equal to

ISO/TR 12391-1, Gas cylinders — Refillable seamless steel — Performance tests — Part 1: Philosophy,

background and conclusions

ISO/TR 12391-2, Gas cylinders — Refillable seamless steel — Performance tests — Part 2:
performance tests — Monotonic burst tests
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3 Symbols

A is the elongation, expressed as a percentage (= d/ty);

d is the flaw depth, expressed in millimetres (= 4 x t);

D is the outside diameter of the cylinder, expressed in millimetres;

is the flaw length, expressed in millimetres (= n x ty);

n I

iq
9

3

4 Badkground information

High-pres
transport
accordan
are gene
steels mg
by either
propertie
these cyl
wall thick|

i$ the calculated design test pressure for the cylinder, expressed in bar;

$ the guaranteed minimum yield strength;
$ the actual measured value of yield strength, expressed in megapascals;

$ the maximum value of tensile strength guaranteed by the manufacturer, expressed in megapascals;

$ the minimum value of tensile strength guaranteed by the manufacturer, expressed in megapascals;

$ the actual measured value of tensile strength, expressed in megapascals;

i$ the calculated minimum design wall-thickness, expressed in millimetres.

ppresents multiples of 74 (= 1,/¢y);

the failure pressure measured in the flawed-cylinder burst test expressed in bar.

the calculated design service pressure for the cylinder, expressed in bar;

the actual measured wall thickness at thelocation of the flaw, expressed in millimetres;

sure industrial gases, _(such as oxygen, nitrogen, argon, hydrogen, helium, etc.) are stored and
pd in portable steelZ¢ylinders. These cylinders are designed, manufactured, and maintained jn
ce with 1ISO 9809<7 and ISO 9809-2. The cylinders are constructed from specified alloy steels that
ally modified versions of steel alloys such as AlISI 4130 or 34 Cr Mo 4 and AISI 4140 [] or equivalept
de to othertpational specifications. The cylinders are of seamless construction and are manufactured
a forging\process, a tube-drawing process, or by a plate-drawing process. The required mechanical
5 are .obtained by using an austenitizing, quenching and tempering heat treatment. Typical sizes pf
nderstare 100 mm to 250 mm in diameter, 500 mm to 2 000 mm in length, and 3 mm to 20 mm |n

hess. Typical working pressure ranges from 100 bar to 400 bar.

Until recently, the tensile strength of the steels used in the construction of such cylinders has been limited to a
maximum of about 1 100 MPa. This limitation for the maximum tensile strength occurs because the fracture
toughness of the steels decreases with increase in the tensile strength and above a tensile strength of about
1 100 MPa the fracture toughness was not adequate to prevent fracture of the cylinders. Recently developed
new alloy steels, which are modifications of the AISI 4130 and AISI 4140 steels, which have both high tensile
strength and high fracture toughness make it possible to construct lighter cylinders with higher tensile strength
steels. This permits the use of cylinder designs in which the stress in the cylinder wall is increased for a
constant wall thickness. The use of higher strength steels will therefore achieve a lower ratio of steel weight to
gas weight that reduces shipping and handling costs.

© ISO 2002 — All rights reserved
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A major concern in using higher strength steels for cylinder construction and correspondingly higher design
wall stress is the ability to maintain the same level of safety throughout the life of the cylinder. In particular,
increasing the tensile strength of the steels and increasing the stress in the wall of the cylinders could make
the cylinders less fracture resistant than cylinders made out of steels with the traditionally used lower tensile
strength levels. In order to use steels with strength levels higher than 1 100 MPa, it was determined that new
requirements were needed to assure adequate fracture resistance of the cylinders.

To develop these requirements, a working group on cylinder fracture (WG 14) was formed under
ISO/TC 58/SC 3. WG 14 was assigned the task of: “developing a suitable test method and specifications to
assure adequate fracture resistance for gas cylinders made from steels with tensile strengths greater than
1[TO0 MPa™. WG 14 decided that the test method and specifications that were developed should demonstrate
that the overall “fracture resistance” of cylinders made out of higher strength steels was equivalent|to that of
cylinders made from lower strength steels. Fracture resistance of the cylinder is defined as_the pdequate
fracture initiation strength in the presence of a crack-like flaw to assure leak rather than fracture performance
the cylinder at a specified failure pressure (usually the marked service pressure of the cylinder).

[e]

he test methods and procedures that have previously been used to evaluate the fractdre performange of high
essure cylinders have been based either on fracture mechanics tests and analysis or have been pased on
mpirical correlations with the Charpy-V-notch (CVN) test impact energy [4]{ The objectives of these test
ethods and procedures are to predict the fracture initiation stress (or pressure) and fracture modg (leak or
nstable fracture).

c 30 T H

ne fracture mechanics tests and analysis showed that to provide adequate fracture resistance, th¢ cylinder
all should be in the plane-stress fracture state and that thelMracture should occur under elasiic-plastic
pnditions. To reliably evaluate the fracture performance of cylinders in the plane-stress fracture stat¢ requires
Hat an elastic-plastic fracture mechanics analysis (i.e. J|;s»JR) be conducted. Using the fracture mechanics
nalysis approach to evaluate fracture performance mayurequire that a complex and expensive finit¢-element
halysis be done for each specific type of flaw on eaeh specific cylinder design to establish the[J,; or Jg
gquirements for adequate fracture resistance. Also; the J,. materials property test required to evgluate the
linder material is expensive and time consuming:\Such costly and time-consuming tests have not proven to
b practical for use with the high volume cylinder¢production.

TOD OO O S

m

mpirical correlations have been used tocpredict the fracture performance of cylinders. These [empirical
prrelations relate the fracture initiation-stress level for specific flaw types to the Charpy-V-notch (CVN) test
mpact energy. Although the Charpy=\/=notch (CVN) test is useful for evaluating the quality of cylindgrs during
pfoduction, the Charpy-V-notch (CVN) test alone may not be a reliable means to evaluate the fracture
rgsistance of new designs of steel cylinders or to evaluate new steel alloys for cylinder construction.

=0

Ak a result of these limitatiens with fracture mechanics analysis and with empirical correlations based on CVN
tgsts, it was concluded. that an alternate approach was required to evaluate the fracture resistande of high
s{rength steel cylinders! It was decided that the test method that was developed should measurg the total
fracture resistance ©f the cylinder and not just the fracture toughness. Therefore, WG 14 decided|to use a
dfrect approachrto-evaluate the fracture resistance of cylinders and this led to the development of the| “Flawed-
cylinder burstitest” and the “Flawed-cylinder cyclical burst test”.

I these. test methods, the fracture test is performed on an actual, full size, cylinder rather than by measuring
tHe fracture properties of the material alone by taking small scale test specimens from the cylinder, stich as for
J|.“tests. The proposed test methods consist of testing cylinders in which flaws of specified pizes are
machined into the external surface of the cylinders, the cylinders are pressurized until failure, and the failure
pressure and failure mode (leak or fracture) is determined. This approach is only possible because the
cylinders are required by the existing safety regulations to be produced in large, controlled groups of uniform
cylinders and therefore a single sample cylinder from the group will adequately represent the behaviour of all
cylinders in the production group.

The concept of the flawed-cylinder burst test and flawed-cylinder cyclical burst test and the development
conducted under WG 14 are described in ISO/TR 12391-1. The results of the flawed-cylinder burst test
conducted with monotonic pressurization are described in ISO/TR 12391-2.

In the development of the test method and acceptance criteria for the flawed-cylinder burst test and the
flawed-cylinder cyclical burst test, it was decided that the fracture performance of newer, higher-strength steel

© ISO 2002 — All rights reserved 3
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cylinders should be essentially the same as that of the lower strength, existing cylinders because the existing
cylinders have provided fracture-safe performance during their many years of service. Therefore, flawed-
cylinder burst tests and flawed-cylinder cyclical burst tests were conducted on cylinders with strength levels
covering the full range of strength levels currently being produced in the world. Flawed-cylinder burst tests
were conducted on cylinders made from steels ranging in tensile strength from 620 MPa to 1 400 MPa and
flawed-cylinder cyclical burst tests were conducted on cylinders made from steels ranging in tensile strength
from 750 MPa to 1 210 MPa. Ten different companies in seven different countries (Austria, France, Germany,
Japan, Sweden, the United Kingdom and the United States) conducted flawed-cylinder burst tests and flawed-
cylinder cyclical burst tests.

This part[of TSO/TR 12397 1s Timited o a summary and compilation of the results of the flawed-cylinder cyclich
burst tes{s that were conducted by WG 14 during the development of the test method for the flawed-cytind
cyclical bprst tests. This part of ISO/TR 12391 is in the form of a database of the test results that is to-be Usgd
for furthe analysis of the fracture performance of steel cylinders.

%
-

5 Experimental test programme

5.1 Types of cylinder tested

Flawed-cylinder cyclical burst tests were conducted on cylinders that represented.all of the currently used and
proposed new types of seamless steel cylinders. A brief description of all the cylinders that were tested [s
shown in|Tables 1 to 3. For this study, the cylinders were classified into niaterial groups (designated groups (B
to D) baped on the actual measured tensile strength, R, of the cylinders that were tested. The actugl
measured tensile strength for each group of cylinders that was tested{is shown in Tables 4 to 6. The genergl
descriptign of the cylinders in each material group is shown below. ‘Cylinders made from materials in groups (B
to D are ¢urrently being produced and used throughout the world.

NOTE Material groups designated A and E were only used\for cylinders tested using the flawed-cylinder burst tgst
with monotonic pressurization and the results are reported in, ISO/TR 12391-2.

Material group Description of cylinder Tensile strength R,

B Cylinders made from alley.steel (Cr-Mo steels) heat 750 MPa < R, < 950 MPa
treated by quenching= and tempering; these
cylinders may generally be used for all gases

G Cylinders made from alloy steel (Cr-Mo steels) heat 950 MPa < R, < 1 080 MPa
treated by ‘Jquenching and tempering; these

cylinders ‘are restricted to use with non-corrosive

gasesand ‘are made in accordance with ISO 9809-1

D Cylinders made from alloy steel (Cr-Mo steels) heat 1 080 MPa < R
treated by quenching and tempering; high strength

and high toughness steel cylinders restricted to use

with  non-corrosive gasesand and made in

accordance with ISO 9809-2

<1210 MPa

m

Within each main material group (B to D) material subgroups are designated, e.g., material subgroups B-1
and B-10. All the cylinders within a given subgroup were made to the same specification, of the same size
(diameter, thickness and volume), the same material, the same specified tensile strength range, the same
designated service pressure and test pressure, and were made by the same manufacturing process. The
cylinders in a specific material subgroup (e.g. subgroup B-10) may be of a different alloy, size, design
specification or manufacturing process than cylinders in a different materials subgroup (e.g. B-1) in the same
main material group (e.g. group B). However, the actual measured tensile strength for all cylinders in a
material group will be in the same range (e.g. 750 MPa to 950 MPa for all cylinders in group B).

In Tables 1 to 3, it should be noted that the code numbers for some material subgroups (e.g. B-2, C-3 and
C-4) are missing. The cylinders in these missing material subgroups were tested using the flawed-cylinder

4 © ISO 2002 — All rights reserved
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cyclical burst test, with monotonic pressurization and were not tested using the flawed-cylinder cyclical burst
test procedures. The results of the tests on cylinders made from missing material subgroups using the flawed-
cylinder cyclical burst test, with monotonic pressurization are reported in ISO/TR 12391-2.

In Tables 1 to 3, each flawed-cylinder cyclical burst test is assigned a number in sequence, as shown in the
first column, for purposes of tracking each test. The same number is then used to identify the cylinders in the
tables for the results of the mechanical property tests (Tables 4 to 6) and in the tables for the results of the
flawed-cylinder cyclical burst test (Tables 7 to 9). In addition, each individual cylinder tested is assigned a
code, such as CB-B-1-1 as shown in the second column of the tables; e.g. this code shows that the test is a
cyclical burst test (CB), for material subgroup B-1, and is cylinder number 1 in this material subgroup.

The specified tensile strength range shown in Tables 1 to 3 is the range of “guaranteed” minimumy;, R} i, and
maximum, Ry ., tensile strength designated by the cylinder manufacturer or the cylinder spgcificdtion used
fgr the design of the cylinder. These values are used to calculate the cylinder wall thickness.when fesigning
the cylinder. These are specified values rather than actual measured values of the tensilestrength| R,,. In a
fgw cases, the manufacturer did not provide a specified minimum or maximum tensile-strength values.

The information required to calculate the wall thickness of the cylinder, the test pressure of the cyljnder and
tHe service pressure of the cylinder are shown in Tables 1 to 3. This information{includes the outside|diameter
of the cylinder, D, and the particular national or international design specification (when provided by the
anufacturer) used by the manufacturer to design the cylinder. These spegifications are used to calgulate the
sfress in the cylinder wall, the minimum design wall thickness of the eylinder, ¢4, the maximum dgsign test
essure, P, and the maximum design service pressure, Pg. EachTof the national or internationg cylinder
pecifications may have a different formula for calculating the stfess in the wall of the cylinder and |therefore
tHe design wall thickness for a specified cylinder diameter andyservice pressure. In some cases the[cylinders
tgsted were not designed to an existing design specification so these cylinders are desighated as
experimental cylinders.

3

n O

_|

he other items shown in Tables 1 to 3, for informatien purposes only, are:
— the type of manufacturing process used to myake the cylinder;
— the cylinder volume (in litres);

— the specific material used (whef provided by the manufacturer).

_|

his information is only showntiniorder to better identify the cylinders that were tested and is not usgd for any
halysis of the test results.

QD

—

should be noted that-in-a few cases, the actual measured tensile strength, R, for one or more cylinders in a
prticular material subgroup is slightly outside the designated range for the tensile strength of the |particular
aterial subgroup in"which the cylinder is included. However, the measured tensile strength of the rest of the
linders from‘he 'same material subgroup that were tested is within the appropriate tensile strength|range for
Hat materiaksubgroup.

=0 3T

5|2 AMaterial properties tests

Conventional mechanical properties tesis, such as tensile tests conducted in accordance with ISO 6892 and
Charpy-V-notch tests conducted in accordance with 1ISO 148, were carried out on each set of cylinders on
which flawed-cylinder cyclical burst tests were performed. The results of these tests are shown in Tables 4 to
6 for each group of materials.

The tensile test results shown in Tables 4 to 6 are the actual measured yield strength, R,,, the actual
measured tensile strength, R, and the total elongation, 4. These material properties are required to be
measured by all of the existing national or international cylinder design specifications. The actual measured
tensile strength value is used to determine that the cylinder meets the specification to which it is manufactured
and is used in this test programme to classify the cylinder in the appropriate material group tested. The actual
measured yield strength is used to determine that the cylinder meets the requirement for the yield strength to
tensile strength ratio when this ratio is a part of the specification. The actual measured tensile strength value

© ISO 2002 — All rights reserved 5
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may also be used for additional analysis of the cylinder design parameters permitted in some of the
specifications. The total elongation is used to determine that the requirement for minimum elongation is met
when that is part of the specification to which the cylinder is manufactured. The elongation value is not used
for any calculations in the design of cylinder.

For cylinders manufactured in the United States (such as those designated as DOT type 3A or 3AA) the
tensile tests used to measure the properties of the cylinders were of the type specified by the CFR Title 49
Part 178 [21. These test specimens have a fixed gauge length of 50 mm, a fixed width of 38 mm and a
thickness equal to the actual wall thickness of the finished cylinder from which the specimens were taken. For
other cylinders, the tensile tests of the type specified by ISO 6892 were used. The ISO test specimens have a
gauge lepgth of 5,65 x the square root of the cross section of the specimen, a width of 4 x the specimgn
thicknesq and a thickness equal to the actual wall thickness of the finished cylinder from which the specimens
were taken. The ultimate tensile strength and the yield strength values should be essentially the samewhen
measured with either the DOT or the ISO type of specimen. The measured elongation values willbe.differept
depending on the specific type of tensile specimen used.

The Chalpy-V-notch tests were conducted in accordance with test method ASTM E23-0213] for cylindels
manufacfured in the United States. For other cylinders, the Charpy-V-notch tests were conducted

accordanice with the test method described in ISO 148. The Charpy-V-notch impact tést energy values shou
be esseniially the same when measured with either the ASTM or the ISO test method. The Charpy-V-notc
test specimens had cross sectional dimensions of either 10 mm deep by 5 mm thick or 10 mm deep by 4 m
thick depending on the available wall thickness of the cylinder and the orientation of the Charpy-V-notch te
specimern). The exact dimensions of each Charpy-V-notch test specimen usedare shown in Tables 4 to 6. THh
Charpy-\f-notch tests were conducted either at ambient temperature (20-°€ ) or at low temperature (- 50 °C

o &3 35a5s

~

The Chalfpy-V-notch test specimens were either oriented with thellengitudinal axis of the specimen parallel fo
ijudinal axis of the cylinder (designated longitudinal Specimens) or with the longitudinal axis of th
specimer) perpendicular to the longitudinal axis of the cylinder (designated transverse specimens). As show
in Tabled 4 to 6, not all combinations of test temperatures and specimen orientation were used on eac
cylinder that was tested. The total energy absorbediii breaking the Charpy-V-notch test specimens w4
measured in Joules (J). All Charpy-V-notch test results are reported in J/cm2, where the total energy absorbe
is divided by the area of the specimen ligament below the specimen notch.

o »nw 350

In the spegcifications for certain cylinder designs, particularly for material groups C and D cylinders, minimu
Charpy-\f-notch energy levels are required. The Charpy-V-notch tests were conducted on all cylinders

determing that these requirements wefe-met. The Charpy-V-notch energy test results are not used to evalua
the resulis of the flawed-cylinder eyclical burst test. However, the Charpy-V-notch energy test results a
reported here because these results' may be used to evaluate the fracture performance of the cylinders usir
alternate [analysis procedures-to-the flawed-cylinder cyclical burst test.

Q ®o® ® 0 3

For certgin material subgroups on which flawed-cylinder cyclical burst tests were conducted, mechanical
propertie$ test specimens were taken from each cylinder in the material subgroup after the burst test was
completefd. In this case; the test results are shown in the tables of results for each of the individual cylinders.

For some¢ material subgroups on which flawed-cylinder cyclical burst tests were conducted, mechanical
propertie$ test specimens were taken only from selected cylinders in that particular material subgroup after
the burstliest was completed In these cases_results are shown in the tables of results for the r‘ylinr‘lpre for
which mechanical property tests were conducted and blank spaces are shown for the other cylinders on which
flawed-cylinder cyclical burst tests were conducted but mechanical properties tests were not conducted.
Because the cylinders in a particular material subgroup are all of the same type and from the same production
batch, the mechanical properties test results for the cylinders that were tested are considered to adequately
represent the properties of all cylinders in that material subgroup.

5.3 Description of the flawed-cylinder cyclical burst test
The flawed-cylinder cyclical burst test is used to evaluate the overall fracture performance of the entire

cylinder and not just the “fracture toughness” of the material as determined with conventional fracture
toughness test specimens. The flawed-cylinder cyclical burst test is intended to be both a “design qualification
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approval test” and a “production lot test”. The full details of the test and the criteria for acceptable fracture
performance of steel cylinders are given in 9.2.5 of ISO 9809-2:2000.

In the flawed-cylinder cyclical burst test, the fracture performance of the cylinder is evaluated by cyclically
pressurizing a cylinder with a designated type (shape and sharpness) and size (length and depth) of surface
flaw until failure occurs. Failure occurs either by leaking or by fracturing.

The cylinder to be tested has a flaw machined into the exterior surface of the cylinder wall. The flaw is
machined in the location of probable maximum stress under pressurized loading, i.e. a longitudinal surface
flaw at mid-length and at the thinnest place in the cylinder wall. To make the tests adequately uniform and
r¢producible, a surface flaw with a deep enough standard geometry is required. The geometry of the| standard
flaw is shown in Figure 1. A standard Charpy-V-notch milling cutter is used to machine the\flgw to the
designated length and depth. The milling cutter is required to meet the following specification;

—+ thickness of the cutter = 12,5 mm + 0,2 mm;

— angle of the cutter = 45° + 1°;

—+ tip radius < 0,2 mm,;

— for cylinders < 140 mm in diameter, cutter diameter = 50,0 mm + 0,5 mm;

— for cylinders > 140 mm in diameter, cutter diameter = 60 mm to 80 mm.

_|

his machined flaw is a surface flaw of the type shown in Figufe 1. The flaw size is specified as:
— flaw length, I, = 1,6 (D x t4)0°

NOTE For the size of cylinders tested here, this flaw length is approximately /, = 10 x .

— flaw depth, d > 0,60 x 74

ressurization is carried out hydrostatically. During the test, each cylinder is filled with water| at room
mperature and the pressure is cycled until the cylinder fails. The maximum cycling pressure is the [‘adjusted
psign service pressure” = Pg x (t4/t4). This pressure is also the designated failure pressure, Py, of the cylinder
the test. The minimum cycling pressure is 10 % of the maximum pressure, but not more than 3Q bar. The
aximum cycling frequency.is 15 cycles/min.

35250

The test is continued,-until failure occurs. The number of cycles to failure is recorded and the failuire mode
(dither leak or fracture)/is recorded. For this test the definition of fracture is “an extension of at leagt 10 % in
tHe length of the machined flaw in the longitudinal direction”. The failure pressure and failure mode, dither leak
fracture, aré_reported as the test results. The failure pressure is the maximum cyclical pressure,
= Pg x (t,/ty)~During the flawed-cylinder cyclical burst test, a single test cylinder may be sufficient if the
fgilure ocelrs by leaking, and shows that the cylinder has adequate fracture resistance.

~N O

TheOverall fracture performance of the cylinder is determined with the flawed-cylinder cyclical burgt test by
mpirically determining the “leak-fracture boundary” for the specified maximum cycling pressure. Thi§ requires
that a series of cylinders with different flaw lengths be tested. The “leak-fracture boundary” for a specified
maximum cycling pressure is defined as the average of the longest flaw length at which a leak occurs and the
shortest flaw length at which a fracture occurs.

D

During the development of the flawed-cylinder cyclical burst test, some tests were conducted on series of
cylinders with a range of flaw lengths to define the “leak-fracture boundary” for each particular type of cylinder
and material. This was done to evaluate the overall fracture performance of the cylinder type. An example of
such test results is shown in Figure 2. It is expected that this procedure to determine the full “leak-fracture
boundary” over a range of flaw lengths will be used only for the “design qualification” evaluation of new
cylinders (i.e. for new materials and production processes) to demonstrate that the cylinder type has adequate
fracture resistance.
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Once the full fracture performance is determined for a particular cylinder type from the flawed-cylinder cyclical
burst tests conducted during the “design qualification” procedure, the testing procedure used to evaluate
cylinders during large scale production can be simplified and made much more efficient. For production testing,
a single cylinder with the specified flaw length is tested at the designated maximum cycling pressure and if the
failure mode is a "leak”, the cylinder satisfies the criteria for adequate fracture resistance given in ISO 9809-2.

During the development of the flawed-cylinder cyclical burst test, it was decided that the acceptable level of
fracture resistance for cylinders of any strength level should be equivalent to the fracture resistance of existing
cylinders that have been used for extended periods of time. Therefore, flawed-cylinder cyclical burst tests
were conducted on cylinders with tensile strength levels ranging from about 750 MPa to 1210 MPa. The
existing gylinders (with tensile strengihs Tevels Tess than 950 MPa) have provided fracture-safe performange
during many years of service. From these results, it was determined that to have fracture resistange
equivalent to the fracture resistance of existing cylinders, new higher strength steel cylinders should‘\have|a
leak-fracure boundary of P{/Pg greater than 1,0 when the designated flaw length was, /, = 1,6 (D x td)0~5.

6 Flayed-cylinder cyclical burst test results

6.1 Flawed-cylinder burst test procedure

The results of all of the flawed-cylinder cyclical burst tests that were conducted-are shown in Tables 7 to P.
For eachl cylinder tested, the crack length, /., in terms of a multiple of the*design minimum cylinder wall
thicknesd, 14, is given as I, =n x tq (e.9. I, = 10 #4). This term is used-as a common reference to compafe
cylinders|with different waII thicknesses. The flaw depth, d, at the start/of the cycling testing is given as|a
percentage of the design minimum cylinder wall thickness ¢4 (e.g. 100 X d/ty = 80 %).

For a specified flaw length and cycling pressure, the number af cycles at which the cylinder fails depends gn
the initial|depth of the flaw and the thickness of the remaining.ligament of metal below the flaw. Failure of the
cylinder gccurs when the original flaw depth is increased:by fatigue due to the pressure cycling so that the
ligament [of metal below the flaw breaks. Once the ligament of metal below the flaw fails, the cylinder wji
either legk or fracture depending on whether the combination of stress and flaw length is below or above the
critical leyel for fracture to occur.

The actupl cylinder wall thickness, ¢, at the location of the machined flaw is measured after the test. The
actual cyinder wall thickness at any location in the cylinder should be greater than the design minimum
cylinder yvall thickness, 74. The actual.measured cylinder wall thickness is included in the data in order fo
permit additional analysis of the results using this cylinder wall thickness instead of the nominal cylinder wall
thicknesq that is given by the design minimum cylinder wall thickness. The pressure at the time that the
cylinder fpils, either by leaking. or by fracturing, is given as Pymeasured in bar. The failure mode, either leak pr
fracture, is reported.

The ratiofof the failure-pressure, P, to the marked service pressure of the cylinder, Pg, is given as P¢/P,. The
marked dervice pressure (bar) is the maximum pressure to which the cylinder may be filled when in servige
and is specified by the cylinder manufacturer. It should be noted that the marked service pressure for the
cylinders| of the.same size and tensile strength would be slightly different depending on the design
specification“used by the manufacturer. The cylinders were designed and the marked service pressure was
specified|acCording to the design specification used in the country of manufacture. The use of the parameter
P{Pg permits the leak-fracture boundary to be defined in terms of the marked service pressure of the cylinder.
This allows a comparison of cylinders of different sizes (diameters and wall thickness) to be made on a
common basis.

ISO 9809-2 requires that the measured ratio of the failure pressure to the service pressure, PJ/P, be adjusted
to account for the local thickness of the cylinder wall at the location of the flaw. This adjustment was made to
the measured values of the Py/Pg ratio for all of the flawed-cylinder cyclical burst tests conducted in this study.
The adjusted ratio of the failure pressure to the service pressure, P 5qjysted/Ps: is shown as the last column in
Tables 7 to 9.

For completeness of the database, the results of all tests that were conducted are shown in Tables 7 to 9. It
should be noted that a range of test parameters (such as flaw length, flaw depth and maximum cycling
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pressure) were used in the tests conducted here as part of the development of the flawed-cylinder cyclical
burst procedure. Therefore, many of the tests were not conducted using the exact flaw length, flaw depth, and
maximum cycling pressure specified in 1ISO 9809-2 and shown above.

For some of the material subgroups, cylinders with a range of flaw lengths were tested to define the full leak-
fracture boundary over a range of flaw lengths. The results of flawed-cylinder cyclical burst tests for these
material subgroups are shown in Tables 7 to 9 and are plotted in the Figures 3 to 7. To define the leak-
fracture boundary, the shortest flaw length for which a failure occurred by fracture and the longest flaw length
for which failure occurred by leaking are plotted. An estimate of the leak-fracture boundary is shown in
Figures 3 to 7 for each material subgroup. Data for failures over a range of flaw lengths is available for
aterial subgroups B-1, C-95, D-1, D-7/ and D-1Z.

3

Fpr some of the other material subgroups, all the flawed-cylinder cyclical burst tests were~conducted at a
single defined flaw length and both leak results and fracture results were obtained. For these tests|the leak-
fracture boundary can be defined only for the single specified flaw length. These results are not plottg¢d but the
tgst results are summarized and the estimated leak-fracture boundary for these matgefial subgroups|is shown
i Table 10. Flawed-cylinder cyclical burst tests for material subgroups C-10 and C+11-were conduct¢d at only
alsingle value of flaw length.

Fpr some of the material subgroups, all the flawed-cylinder cyclical burst.tests were conducted af a single
defined flaw length and only leak results or fracture results were obtained.-TFhese test results are summarized
i Table 11. An estimate of the leak-fracture boundary is reported as‘the minimum flaw length at|specified
ptessure at which failure by fracture occurs or the maximum flaw length at a specific pressure at which failure
by leaking occurs. These results may be of value if there are similat cylinders in other material subgrpups with
which they may be combined to estimate the leak-fracture boundary more accurately.

awed-cylinder cyclical burst tests for material subgroups B-10, B-11, C-2, C-12, C-13, C-14, D-2 gnd D-13
ere conducted at only a single value of flaw length and,each test series resulted in failure only by leaking or
fracture. Because there were failures that did et occur by both leaking and failure, the leak-fracture
bundary could not be determined. It could only berestimated that the leak-fracture boundary was greater than
He longest flaw at which failure occurred by leaking or less than the shortest flaw where failure octurred by
acture.

oo <

-
=

)]

2 Flawed-cylinder cyclical burst test results for group B materials

ne cylinders made from group B.materials were cylinders made from chromium-molybdenum alloy steel.
nese cylinders are representative of the largest number of cylinders that have been in worldwide use for
bout 60 years. Cylinders of this type normally have a service pressure rating of 150 bar to 200 bar.

——

Q

even cylinders from/material subgroup B-1 were tested. The results of these tests are shown in Taljle 7. The
linders in material subgroup B-1 were all tested at a maximum cyclical pressure of 1,5 x the design service
essure, i.e. PgPy="1,5. This is the normal pressure used for hydrostatically retesting these cylinglers. The
itial flaw length-ranged from [, = 8,6 x ¢4 to /[, = 11,2 x t4. The initial flaw depth ranged from 31,3 % fo 78,8 %
the design\wall thickness, #4, of the cylinders. Four of the test cylinders failed by leaking and seyen of the
linders_failed by fracturing. As shown in Figure 3, the leak-fracture boundary for material subdroup B-1
linders-is at a flaw length of /, = 8,8 x #4 at a failure pressure of 1,5 x the service pressure, Pg. Therefore,
ese “cylinders should have an adequate level of fracture resistance according to the requirgments of
0-9809-2

—= 000 ST OM

Only one cylinder from material subgroup B-10 was tested by cyclical pressurization. This cylinder was tested
at a maximum cyclical pressure of 1,72 x the design service pressure, i.e. P/P,=1,72. This is above the
normal pressure used for hydrostatically retesting these cylinders. The initial flaw length was /; = 9,9 x #4. The
initial flaw depth was 9,8 % of the design wall thickness of the cylinders. The cylinder failed by fracturing. A
single cylinder from the B-10 material subgroup was also tested using the flawed-burst testing procedure with
monotonic pressurization. This cylinder had an initial flaw depth of 83,3 % of the design wall thickness and
failed at a maximum pressure of 0,93 x the design service pressure, i.e. P/Pg = 0,93. This cylinder failed by
leaking. However, because the cylinder that was tested using cyclical pressurization and the cylinder that was
tested using monotonic pressurization had significantly different failure pressures and different initial flaw
depths, no specific conclusions can be drawn from these tests.

© ISO 2002 — All rights reserved 9


https://standardsiso.com/api/?name=32c3d0b10886d2823d8ec451f7799dad

ISO/TR 12391-3:2002(E)

Two cylinders from material subgroup B-11 were tested by cyclical pressurization. These cylinders were
tested at a maximum cyclical pressure of 1,5 x the design service pressure, i.e. P{/Pg =1,5. This is the normal
pressure used for hydrostatically retesting these cylinders. The initial flaw length was /; = 10,0 74 to [, = 10,6 #4.
The initial flaw depth ranged from 9,5 % to 10,6 % of the design wall thickness of the cylinders. Both of the
cylinders failed by leaking. This represents an adequate level of fracture resistance for all cylinders in this
group. Two cylinders from the B-11 material subgroup were also tested using the flawed-burst testing
procedure with monotonic pressurization. These cylinders had initial flaw depths ranging from of 83,7 % to
85,9 % of the design wall thickness and failed at a maximum pressure of 1,13 x to 1,29 x the design service
pressure, i.e. P/Pg=1,13 to 1,29. These cylinders failed by leaking. However, because the cylinder that was
tested using cyclical pressurization and the cylinder that was tested using monotonic pressurization had
significanfily different Tailure pressures and diiierent initial 1law depins, NO Speciiic Conclusions can be drawn
from thege tests

6.3 Flgwed-cylinder cyclical burst test results for group C materials

The cylinflers made from group C materials are higher strength steel cylinders that have been-ised worldwide
for aboufy 10 years. These cylinders are generally made from chromium-molybdenum ‘alloy steel that |fis
produced to higher levels of cleanliness to improve its fracture toughness. This permits the cylinders to he
designed|for a service pressure of about 300 bar.

Four cylipders from material subgroup C-1 were tested. The results of these teStsare shown in Table 8. The
cylinders|in material subgroup C-1 were all tested at a maximum cyclical pressure of 1 x the design servige
pressure)i.e. P/P; = 1,0. This is the normal service pressure used for these-cylinders. The initial flaw length
ranged frpm [, = 5,9 x ¢4 to [, = 7,3 x ty. The initial flaw depth ranged from*51,3 % to 75,9 % of the design wall
thicknesg, 14, of the cylinders. All four of the test cylinders failed by leaking. These tests were conducted using
the condjtions for conducting the flawed-cylinder cyclical burst test.specified in 1ISO 9809-2. The initial flaw
length was just slightly less than that required by ISO 9809-2. Fherefore, it is expected that these cylindefs
have an adequate level of fracture resistance to meet the requiféments of ISO 9809-2.

Five cylinders from material subgroup C-2 were tested. The results of these tests are shown in Table 8. The
cylinders|in material subgroup C-2 were all tested at aimaximum cyclical pressure of 1,5 x the design servige
pressure) i.e. P/Pg=1,5. This is the normal pressure used for hydrostatically retesting these cylinders. The
initial flaw length ranged from [, = 9,4 x ¢4 to [, = 10;0 x #4. The initial flaw depth ranged from 26,5 % to 67,0 [t
of the depign wall thickness of the cylinders.-All)five of the test cylinders failed by leaking. These tests wefe
conductefd using the conditions that generally satisfied the conditions for conducting the flawed-cylind
cyclical burst test specified in 1SO 9809-2, except that the maximum test pressure was considerably high
than thafl specified in ISO 9809-2. Therefore, these cylinders should have an adequate level of fractufe
resistancg to meet the requirements'of ISO 9809-2.

Seven cyfinders from material-subgroup C-5 were tested. The results of these tests are shown in Table 8. The
cylinders|in material subgreup-C-5 were all tested at a maximum cyclical pressure of 1,5 x the design servige
pressure) i.e. P{/Pg = 1,5 This is the normal pressure used for hydrostatically retesting these cylinders. The
initial flawy length ranged-from /, = 5,7 x ¢4 to I, = 20,0 x t4. The initial flaw depth ranged from 6,0 % to 23,0 o
of the dgsign wall thickness of the cylinders. Four of the test cylinders failed by leaking and three of the
cylinders|failed by\fracturing. As shown in Figure 4, the leak-fracture boundary for material subgroup Ct5
cylinders|is at aflaw length estimated to be /, = 15,0 x ¢4 at a failure pressure of 1,5 x the service pressure, Ps.
These tepts”were conducted using the conditions that generally satisfied the conditions for conducting the
flawed-cylinder lical burst test ified in | -2, except that the flaw th was | than ified
and the maximum test pressure was higher than that specified in ISO 9809-2. Therefore, these cylinders
exceed the level of fracture resistance required by ISO 9809-2.

Four cylinders from material subgroup C-10 were tested. The results of these tests are shown in Table 8. The
cylinders in material subgroup C-10 were tested at a maximum cyclical pressure of 1,0 x or 1,5 x the design
service pressure, i.e. P/P;=1,0 or 1,5. This is either the service pressure or the normal pressure used for
hydrostatically retesting these cylinders. The initial flaw length for all tests was /, = 10,0 x #4. The initial flaw
depth ranged from 15,0 % to 30,0 % of the design wall thickness, #4, of the cylinders. The cylinder that was
tested with a maximum test pressure equal to the service pressure, P/P; = 1,0, failed by leaking. The other
cylinders that were tested with a maximum test pressure equal to the service pressure, P{/Pg = 1,5, failed by
fracturing. These tests were conducted using the conditions that generally satisfied the conditions for
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conducting the flawed-cylinder cyclical burst test specified in 1SO 9809-2, except that the maximum test
pressure was considerably higher than that specified in 1ISO 9809-2. Therefore, these cylinders should have
an adequate level of fracture resistance to meet the requirements of ISO 9809-2.

Seven cylinders from material subgroup C-11 were tested. The results of these tests are shown in Table 8.
The cylinders in material subgroup C-11 were tested at a maximum cyclical pressure of 1,25 x the design
service pressure, i.e. Pf/Pg = 1,25. This is halfway between the service pressure and the normal pressure used
for hydrostatically retesting these cylinders. The initial flaw length for all tests was /;, = 10,0 x ¢4. The initial flaw
depth was 53,0 % of the design wall thickness of the cylinders. Three of the cylinders failed by fracturing and
four of the cylinders failed by leaking. These tests were conducted using the conditions that generally
ekceeded the conditions for conducting the flawed-cylinder cyclical burst test speciied in o 9809-2.
Therefore, these cylinders should have an adequate level of fracture resistance to meet the requirgments of
$0 9809-2.

_|

wo cylinders from material subgroup C-12 were tested by cyclical pressurization. These cylinders were
tgsted at a maximum cyclical pressure of about 1,5 x the design service pressure, i.e-B/P; = 1,5. This is the
prmal pressure used for hydrostatically retesting these cylinders. The initialcflaw length ranged from
=10,0 x t4. The initial flaw depth was about 42 % of the design wall thickness, #, of the cylinderg. Both of
He cylinders failed by fracturing. Two cylinders from the C-12 material subgrodp were also tested using the
flawed-cylinder burst testing procedure with monotonic pressurization. Thesg c¢ylinders had initial flqw depths
of 85,0 % of the design wall thickness and failed at a maximum pressure-0f.4,05 x to 1,13 x the design service
pfessure, i.e. P/Pg = 1,05 to 1,13. These cylinders failed by leaking. However, because the cylinder that was
tgsted using cyclical pressurization and the cylinder that was tested using monotonic pressurization had
gnificantly different failure pressures and different initial flaw dépths, no specific conclusions can pe drawn
frbm these tests.

o—l-ON S5

(]

nly one cylinder from material subgroup C-13 was tested by cyclical pressurization. This cylinder was tested

a maximum cyclical pressure of 1,62 x the designcservice pressure, i.e. P{/P;=1,62. This is gbove the
prmal pressure used for hydrostatically retesting these cylinders. The initial flaw length was /; = 9,9 x t4. The
itial flaw depth was 10,9 % of the design wall thickness of the cylinders. The cylinder failed by Ieaking. A
ngle cylinder from the C-13 material subgroup was also tested using the flawed-burst testing procgdure with
onotonic pressurization. This cylinder had_an initial flaw depth of 86,0 % of the design wall thickness and
giled at a maximum pressure of 1,31 x the-design service pressure, i.e. P/Pg = 1,31. This cylinder|failed by
Idaking. However, because the cylinder that was tested using cyclical pressurization and the cylinder that was
sted using monotonic pressurization~had significantly different failure pressures and different ipitial flaw
bpths, no specific conclusions can be drawn from these tests.

305300

Qo

Three cylinders from material\subgroup C-14 were tested by cyclical pressurization. These cylinders were
tgsted at a maximum cyclical pressure of 1,5 x the design service pressure, i.e. P/P; = 1,5. This is the normal
pfessure used for hydrastatically retesting these cylinders. The initial flaw length was /; = 10,0 x #4. The initial
flaw depth ranged from 10,3 % to 12,8 % of the design wall thickness of the cylinders. All these|failed by
Igaking. Three cylinders from the C-14 material subgroup were also tested using the flawed-cylinder burst
tdsting procedure with monotonic pressurization. These cylinders had an initial flaw depths of 83,0 % to
86,0 % of the~design wall thickness and failed at a maximum pressure of 1,05 x to 1,26 x the design service
pfessure,.iie) P{/Pg = 1,05 to 1,26. These cylinders failed by leaking. However, because the cylinder| that was
tgsted using cyclical pressurization and the cylinder that was tested using monotonic pressurization had
significantly different failure pressures and different initial flaw depths, no specific conclusions can pe drawn
frpmthese tests.

6.4 Flawed-cylinder cyclical burst test results for group D materials

The cylinders made from group D materials are the highest strength steel cylinders now permitted for use in
any country in the world. They are restricted to use for shipping non-corrosive (non-hydrogen bearing) gases.
These cylinders are generally made from modified chromium-molybdenum alloy steels that have a good
combination of tensile strength and fracture toughness. These cylinders are intended to have service
pressures at or above 300 bar.

Fourteen cylinders from material subgroup D-1 were tested. The results of these tests are shown in Table 9.
The cylinders in material subgroup D-1 were all tested at a maximum cyclical pressure of 1,0 x or 1,5 x the
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design service pressure, i.e. P/P;=1,0 or 1,5. This is either the normal service pressure or the normal
pressure used for hydrostatically retesting these cylinders. The initial flaw length ranged from /; = 6,0 x 74 to
lo=10,1 x t4. The initial flaw depth ranged from 9,8 % to 91,8 % of the design wall thickness, 74, of the
cylinders. Thirteen of the test cylinders failed by leaking when tested at a maximum cyclical pressure of 1,0 x
or 1,5 x the service pressure, Py, and one of the cylinders failed by fracturing when tested at a maximum
cyclical pressure of 1,5 x the service pressure. As shown in Figure 5, the leak-fracture boundary for material
subgroup D-1 cylinders is at a flaw length estimated to be /, = 10,0 x ¢4 at a failure pressure of 1,5 x the
service pressure. These tests were conducted using the conditions that generally satisfied the conditions for
conducting the flawed-cylinder cyclical burst test specified in ISO 9809-2, except that the flaw depth was less
than specified and the maximum test pressure was higher than that specified in ISO 9809-2. Therefore, these
cylinders[exceed the level of iracture resistance 1o meet the requirements oi SO 9809-2.

Three cylinders from material subgroup D-2 were tested by cyclical pressurization. These cylinders) wefe
tested atfa maximum cyclical pressure of 1,5 x the design service pressure, i.e. P{/Pg = 1,5. This is-the’normgal
pressure|used for hydrostatically retesting these cylinders. The initial flaw length was /, = 10,0.z4.“The initial
flaw depth ranged from 62,7 % to 65,3 % of the design wall thickness, 4, of the cylinders. Allthree failed by
leaking. These tests were conducted using the conditions that generally satisfied the conditions for conducting
the flawed-cylinder cyclical burst test specified in 1ISO 9809-2, except that the maximum-iest pressure was
higher thpn that specified in 1ISO 9809-2. Therefore, these cylinders exceed the leyél‘of fracture resistange
required py I1ISO 9809-2. In addition, fifteen cylinders from the D-2 material subgroup*were also tested using
the flawepd-cylinder burst testing procedure with monotonic pressurization. These'cylinders had an initial flaw
length of| approximately /, = 10,0 ¢4. These cylinders had an initial flaw depths-of 67,6 % to 93,8 % of the
design wahll thickness and failed at a maximum pressure of 1,08 x to 1,41 x-the design service pressure, i.p.
P{Pg =086 to 1,41. These cylinders failed by both fracturing and leaking:

Seven cylinders from material subgroup D-7 were tested by cyclical pressurization. These cylinders wefe
tested at[a maximum cyclical pressure of about 1,0 x the design service pressure, i.e. P/P;=1,0. This is the
normal gervice pressure used for these cylinders. The initial' flaw length ranged from /,=3,5x14 [o
Iy = 6,7 x{t4. The initial flaw depth was about 40 % of the design wall thickness, ¢4, of the cylinders. As shown
in Figure|6, the leak-fracture boundary for material subgroup D-7 cylinders is at a flaw length estimated to he
I, = 4,0 x|ty at a failure pressure of 1,0 x the service pressure, Pg. Three of the cylinders failed by fracturing
and four [of the cylinders failed by leaking. These tests were conducted using the conditions that generally
satisfied fhe conditions for conducting the flawed=cylinder cyclical burst test specified in ISO 9809-2 except
that the ipitial flaw length was shorter than that-required by the ISO standard. Because the initial flaw length
was congiderably shorter than that required by 1SO 9809-2 and some of the cylinders failed by fracturinp,
these cylinders would not meet the level of fracture resistance required by ISO 9809-2.

Eight cylinders from material subgrodp)D-8 were tested by cyclical pressurization. These cylinders were tested
at a maximum cyclical pressure ranging from 0,88 x to 1,45 x the design service pressure, i.e. P/P¢ = 0,86 o
1,45. Thq initial flaw length ranged from /, = 10,0 x ¢4 to /, = 20,0 x #4. The initial flaw depth ranged from 15 o
to 75 % df the design wall thickness, ¢4, of the cylinders. Three of the cylinders failed by leaking and five of the
cylinders|failed by fracturing." These tests were conducted using the conditions that generally satisfied the
conditiong for conducting.the flawed-cylinder cyclical burst test specified in ISO 9809-2. Because the lowefst
failure pressure at which failure by fracturing occurred was greater than the service pressure, these cylindefs
exceed the level of fhracture resistance required by ISO 9809-2.

Fourteen|cylihders from material subgroup D-12 were tested by cyclical pressurization. These cylinders wefe
tested at fatmaximum cyclical pressure ranging from 1,0 x to 1,5 x the design service pressure, i.e. P{/Pg = 1|0
to 1,5. The initiar flaw fength ranged from [, = 7,8 X iq 10 [, = 18,0 X iq. TNhe initial flaw depth ranged from 27 /o
to 47 % of the design wall thickness, ¢4, of the cylinders. Nine of the cylinders failed by leaking and five of the
cylinders failed by fracturing. As shown in Figure 7 the leak-fracture boundary for material subgroup D-12
cylinders is at a flaw length estimated to be /, = 10,5 x ¢ at a failure pressure of 1,25 x the service pressure,
Pg. These tests were conducted using the conditions that generally satisfied the conditions for conducting the
flawed-cylinder cyclical burst test specified in ISO 9809-2. Because the lowest failure pressure at which failure
by fracturing occurred was greater than the service pressure, these cylinders exceed the level of fracture
resistance required by ISO 9809-2.

Only one cylinder from material subgroup D-13 was tested by cyclical pressurization. This cylinder was tested
at a maximum cyclical pressure of 1,8 x the design service pressure, i.e. P/Pg = 1,8. This is above the normal
pressure used for hydrostatically retesting these cylinders. The initial flaw length was [, = 9,7 x t4. The initial
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flaw depth was 10,6 % of the design wall thickness, ¢4, of the cylinders. The cylinder failed by fracturing. A
single cylinder from the D-13 material subgroup was also tested using the flawed-burst testing procedure with
monotonic pressurization. This cylinder had an initial flaw depth of 84,0 % of the design wall thickness and
failed at a maximum pressure of 1,3 x the design service pressure, i.e. P/P;=1,3. This cylinder failed by
leaking. However, because the cylinder that was tested using cyclical pressurization and the cylinder that was
tested using monotonic pressurization had significantly different failure pressures and different initial flaw
depths, no specific conclusions can be drawn from these tests.

7 __Discussion

N

1 Background

he objective of this part of ISO/TR 12391 was to compile the results of the flawed-cylinder. eyclical Hurst tests
at were conducted during the development of the flawed-cylinder cyclical burst test method. The tdst results
ptained in this programme can be used to evaluate the effectiveness of the flawed-eylinder cyclical burst test,
5 a test method to measure the fracture performance of seamless steel cylinders, and to derive suitable
iteria for using the test to evaluate new designs of cylinders and cylinders during production. No pxtensive
scussion or analysis of the test data will be presented in this part of ISO/TR 12391.

Q0 ®o = -

ne objective of the flawed-cylinder cyclical burst test is to evaluate new.designs of cylinders by determining
e leak-fracture boundary for a range of flaw lengths. The leak-fragture boundary is defined in terms of the
tio, P{/Pg, of the failure pressure, P, to the marked service pressure, Pg, of the cylinder. As refuired by
I$O 9809-2, a flaw of the specified size and shape in the wall of the cylinder shall fail by leaking at a[ pressure
bove the service pressure of the cylinder.

~—
o 5=

Q

he tests results reported here were obtained by the members of WG 14. These test results wer¢ used to
emonstrate that the flawed-cylinder cyclical burst(test adequately evaluates the fracture resistance of
pamless steel cylinders of all strength levels currently used for cylinder construction. The resulty of these
sts were used to establish the procedure fop,conducting the flawed-cylinder cyclical burst test and for
pfining the acceptance criteria for passing the test. The flawed-cylinder cyclical burst test procedure and
cceptance criteria developed by WG 14 aré.included in 9.2.5 of ISO 9809-2:2000.

vazTn oo

~

2 IS0 9809-2 flawed-cylinder cyclical burst test procedures and acceptance criteria

o8]

ased on the test results reported-here, WG 14 developed specific test procedures and acceptance ¢riteria for
5ing the flawed-cylinder cyg¢lical burst test to evaluate new cylinder designs and new cylinder matgrials and
evaluate samples of production cylinders. The specific test procedures finally adopted by W{s 14 and
blished in 9.2.5 of ISO 9809-2:2000, differ slightly from the procedures used to carry out most off the tests
pscribed in this part0fISO/TR 12391.

5 C

QT

I ISO 9809-2the‘flaw shape used in the flawed-cylinder cyclical burst is the same as the flaw shape used in
tHe tests conducted in this study and described in 5.3 and Figure 1. The final procedure adopted hy WG 14
apd published in ISO 9809-2 specifies that cylinders with only a single defined flaw length are requfred to be
tgsted to evaluate the fracture performance of the cylinders. This is in contrast to the test results repdrted here
il which cylinders with a range of flaw lengths were tested for many of the material groups to evaluate the
tgtal’fracture performance of the cylinders. In tests conducted during the development of the flawed-cylinder
cyclical burst test and reported here, the flaw length was defined in terms of the design minimum thickness, #4,
of the cylinder alone. In these tests, a common flaw length was /, = 10 x 4. However, the single flaw length
used in the tests conducted in accordance with ISO 9809-2 is defined differently than the way the flaw length
is defined in the tests results reported here. In ISO 9809-2, the flaw length is defined in terms of both the
cylinder design minimum wall thickness, ¢4, and the cylinder diameter, D.

For tests conducted in accordance with 1ISO 9809-2, the single flaw length is defined as /, = 1,6(D x t4)°-5.
This has the effect of normalizing the flaw length in terms of both the cylinder diameter and the cylinder wall
thickness and therefore makes the test equivalent for cylinders of all sizes and wall thickness. The basis for
this choice of flaw length is that the fracture strength of a flawed cylinder is a known function of the cylinder
diameter, D, the cylinder wall thickness, ¢4, and the flaw length, /,. Because many of the tests results reported

© 1SO 2002 — Al rights reserved 13


https://standardsiso.com/api/?name=32c3d0b10886d2823d8ec451f7799dad

ISO/TR 12391-3:2002(E)

here used cylinders of approximately 230 mm in diameter and approximately 6 mm thick, the flaw length
calculated using ISO 9809-2 is about the same (i.e. 10 x 74) as that used in any of the tests.

In the tests conducted in accordance with ISO 9809-2, the cylinder is cycled to a maximum pressure equal to
the service pressure, Pg, of the cylinder. This maximum cycle pressure is then designated as the failure
pressure, P;. The results of the test that are recorded are the failure pressure and the failure mode (leak or
fracture). These results are recorded in the same way as for all of the tests reported here. However, in
ISO 9809-2, the failure pressure is then adjusted to account for local variations in the cylinder wall thickness.
This is done because the actual thickness in the vicinity of the flaw, ¢, is generally significantly different from
the design minimum wall thickness of the cylinder, 74. The adjusted failure pressure (P¢ ,qjsteq) IS calculated
as Pt agjlsted = (Ut X Idlfa)- THIS adjustment to the Tallure pressure Is based on the assumption that the failufe
pressure [of a cylinder without a flaw is directly proportional to the actual thickness of the cylinder wall, 7,

ISO 9809-2 requires that an acceptable result of the flawed-cylinder cyclical burst test is that the failure is by
leaking (gny extension of the flaw is less than 10 %) when the failure pressure (maximum cyclical pressure) fis
at the adjusted service pressure Py ,qjysteq = (Ps X l4/ta)-

It should |be noted that the procedure specified in 1ISO 9809-2 only requires that the flawed-cylinder cyclical
burst tes{, results in leakage at a specified value of the adjusted service pressure®g: ,4iysteq @Nd does npt
require tHat the leak-fracture boundary be determined by having cylinders fail by both leaking and fracturing jn
the test.

The flawgd-cylinder cyclical burst test may be conducted in accordance withlSO 9809-2 for either “prototyp
cylinders|or for sample cylinders from a production “batch”. “Prototype” eylinders shall be produced and testgd
whenevef there are changes in:

W%

— the manufacturing process;

— the factory in which the cylinders are manufactured;

— the domposition of the steel;

— the Heat treatment;

— the dquaranteed minimum yield strength; Ry, or the guaranteed minimum tensile strength, Ry mins
— the rjlominal diameter or design minimum wall thickness of the cylinder;

— the Igéngth of the cylinder (an increase of more than 50 %).

A production “batch” of cylinders is defined as a group of cylinders (less than 1 000) that are produced from
the samg heat of steel-and produced under identical conditions. Sample cylinders are taken from eagh
production batch and tested to destruction.

When usgd to evaluate the fracture performance of “prototype” cylinders, at least two cylinders from an initigl
production runyaf\50 cylinders shall be tested and shall successfully meet the performance criteria described
above. Although it is not required by ISO 9809-2, when a substantial change in made, such as when a new pr
higher sfrength alloy steel is used, it is recommended that the fracture performance of the “prototype”
cylinders be evaluated by conducting flawed-cylinder cyclical burst tests with a wide range of flaw lengths and
to establish the entire leak-fracture boundary over this range. It should be noted the procedure specified in
ISO 9809-2 only requires that the flawed-cylinder cyclical burst test results in leaking at a specified value of
the Py/Pg ratio and does not require that the leak-fracture boundary be determined.

%

7.3 Comparison of the flawed-cylinder cyclical burst test with the flawed-cylinder burst test
with monotonic pressurization to evaluate fracture performance

ISO 9809-2 permits the fracture performance of seamless steel cylinders to be evaluated by use of either the

flawed-cylinder cyclical burst test or the flawed-cylinder burst test with monotonic pressurization. In principle,
both the flawed-cylinder cyclical burst test and the flawed-cylinder burst test with monotonic pressurization can
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be used to evaluate the fracture performance of seamless steel cylinders and should produce equivalent
results. The flawed-cylinder burst test with monotonic pressurization is described in detail in ISO/TR 12391-2.

In both types of test, a specifically defined size, depth and shape of flaw is machined into the cylinder wall and
the cylinder is pressurized until failure occurs and the failure mode (either leak or fracture) is determined. The
only significant technical difference in the two tests is that, in the flawed-cylinder burst test with monotonic

pressurization, the pressure is increased continuously until the remaining ligament of metal below th

e original

flaw fails by over stressing and then the cylinder either leaks or fractures whereas in the flawed-cylinder
cyclical burst test, the remaining ligament of metal below the original flaw fails by fatigue and then the cylinder
either leaks or fractures. In either case, whether the cylinder ultimately fails by leaking or by fracturing is

cpnirolled by the Tength of the Tinal flaw created by faliguing or by over stressing, the stress In the gyl
af the time of the final failure, and the fracture resistance (fracture toughness) of the cylinder materi
tgsts should produce equivalent results.

Tp determine if the two test methods were equivalent, the results of fracture performanee’ tests ¢
using the flawed-cylinder cyclical burst test were compared with the results of fracture performa
carried out using the flawed-cylinder burst test with monotonic pressurization on @imilar cylinders.
gsults that were carried out using the flawed-cylinder burst test with monotonic pressurization ¢
linders that were used in this comparison are reported in detail in ISO/TR/12391-2. Test results
fgw selected cylinder tests that were tested by both methods were used.in“this comparison. At
ample of cylinders from each material group that was tested was used\for this comparison to de
the testing procedures were valid for all cylinders manufactured in accordance with ISO 9809-2.

(@ l=]

D

_|

ne results of the comparison of the cylinder fracture performance for tests conducted using th
linder cyclical burst test and the cylinder fracture performancge.for tests conducted using the flawe
irst test with monotonic pressurization are shown in Figures 8 to 12.

o O

br each of the material groups tested, tests conducted using the flawed-cylinder cyclical burst
uivalent results to tests conducted using the flawed-cylinder burst test with monotonic pressurizatig
nown in Figures 8 to 12 where tests that failed hy\either leaking or fracturing were always on the s
the leak-fracture boundary regardless of which test method was used. In addition, for a given flg
e failure pressure was approximately the same for tests conducted using either test method and t
ode (leak or fracture) was the same.

3 =0 v O

(o)

Summary and conclusions

m

ktensive test results of flawed-cylinder cyclical burst tests and mechanical property tests t
bnducted on seamless steel cylinders are compiled. The results of these tests were used to demon
apability of the flawed-eylinder cyclical burst to reliably evaluate the fracture performance of steel cy|

QO

ne results of these tests were used by ISO/TC 58/SC 3 to define the testing procedures and ag
iteria for the flawed-cylinder cyclical burst test. The flawed-cylinder cyclical burst test or the flawe
irst test with"monotonic pressurization is required to be conducted on steel cylinders using ISO 9
gh strength’ steel cylinders.

>0 0 -

u3)
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