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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bod

ies

(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical commlttees Each member body interested in a subject for WhICh a technlcal committee has been

non-goverpmental, in liaison with ISO, also take part in the work. ISO collaborates closely with
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main Jtask of technical committees is to prepare International Standards. Draft International Standa

adopted the technical committees are circulated to the member bodies for voting. Publication as
International Standard requires approval by at least 75 % of the member bodies casting.a-vote.

nd
the

rds
an

which is nprmally published as an International Standard (“state of the art”, for example), it may decide b
simple maljority vote of its participating members to publish a Technical Report! A Technical Report is enti
i ive in nature and does not have to be reviewed until the datasit\‘provides are considered to be
or useful.

In exceptipnal circumstances, when a technical committee has collected data ©@fya different kind from :Fat

| requirements for gas cylinders.

a
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Introduction

Seamless steel cylinders and seamless aluminium-alloy cylinders used to transport high pressure gases are
required to meet safety requirements based on ISO standards and the requirements of national authorities.
These requirements cover the design, materials, manufacturing, initial inspection and testing, and periodic

Pefiodic inspection and testing has traditionally been performed by a combination of visual inspectid
and external) and hydrostatic pressure testing (sometimes including volumetric expansion mea
ing pressurization). Using these traditional methods of retesting, the cylinders—are rejected due to

du

exgessive volumetric expansion, excessively large surface flaws detected by visual [examination,
sting. The maximum allowable size of surface flaws to cause rejection of the 'Cylinders was |essentially

bu

quglitative and was established from past service experience. None of the réjection criteria were
qugntitative assessment of the cylinder’s performance or mechanical charagcteristics.

However, recently, methods of periodic inspection and testing the cylinders using ultrasonic inspeg
begn developed. These new retesting methods permit the quantitative determination of the cy
thickness and the size of the flaws that are present in the cylinders.“The ISO standards for periodic

a
se
de
me
for

>

NG

 the requirements of certain national authorities permit the use of ultrasonic test methods fag
mless steel and aluminium-alloy cylinders. These ulirasonic test methods permit the g

the cylinders at the time of periodic inspection and‘testing.

inspection and testing of the cylinders. As part of these requirements, the cylinders need to be periodically
inspected and tested at regular intervals during their lifetime.

n (internal

surements

leaking or

based on

ction have
linder wall

inspection
r retesting
uantitative

ermination of the size of any flaws that are detected inithe cylinders. However, to use the ultrasonic test
thods, it is required that quantitative “allowable flaw siZes” be established to set acceptance/rejection limits

TE The main conclusions and acceptance/rejection criteria are based on those provided by the United States

Department of Transportation (DOT-designed cylinders) that have a working pressure to test-pressure fatio of 3:5.

Application to ISO-designed cylinders, which use a working pressure to test-pressure ratio of 2:3, need
calgulation.

© 1SO 2008 — All rights reserved
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Gas cylinders — Methods for establishing acceptance/rejection
criteria for flaws in seamless steel and aluminium alloy
cylinders at time of periodic inspection and testing
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Scope
b aim of this Technical Report is to establish a technical basis for developing quantitative, allo

es and for setting acceptance/rejection limits for cylinders at the time of periédic” inspection 3
5ed on the performance and mechanical properties of the cylinders.

Normative references
b following referenced documents are indispensable for the.application of this document.
prences, only the edition cited applies. For undated refetences, the latest edition of the
cument (including any amendments) applies.

| RP 579, Recommended Practice for Fitness-for-Service

Terms and definitions
r the purposes of this document, the following terms, acronyms and definitions apply.
bwable flaw size

pest flaw that will not grow to the critical flaw size during the periodic inspection and testing inte
nder

bu

opening of the cylinder due to the internal pressure with substantial extension of the flaw

3

clyster of:pits
smlall, approximately round, flaws that are close together in a limited area

st

wable flaw
nd testing

For dated
referenced

rval of the

3.4

corrosion
general loss of wall thickness of either the interior or exterior surface of the cylinder, or localized corrosion
which may form a narrow longitudinal or circumferential line or strip, or isolated craters or pits that are almost
connected in a line

3.5
crack

spl

it in the metal
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3.6

critical flaw size

CFS

flaw size that causes the cylinder to fail at a designated pressure

3.7

cut/gouge

sharp impression on the exterior of the cylinder where metal has been removed or redistributed and whose
depth exceeds 5 % of the cylinder wall thickness

3.8
failure by]plastic collapse
failure of the cylinder containing a flaw due to internal pressure in the cylinder by failure of the remainjng
ligament below the flaw without substantial extension of the flaw

3.9
fatigue crack growth rate
average flaw growth amount for each cycle of pressure loading

3.10
fracture
unstable ektension of a flaw in the cylinder

3.1
fracture tgughness
generic teffm for measure of resistance to extension of a crack

3.12
leak
release of gas pressure from the cylinder without significant-extension of the flaw

NOTE This can occur due to internal pressure or due {0 corrosion.

3.13

local thin prea

LTA

area of requced wall thickness, the length and width of which are approximately equal
NOTE LTAs can be circular or rectangular.

3.14

notch

nominally & two-dimensiondl, long, narrow flaw with the width much smaller than the length

3.15
periodic inspection and testing
reference {o0,d visual and/or ultrasonic examination and/or pressure test

3.16

residual strength factor

RSF

ratio of the failure pressure of a cylinder containing a flaw to the failure pressure of the same cylinder without a
flaw

4 Cylinder symbols
A flaw area

a flaw depth

2 © 1SO 2008 — All rights reserved
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a; initial flaw depth

C flaw width (circumferential dimension of the flaw)

D nominal outside diameter of the cylinder

da ldAN fatigue crack growth rate

1D inside cylinder diameter

K g fracture toughness obtaimed fronT J ntegrat test method
L flaw length (longitudinal dimension of flaw)

My stress magnification factor for “part through flaw”

M, Folias stress magnification factor for “through-wall flaw”
N number of pressure cycles

Do failure pressure for cylinder without a flaw

Ds failure pressure for a cylinder with a flaw

127/ residual strength factor?)

Dh cylinder test pressure

Ds cylinder working pressure

R, minimum guaranteed value of yield strength

R actual value of tensile strengthas determined by tensile test
(R + Re)/2 flow stress

Ry remaining wall thickness ratio (¢, /1)

t measured minimum wall thickness

ty actual'wall thickness at the flaw

ty calculated minimum design wall thickness

trh minimum ligament (material below the flaw) thickness

5 Technical approach

In this Technical Report, the performance of selected cylinders was evaluated based on the principles of
structural integrity analysis. The effect of various types and sizes of flaws on the performance of seamless
steel and aluminium-alloy cylinders was evaluated by analytical modelling that was verified by using data from
other studies that involved testing of steel and aluminium-alloy cylinders containing artificially induced flaws.

1) Residual strength factor is sometimes referred to as the failure pressure ratio.

© 1SO 2008 — All rights reserved
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The periodic inspection of seamless cylinders requires that allowable flaw sizes be established for each type
of flaw. Typical flaws that can occur in high-pressure seamless gas cylinders during service are cuts or
gouges, cracks, general corrosion, local corrosion (LTA) and chain/line/pitting corrosion. To establish
allowable flaw sizes, an assessment of typical flaws that (e.g. of an LTA) occur in seamless cylinders was
carried out using the analytical procedures described in the APl Recommended Practice for Fitness-for-
Service (APl RP 579, hereafter referred to as API 579). The analytical assessments were subsequently
verified by experimental testing.

In using these procedures, first the critical flaw size(s) (CFS) are determined. The CFS is defined as the size
(e.g. depth and Iength or area) of the flaw that will cause the cyllnders to fa|l ata specmed pressure, such as
the test pr
of cylinder
account fg
corrosion.

Firstly, to determine the CFS, the procedures described in APl 579 were used to predict, by-analysis, the
effect of various sizes of LTAs, pits, notches and cracks on the calculated cylinder burst pressure for selecled
sizes and $trength levels of cylinders. Then, to verify the API 579 analysis procedures, experimental data frpm
a number pf hydrostatic burst tests on selected cylinders with various sizes of flaws Wwere compared with the
analytical fesults. These results showed that the analysis conducted according to ARl 579 reliably estimaled
the actual measured burst pressure of the cylinders for all flaw sizes and types.

CFSs were determined for various types of flaws at (1) the designated“working pressure and (2) the
hydrostatig¢ test pressure of the cylinder. This establishes the CFS (depth™versus area or length) for each type

that could|be expected to cause the cylinder to fail in service. The\CFS calculated at the hydrostatic fest
pressure gredicts the size of flaws that could be expected to cause’the cylinder to fail during the hydrostatic
pressure tgst.

After calculating the CFS to cause failure of the cylinders at-both the test and working pressures, the allowaple
flaw sizes|to be used as the acceptance or rejection\criteria during periodic inspection and testing wgre
established for a wide range of cylinder types and strength levels. This was done by modifying (reducing) the
size of the|CFS for each cylinder by adjusting for timé-dependent degradation, such as fatigue crack growtt or
corrosion {hat may occur during the use of the.gylinder. In the preparation of this Technical Report, only the
effects of fatigue crack growth were evaluatéd) The fatigue procedure that was used to make this adjustmgnt
involved 3500 cycles (approximately once.per day filling for the 10 year retest interval) at the cylindgr's
designateq working pressure. This resulted in the allowable flaw size that may be used to establish fhe
acceptancg or rejection criterion for/the/cylinders during periodic inspection and testing. The final acceptance
or rejectioh criteria that are used, ddring periodic inspection and testing may also take into account other
factors, such as the capability of the inspection instruments and procedures.

The allowable flaw sizes{are” based on the assumption that there is no free moisture in the interior of the
cylinder arjd consequently-no risk of corrosion.

6 Modellingand analysis of flaw sizes

6.1 Basis and theory

The approach used to define allowable flaw sizes for seamless cylinders was to determine the effect of
various types and sizes of flaws on the performance of the cylinders. In particular, the reduction in the failure
pressure of the cylinders containing flaws was determined by analytical modelling. These analytical results
were then verified by using data from studies involving the experimental testing of selected cylinders
containing flaws.

4 © 1SO 2008 — All rights reserved
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To evaluate the significance of flaws in cylinders, the principles of structural integrity analysis are used.
Several general theoretical, empirical or semi-empirical methods of analysis have been developed to model
flaws in pressure vessels, such as cylinders, and to evaluate the significance of the flaws. The purpose of
these methods of analysis is to determine how much the failure pressure of a cylinder containing a flaw is
reduced compared to a similar cylinder that does not contain any flaws. Failure of the cylinder may occur by
bursting, by fracture, by leaking or other failure modes. These methods of analysis can be used to make an
assessment of the current state of the cylinder, that is, the current failure pressure of the cylinder. These
methods of analysis can also be used to determine a projected future state of the cylinder due to increases in
the size of the flaws over time by such mechanisms as fatigue, corrosion, stress corrosion, or other time-
dependent degradation.

After reviewing the methods of analysis that have been developed to evaluate the significance,pf flaws in
prassure vessels, the methods of analysis described in API 579 were chosen to evaluate the eylindérs used in
thg preparation of this Technical Report and to develop CFS and allowable flaw sizes for seamlesg cylinders.
The fitness-for-service method of analysis provides a quantitative evaluation of cylinders containing flaws to
defermine their suitability for continued use.
The fitness-for-service method of analysis can be used to evaluate all types/of flaws commonly found in
cylinders. Methods of analysis are available for analysing various types of flaws such as general| corrosion,

localised corrosion area (LTA), widespread pitting, localized pitting, cracks ang crack-like flaws. Briftle fracture,
fatigue cracking and environmental cracking can be evaluated.

6.2 Summary of the fitness-for-service method of analysis

6.2.1 Application of API 579 fithess-for-service method-of analysis
The application of the API 579 fithess-for-service methodzof analysis requires the following steps:

1) | identification of the type of flaw (crack, LTA,%pit, etc.) and the type of damage that causgd the flaw
(corrosion, fatigue, cracking, cuts, gouges, et¢?);

2) | identification of the failure mode (brittle fracture, burst, leak);
3) | selection of the specific method 6f analysis (fracture analysis, burst analysis, leak analysis, etc.);
4) | obtaining the necessary data-(material properties, applied stresses, flaw characterization and size, etc.);
5)| selection of the level of assessment;

6) | selection of the appropriate acceptance criteria;

7) | evaluation efthie remaining life of cylinder due to enlargement of the flaws.

6.2.2 Step.1, identification of type of flaw

Thedypes of flaws that can occur in seamless steel cylinders and aluminium-alloy cylinders have been
identifred—n1tSO-6406;and1S6—16464 lcapcbtivciy. Fhe types of-flaws-that-havebeen-identified—are cracks,
notches, gouges, general corrosion, localised corrosion area (e.g. corrosion of an LTA), pitting corrosion
including isolated pit and multiple pits (i.e. line corrosion), arc burns and fire damage.

However, in this Technical Report, the only flaws evaluated are
— LTA,
— cracks,

— noftches,

© 1SO 2008 — All rights reserved 5
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— general/local corrosion, and
— corrosion pits.

Therefore, in this Technical Report, the only types of damage evaluated are from flaws caused either by
corrosion or mechanical damage subsequently propagated by fatigue.

6.2.3 Step 2, identification of failure mode

The failure modes that can cause seamless cylinders to fail in service are burst or leak type. Cylinders can fail
by bursting when a flaw of sufficient size is present in the cylinder wall. The failure stress i1s dependent on the
material's fracture toughness and flow strength properties. For relatively high-toughness material, which\is’the
case for ttle high-pressure cylinders, the cylinder burst stress is primarily controlled by flow stress ~Cylinders
can fail by(leaking when the flaw is sufficiently deep such that the remaining wall ruptures. Cylinders .¢an fai in
service by|fracturing or fragmenting when the combination of a sufficiently large flaw and a highyenough wall
stress exceeds the fracture toughness of the cylinder.

6.2.4 Step 3, selection of specific method of analysis

Each of the different failure modes can be reliably evaluated by the fitness-for-Sefvice analysis procedures.
However, gach failure mode (burst or leak) must be analysed by a different analytical model. The selectior of
which failure mode is most likely to occur depends on the cylinder design, its ‘material properties, and the size
of the flays in the cylinder. The only failure mode evaluated was failure by bursting due to the interpal
pressure in the cylinders.

6.2.5 Step 4, obtaining necessary data

The data |required to conduct the fitness-for-service analysis of flaws in cylinders are (1) the matefial
properties|(i.e. yield strength, tensile strength, fracture toughness, etc.); (2) the applied stress due to the
pressure in the cylinder; and (3) the size, shape and\location of the flaws to be evaluated. Only appljed
stresses chused by the internal pressure in the cylinders are considered. When exact values of some of the
necessary|data are not available for the specific eylinder being evaluated, the necessary data may have to|be
assumed gr generic data for a typical cylinder may have to be used.

6.2.6 St]p 5, selection of level of assessment

The selectjon of the level of assesstment depends on the available data and on the accuracy of the evaluafjon
that is required. For example, the APl 579 methods of analysis, Section 5 (Assessment of Local Metal Loss)
permit thrge levels of assessnient depending on the available data and on the accuracy of the evaluation that
is required

The Level|1 assessment requires a minimum amount of data on the flaw size, the applied stress and the
material pfoperties{ This level of assessment is the easiest to use, but the predicted failure pressure of a
cylinder with a specified flaw size may be significantly less than the actual measured failure pressure of the
flawed cylinder.

The Level Zassessment requires additional, more detailed data than the Level T assessment for the 1law size,
the applied stress and the material properties. This level of assessment uses more calculations that are
complex and gives a more exact prediction of the failure pressure of the cylinder. That is, the predicted failure
pressure of a cylinder with a specified flaw size is closer to the actual measured failure pressure of the flawed
cylinder.

The Level 3 assessment requires the use of advanced stress analysis and material modelling procedures and
exact measurements of the flaw size. This level of assessment generally results in a good prediction of the
failure pressure of the cylinder. That is, the predicted failure pressure of a cylinder with a specified flaw size is
very close to the actual measured failure pressure of the flawed cylinder. However, because of the increased
demands for additional data and the increased complexity of the calculations, the Level 3 assessment is used
only in very demanding and specialized applications.

6 © 1SO 2008 — All rights reserved
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With regard to seamless cylinders, the Level 1 assessment procedures, which are conservative and concise,
were used for the flaw size analysis.

6.2.7 Step 6, selection of appropriate basis for the acceptance criteria

The next step in using the fithess-for-service assessment procedures is the choice of the basis for the
acceptance criteria. The basis for the acceptance criteria is chosen for each specific case that is analysed.
The acceptance criteria may be (1) the maximum allowable stress, (2) the RSF, or (3) the failure assessment
diagram.

The X fteriorr TgrT ifi forrpf the yield

s ign of new
maximum
where the
all can be

on is then
Technical

seamless
| cylinders
containing flaws that were evaluated in this Technical Report failed by plastic collapse. (This statemgent is valid
for[the flaws that are in the acceptance range in this TeChnical Report.)

6.2.8 Step 7, evaluation of remaining life of cylinder

After an assessment is made of the present state of the cylinder (i.e. the predicted failure pressure of the
cylinder) containing a flaw, the fithess<for-service method of analysis may also be used to gssess the
remaining life of the cylinder, if requineéd> The remaining-life assessment is used to account for any |ncrease in
thq size of existing flaws during ther anticipated service, for example by corrosion or fatigue. This agsessment
is used (1) to establish presently: allowable flaw sizes and (2) to define appropriate retest infervals. An
asgessment of the effect of fatigue on the size of existing flaws in cylinders was made to establish allowable
flays sizes for setting retest'requirements.

7 | Experimentalresults
Stgel and aluminium-alloy cylinders containing machined flaws were tested by monotonic pr cyclical

prgssurization” until failure occurred as part of a project being conducted by ISO/TC 58/SC 4/WG 1 on
rejection\eriteria for metal cylinders.

Cylinders-tested-by-monotonic-pressurization-contained-machined-Hawsrosty-en-the-exteriorof-the cylinder
(OD flaws). A few of the cylinders that were tested by monotonic pressurization had flaws machined on the
inside surface (ID flaws). The cylinders that contained OD machined flaws had flaws that simulated notches,
round LTA, rectangular LTA, and pits (small round flaws). All the machined ID flaws simulated round
LTA-type flaws. The simulated flaws on the cylinders that were tested by cyclic pressurization all had OD
notch-type flaws. The results of these tests were used (1) to verify that the API 579 method of analysis can be
reliably used to predict the failure pressure of cylinders containing flaws, (2) to verify the calculated CFS for
cylinders and (3) to verify the calculated allowable flaw sizes for cylinders. The test results for the steel
cylinders tested as part of the ISO/TC 5/SC 4/WG 1 programme are shown in Tables A.1, A.2, A.3, and A.4 of
Annex A.

© 1SO 2008 — All rights reserved 7


https://standardsiso.com/api/?name=dddb01b2c920d8b17dfe0427419f5388

ISO/TR 22694:2008(E)

As part of earlier work conducted by ISO/TC 58/SC 3/WG 14 on toughness and acceptance levels of steel
cylinders with strength levels from less than 750 MPa to more than 1 250 MPa, several hundred monotonic
hydrostatic, flawed-cylinder burst tests were conducted to evaluate the fracture performance of a wide range
of steel cylinders [5]. Each test cylinder had a longitudinal notch machined in the external wall of the cylinder
(see Figures 1a and 1b).

- L -
B o ™
2
m % 4k
a) Circumferential view b) Longitudinal view

Key

ry tip radus (0,2 mm)
r, radius|(35 mm)

L  flaw lepgth
a  flaw depth

Figure 1 — Longitudinal notch geometry used in the tested steel cylinders

In the ISQ/TC 58/SC 3/WG 14 test programme [3l, the cylinders tested ranged in tensile strength from
700 MPa tp 1 400 MPa. The cylinders tested were dividedtinto five groups of materials based on the tensile
strength rédnge of the material. The cylinders ranged in’outer diameter (D) from 140 mm to 240 mm| in
thickness [z;) from 3,8 mm to 14,4 mm, and had flaw sizes (longitudinal machined notches) that ranged in
depth fron| 20 % to 90 % of the actual wall thicknessand in length from four times the cylinder wall thickngss
to 20 timeg the cylinder wall thickness.

In the ISQ/TC 58/SC 3/WG 14 test programime 9], steel cylinders were tested to failure by monotdnic
pressurization. In the fitness-for-service.analysis using API 579 procedures to calculate critical flaw sizes, the
critical flay sizes are calculated at( specified pressures. For the analysis that was done, the specifjed
pressures [chosen were (1) the workihg pressure and (2) the test pressure. Therefore, to verify the analysis
used (i.e. fo determine if the analysis is reliable), the calculated values are compared with the experimental
values. For this purpose, the only relevant experimental data is test data that was done at the same presspre
as the pressure used in theZanalysis, that is, either their working pressure or the test pressure. Thus, dnly
experimental data points)where the cylinders failed at either working pressure or test pressure were chosgn.
The other test data where the cylinders failed at different pressure were not used as they were not relevant.
The selected test résults for the steel cylinders tested as part of the ISO/TC 58/SC 3/WG 14 programme that
were used|are shown in Table A.5 and A.6 of Annex A.

Similarly, gsing the same concept, ISO TC 58/SC 3/WG 19 has developed data for aluminium-alloy cylinders.

8 Verification of the flaw size analysis

8.1 Seamless steel cylinders

The API 579 fitness-for-service method of analysis provides a sound technical basis for evaluating the
significance of flaws in any type of pressure vessel. To demonstrate that these methods of analysis can be
applied reliably to the evaluation of flaws in seamless cylinders, a limited number of seamless steel cylinders
containing flaws of different types and sizes were tested hydrostatically to failure by bursting. To verify that the
API 579 method of analysis reliably predicts the performance of cylinders containing flaws, the results of these
burst tests were compared with the burst pressure predicted by the API 579 analysis results.

8 © 1SO 2008 — All rights reserved
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The preliminary analysis showed that the failure of the steel cylinders that were tested could be evaluated by
calculating the RSF for the cylinders containing flaws. For these cylinders, the fracture toughness was
sufficiently high that failure of the cylinders containing flaws was by bursting when the stress in the cylinder
wall caused failure by plastic collapse as the internal pressure increased.

For this verification analysis, both LTA-type flaws and notch-type flaws were evaluated. An LTA-type flaw is a
flaw that represents a typical area of wall thickness reduction due to corrosion in the cylinder. The notch-type
flaw used in this Technical Report is V-shaped, and the length of the flaw is many times greater than the width
of the flaw. This type of flaw represents a crack-like flaw in the cylinder. For the examples analysed here, the
API 579 Level 1 assessment method was found to be adequate. The stress in the cylinder wall at the location
of the flaw was only caused by the internal pressure in the cylinder

To|verify the use of the API 579 procedures, the RSF was calculated for each cylinder that was tested. The
RYF is defined here as the failure pressure ratio (ps /py) where Pr is the failure pressure -of the cylinder
;g :/t.aining the flaw and p,, is the failure pressure of the same type and size of cylinder that.does ngt contain a
Fol RSF or p; /py,, the ratio for Level 1 is calculated as:
RSF = Ry / [1-(1/M})(1-Ry)] (1
whiere
M, is the Folias stress magnification factor for through-wall flaw
= (1+0,4822)1/2 (2)
where
A=1285L/(De1)!2 ©)
Ry is the remaining thickness ratio = /¢ (4)
The following provides a theoretical background for Equation 1.
The failure hoop stress in the presence of a flaw is given by the following equation:

Of = Gflow /Mp (5)

where M, is the stress magnification factor for part through flaw.

=

is given by the following equation:
My, = [1—at(is My)] | (1-alt) (6)

where M, isthe stress magnification factor for through-wall flaw of length L.

M, |cam be obtained from Equation (2) above.

The ratio, o¢/c g, is defined as RSF.

Therefore from Equation (5),

RSF = 1/ M, = [(1 - alt) | (1~(alt = My))] 7)
R =ty It =(t—a)/ t = 1-alt (8)
alt = 1- Ry 9)

Substituting a/t in terms of R; in Equation (7) results in Equation (1).

© 1SO 2008 — All rights reserved 9
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The cylinders used in the verification test programme were designed and fabricated in accordance with the
requirements of US DOT Exemption 9421 [12]. The test results for the cylinders tested in the verification
programme are shown in Table 1.

Table 1 — Results of steel cylinder tests with flaw

Cylinder No. g FIa_w_ l\rllnﬁ:suwr:ﬁ Flaw F!aw Flaw Burst Measured Calculated
escription thickness length | width | depth [ pressure RSF RSF
(See NOTE 1) t L C a (See NOTE 2) (See NOTE 3)
mm mm mm mm bar
1 Unflawed burst 6,3 — — — 6934 — —
2 Unflawed burst 71 — — — 7832 — —
3 Longitudinal notch 6,4 64,3 — 0,66 672 0,91 0,95
4 Longitudinal notch 6,9 64,3 — 1,32 641 0487 0,9
5 Longitudinal notch 6,6 64,3 — 1,98 610 0,83 0,84
6 Longitudinal notch 6,4 64,3 — 2,64 576 0,78 0,77
7 Longitudinal notch 6,8 64,3 — 3,30 572 0,78 0,68
8 Longitudinal notch 6,9 64,3 — 0,33 788 1 0,98
9 Longitudinal notch 7,0 64,3 — 0,66 745 1,01 0,95
10 Longitudinal notch 6,8 64,3 — 0,99 724 0,98 0,93
11 Rectangular LTA 6,9 64,3 44,5 0,33 697 0,94 0,98
12 Rectangular LTA 7.4 64,3 44,5 0,66 738 1 0,96
13 Rectangular LTA 7.2 64,3 445 0,99 697 0,94 0,94
14 Rectangular LTA 7,1 64,3 44,5 1,32 683 0,93 0,91
15 Rectangular LTA 7,4 64;3 445 1,98 77 0,97 0,86
16 Rectangular LTA 7,4 64,3 445 2,64 648 0,88 0,8
17 Rectangular LTA 7/0 64,3 44,5 3,30 559 0,76 0,72
NOTE 1 Cylinder ID = 222 mm (neminal).
NOTE 2 Measured RSF = measured burst pressure with flaw/average burst pressure without flaw (738 bar).
NOTE 3 Calculated RSE-using Equation (1).
NOTE 4 Cylinder specifications:
Material; = modified AlSI 4130 quenched and tempered steel
Size.D = 235mm
R = 1070 MPato 1 207 MPa (typical)
K, = 966 MPa o T 103 MPa (typical)
Elongation = 12 %
K (J) > 93,5 MNm - 3/2
t, = 6,6 mm
Py = 310 bar
Ph = 467 bar
NOTE 5 All cylinders burst at the notches or the LTAs.

@8  The average burst pressure for a cylinder without a flaw was calculated without taking into account the variation in the measured
minimum wall thickness of the cylinder. If variations in the measured minimum wall thicknesses had been taken into account, the
measured RSF values would have been within 1,5 %.

10 © ISO 2008 — All rights reserved
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Two cylinders in Table 1 (No. 1 and No. 2) without flaws were hydrostatically burst to establish the burst
pressure (py,) to be used to calculate the measured RSF (or p¢p,,). Cylinder No. 1 burst at 693 bar psi pressure,
and cylinder No. 2 burst at 783 bar psi pressure. This gave an average value for an unflawed cylinder of
738 bar + 24 bar. This value will be used as the denominator to calculate the ratio p¢p,,, which is the measured
RSF for the tested cylinders.

Test cylinders numbered 3 through 10 in Table 1 had longitudinal notches machined on the outside surface.
Table 1 shows the length (L) and depth (a) dimensions of the machined notches (see Figure 1a). The
cylinders were hydrostatically burst. The measured burst pressure and ratio of the failure pressure of the
flawed cylinder to the failure pressure of the unflawed cylinder (p¢/p,,), which is the measured RSF value, are
al : : :

Tept cylinders numbered 11 through 17 had rectangular LTAs machined on the outside-sufface (see
Figqures 2a and 2b). Table 1 shows the LTA dimensions of the tested cylinders. The Cylinders were
hydrostatically burst. The measured burst pressure and ratio of the failure pressure of the: flawed |cylinder to
thq failure pressure of the unflawed cylinder (p/py,), which is the measured RSF value, @fre’ shown in[Table 1. It
should be noted that all the cylinders burst at the machined LTA.

=
A
~
 J
P d
)L

I 7)
._.{, ....... __._Y_ Ny 7 7 k|
v

L]

a) Top view b) Longitudinal view

Key

L | flaw length

a | flaw depth

t cylinder wall thickness
C | flaw width

Figure 2=—Rectangular LTA geometry used in the tested cylinders

The RSF values of each/tested cylinder were calculated using Equation (1). The ratio of the measyred failure
prgssure (p;) of a~Cylinder with a flaw to the measured failure pressure of a cylinder withput a flaw
(py = 738 bar), thatis (ps/p,,) is defined as the measured RSF for the tested cylinders. These results[are shown
in Table 1. A comiparison of the measured RSF to the calculated RSF is shown in Figure 3 for all cylinders that
wefe tested:Jhe agreement between the calculated and measured RSF values confirms that, fof seamless
steel cylinders, the RSF analysis reliably predicts the pressure at which the cylinders will fail by bursting. This
analysis is suitable for use to evaluate the effects of notches, cracks, LTAs, clusters of pits and general wall
thipning due to corrosion. Therefore, the APl 579 method of analysis can be used to calculate the CFS for
these types of flaws in seamless steel cylinders.

© 1SO 2008 — All rights reserved 11
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Figure 3 — Verification of API.579 analysis for seamless steel cylinders
covering a range of compositions

8.2 Seamless aluminium alloy cylinders

As in the g
to evaluat
control) ar
containing
it was fou

ase for the steel cylinders described in 8.1, the API fitness-for-service method of analysis was us
b the significance of-flaws in seamless aluminium-alloy cylinders. API 579 Level 1 (flow-stren
d Level 2 (fractureytoughness control) analyses were used by calculating the RSF for cylind
flaws in alumidium cylinders. For aluminium-alloy cylinders manufactured according to ISO 7866
nd that LevelJ analysis was reliable up to values of flaw depth, a/, of 0,5. For flaw depths,

greater thgn 0,5, the fracture toughness of the material should be taken into account in accordance with

above-refg

The RSF

rred Level2 analysis.

ed
gth
ers
(2],
/t,
the

ure

alues of each tested cylinder were calculated using Equation (1). The ratio of the measured fail

pressure (

) of a cytinder wittra ftaw to themeasured-faiture pressure of @ cytinder without a faw<{pp); th

is

(plpp), is defined as the measured RSF for the tested cylinders. The results for aluminium alloy AAG061
cylinders are shown in Table 2. A comparison of the measured RSF to the calculated RSF is shown in
Figure 4 for the aluminium alloy AA6061 cylinders that were tested. The results for aluminium alloy AA7032
cylinders are shown in Table 3. A comparison of the measured RSF to the calculated RSF is shown in
Figure 5 for the aluminium alloy AA7032 cylinders that were tested. The agreement between the calculated
and measured RSF values confirms that, for seamless aluminium alloy cylinders, the RSF analysis reliably
predicts the pressure at which the cylinders will fail by bursting.

12
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Table 2 — Results for aluminium alloy AA6061 cylinder tests with flaw

Cvlinder No. | Flaw descriotion Design Flaw Flaw | Flaw Burst Measured Calculated
y ' P min. wall | length width | depth | pressure RSF RSF
(See NOTE 1) ty L C a
mm mm mm mm Bar (See NOTE 2) | (See NOTE 3)
Cylinder diameter 111 mm, p, = 15,27 MPa
1 Unflawed burst 5,08 0 0 0 393 1,000 —
2 Lengitadinatl-noteh 5,88 3648 254 324 8,825 0,792
3 Longitudinal notch 5,08 40,64 — 2,54 303 0,772 0,732
4 Longitudinal notch 5,08 35,56 — 3,30 290 0,737 0,629
5 Longitudinal notch 5,08 40,64 — 3,30 262 0,667 0,595
6 Longitudinal notch 5,08 35,56 — 4,06 255 07649 0,441
7 Longitudinal notch 5,08 40,64 — 4,06 250 0,632 0,405
Cylinder diameter 184,2 mm, p_ = 20,68 MPa
8 Unflawed burst 12,74 0 0 0 546 1,000 —
9 Longitudinal notch 12,74 124,46 — 8,92 235 0,431 0,414
10 Longitudinal notch 12,74 124,46 — 8,92 255 0,468 0,414
11 Longitudinal notch 12,74 124,46 — 8,92 248 0,455 0,414
Cylinder diameter 203 mm, p = 22,05 MPa
12 Unflawed burst 15,3 0 0 0 66 1,000 —
13 Longitudinal notch 15,3 68 (41) — 12,16 390 0,591 0,445
14 Longitudinal notch 15,3 91,2 (6T) — 12,16 279 0,423 0,373
15 Longitudinal notch 15,3 152 (10T) — 9,12 270 0,409 0,523
16 Longitudinal notch 15,3 152 (10T) — 10,64 223 0,338 0,414
17 Longitudinal notch 15,3 91,2 (6T) — 12,16 270 0,409 0,373
18 Longitudinal notch 15,3 76 (5T) — 14,44 240 0,364 0,140
19 Longitudinal notch 15,3 68 (4T) — 14,90 274 0,415 0,078
NQTE 1 Cylinder sizes? D = 111 mm, 182 mm and 203 mm.
NQTE 2 Measured RSF = measured burst pressure with flaw/average burst pressure without flaw.
NQTE 3 Caleulated RSF using Equation (1).
NQTE 4 Cylinder specifications:
Material = AAG061
R, = 350 MPa (typical)
De = 300 MPa (fypir‘al)
Elongation = 14 %
t, = 5,08 mm; 12,74 mm; or 15,30 mm
Ds = 153 bar; 207 bar; or 221 bar
Ph = 255 bar; 345 bar; or 368 bar
K () >  35MNm-—3/2

© 1SO 2008 — All rights reserved
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Table 3 — Results for aluminium alloy AA7032 cylinder tests with flaw

Cvlinder No. | Flaw descriotion Measured Flaw Flaw | Flaw Burst Measured Calculated
y ' P min. wall | length | width | depth | pressure RSF RSF
(See NOTE 1) t L C a (See NOTE 2) | (See NOTE 3)
mm mm mm mm bar
Cylinder diameter 111 mm, p_ = 15,27 MPa
1 Unflawed burst 5,11 0 546 1 —
2 Unflawed burst 5,18 0 545 1 —
3 Longitudinal notch 4,98 29,87 — 2,49 407 0,75 0,74
4 Longitudinal notch 4.9 34,32 — 2,45 386 0,71 0,71
5 Longitudinal notch 4,93 39,42 — 2,46 345 0,63 0,68
6 Longitudinal notch 4,85 33,96 — 3,15 331 0,61 0,57
7 Longitudinal notch 4,85 38,81 — 3,15 276 0,51 0,54
8 Longitudinal notch 4,88 34,14 — 3,90 303 0,56 0,38
9 Longitudinal notch 4,95 37,64 — 3,96 283 0,52 0,36
10 Longitudinal notch 4,83 38,61 — 3,86 262 0,48 0,35
11 Longitudinal notch 4,98 249,92 — 1,99 269 0,49 0,63
12 Longitudinal notch 4,93 300,09 — 1,97 276 0,51 0,62
13 Longitudinal notch | 558 | 5149 | — | 502 | 207 0,38 0,09
+ cycle
14 Longitudinal noteh | 5 44 | 40702 | — | 4,88 | 207 0,38 0,72
+ cycle
15 Longitudinal noteh | 4 93 | 19888 | —<\| 210 | 207 0,38 0,61
+ cycle
16 Longitudinal notch |4 g5 | 3534 A | 410 | 207 0,38 0,34
+ cycle
17 Longitudinal notch | 5 53 | 4583 | — | 490 | 207 0,38 0,05
+ cycle
18 Longitudinal noteh | 5 350 "4 2118 | — | 157 | 478 0,88 0,91
+ cycle
19 Longitudinal noteh | - (575 | 2080 | — | 163 | 464 0,85 0,91
+ cycle
20 Longitudinal notely ~ 531 | 2176 | — | 222 | 401 0,74 0,86
+ cycle
21 Longitudinatrioteh | 505 | 2244 | — | 375 | 208 0,55 0,59
+eycle
22 Longitidinal noteh | 535 | 2044 | — | 218 | 4054 0,74 0,86
+ cycle
NOTE 1 Cylinder sizes: D =111 mm.
NOTE 2 Measured RSF = measured burst pressure with flaw/average burst pressure without flaw.
NOTE 3 Calculated RSF using Equation (1).
NOTE 4 Cylinder specifications:
Material = AA7032
R, = 510 MPa (typical)
R, = 440 MPa (typical)
Elongation = 12 %
Kc () > 38 MNm-3/2
t = 5,08 mm
Py = 207 bar
Py = 345 bar
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Figure 4 — Verification .of APl 579 analysis for aluminium alloy AA6061 cylinders
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Figure 5 — Verification of APl 579 analysis for aluminium alloy AA7032 cylinders, 207 bar

8.3 Critjcal flaw size analysis-and verification

The develgppment of CFS requirements that can be used for the inspection of cylinders requires that the length
or area arjd the depth of flaws that will cause the cylinder to fail at a designated pressure be establishgd.
These reqliirements are-most conveniently shown as curves of the flaw depth (defined as a/f ratio) versus the
length or grea of thé. flaw for designated failure pressures.

As previoysly’shown, the APl 579 method of analysis can reliably be used to calculate the failure pressurg of
seamless gteel cylinders containing various types and sizes of flaws. These methods can be used to predict,
by analysis, the effect of various sizes of LTAs, cluster of pits, notches, and cracks on the failure pressure of
selected sizes and strength levels of cylinders.

However, the API 579 method has not previously been used to develop CFS requirements for cylinders. The
basis for using the API 579 to establish the CFS for seamless steel cylinders has been described in detail [13].
The RSF, which is defined by APl 579, may also be defined for the purposes of this document as the failure
pressure ratio of (pip,,) where py is the failure pressure of the cylinder containing the flaw and p,, is the failure
pressure of the same type and size of cylinder that does not contain a flaw.
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To establish CFS requirements for cylinders, the failure (burst) pressure (ps) of the cylinders containing a flaw
is determined. The ratio (ppy,) is then calculated. This ratio (pf/p,) is now defined as the RSF as shown in
Equation (1). An inverted form of Equation (1) is then used to back calculate the flaw depth and length or area
that is expected to cause the cylinder to fail at the designated pressure. In the preparation of this Technical
Report, the failure pressure (p) of the cylinder was specified as either (1) the designated working pressure or
(2) the hydrostatic test pressure of the cylinder. The CFS curve (depth versus area or length) for each type of
flaw in any cylinder was then calculated. The CFS curves for failure at the designated working pressure of the
cylinder shows the size of the flaws that would cause the cylinder to fail in service. The CFS curves for failure
at the hydrostatic test pressure of the cylinder show the size of flaws that would cause the cylinder to fail
during the traditional hydrostatic pressure test. The CFS curves show the maximum size of flaws that could be

expected to have been left in the r‘ylindpr after Qur‘r‘pccfully paqqing the traditional hyqutatir‘ press

Ire test.

e analysis was carried out for each size of flaw at two values of pi/p,, or RSF. The values of RSF

bected to reduce the burst pressure of a cylinder with a flaw to 67 % of the burst pressure of]
ithout a flaw. This value was chosen because the U.S. DOT specifications for the type of cylinder
i$ study require that the test pressure used in the hydrostatic test must be approximately 6
inimum burst pressure of a cylinder without a flaw. The size of flaws calculated at'this pressure
size of flaws that could be expected to cause the cylinder to fail (burSt)at the test press
rostatic test. It should be noted that the ISO cylinder design uses a pressure ratio of 0,625

ilarly the pi/p,, equal to 0,44 is used to calculate the size ofthe’flaws that would be expected to
burst pressure of a cylinder with a flaw to 44 % of the burstpressure of a cylinder without a flaw.

prgssure (p) must not be greater than 44 % of the minimum burst pressure of a cylinder without ¢
size of flaws calculated at this pressure represents the size of flaws that could be expected to
cylinder to fail (burst) in service. An example of thesé€ calculations is shown in Figure 6 for a cylinde
used in this test programme which is 300 bar working pressure, 235 mm outer diameter and 6,6 mn
design wall thickness. This analysis method ccan be used to determine CFS at a specified ppy, ra
spgcific cylinder size.

To| demonstrate that the API method) of analysis reliably predicts the CFS for a cylinder, a ¢
made between the analytical predictions and experimental test results obtained
ISQ/TC 58/SC 4/WG 1 on rejection criteria for metal cylinders and from the preparation of ISO/TR 1
Selected results from the WGA test programme are shown in Figures 7 and 8. Figure 7 show
mgasured flaw sizes for,.a ETA-type flaw are all equal to, or larger than, the calculated CFS fq
prgssure of 99 % of the:failure pressure of an unflawed cylinder. Figure 8 shows that for a longitu
type of flaw that is 10-times the cylinder wall thickness in length (a 107 flaw), the measured and calc
depth are in goodagreement for flawed cylinders that failed at pressures of 66 % to 91 % of
prassure of an unflawed cylinder.
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NQTE Material properties for steels A to E are given in Table A.5.

Figure 8 — Critical flaw depth and length for p, = p, in steel cylinders of various compos1tions

The test data from the WG 14 test programme in which the measured failure pressure was near the cylinder
working pressure were selected. The measured flaw sizes from these tests that caused failure at the working
pressure were compared with the calculated CFS for failure at the working pressure as shown in Figure 8.

In addition, the test data from the WG 14 test programme in which the measured failure pressure was near the

cylinder test pressure were selected. The measured flaw sizes from these tests that caused failure at the test
pressure were compared with the calculated CFS for failure at the test pressure as shown in Figure 9.
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Figure 9 — Criticalflaw depth and length for p; = p,, in steel cylinders of various compositions

These resllts show that for failure at both the working pressure and the test pressure, the measured flaw
sizes wer¢ larger than the calculated CFS. Therefore, CFS can be reliably calculated using the API %79
assessmeptprocedure and used to establish CFS for all cylinders currently in use.

The same analysis procedure was used to calculate and verify the CFS for aluminium alloy cylinders. In the
preparation of this Technical Report, the failure pressure (ps) of the aluminium cylinder was specified as the
hydrostatic test pressure of the cylinder. The CFS curve (depth versus area or length) for the flaws in any (e.g.
ISO 9809-1, ISO 7866) cylinder can then be calculated. The CFS curves for failure at the hydrostatic test
pressure of the cylinder show the size of flaws that would cause the cylinder to fail during the traditional
hydrostatic pressure test. The CFS curves show the size of flaws that could be expected to have been left in
the cylinder after successfully performing the traditional hydrostatic pressure test.
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For the aluminium cylinders, the analysis was carried out for each size of flaw at a value of pgp,, or RSF equal
to 0,67. The py/p,, equal to 0,67 is used to calculate the size of the flaws that would be expected to reduce the
burst pressure of a cylinder with a flaw to 67 % of the burst pressure of a cylinder without a flaw. This value
was chosen because the U.S. DOT specifications for the type of cylinders tested (see Reference [6]) require
that the test pressure used in the hydrostatic test must be approximately 67 % of the minimum burst pressure
of a cylinder without a flaw. The size of flaws calculated at this pressure represents the size of flaws that could
be expected to cause the cylinder to fail (burst) at the test pressure of the hydrostatic test.

To demonstrate that the API 579 method of analysis reliably predicts the CFS for aluminium cylinders, a
comparison was made between the analytical predictions and experimental test results obtained from the
ISQOC 58/SCANMIG 1 on work rejection criteria for metal cylinders. Selected results from the WG 1 test
praggramme are shown in Figures 10 and 11. Figure 10 and Figure 11 show that the measured flaw|sizes for a
nofch type of flaw in aluminium alloys AA6061 and AA7032 cylinders respectively are all equal tq, or larger
thgn, the calculated CFS for a failure pressure at the test pressure. Figure 12 shows the' maximpm size of
flayvs that may remain and still allow the cylinder to pass the hydrostatic pressure test.
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Figure 10 — Flaw depth versus length values for DOT-3AL AA6061 gas cylinders
with working pressures of 153 bar to 221 bar
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Figure 11 —Flaw depth and length values for AA7032 gas cylinders
(411 mm diameter with working pressure of 207 bar)
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3 | RSF =0,67 (calculated)

4 | before TP cycle = monotohic)burst of flawed cylinder (calculated)

Fiigure 12 — LTA @nalysis for AA6061 cylinders (111 mm diameter with working pressure of|153 bar)

9 | Allowable flaw size analysis and verification

The CKS requirements define the size of flaws that will cause the cylinder to fail immediately] when the
cylinder is pressurized to the specified pressure. Flaws in cylinders are known to grow during [service by
fatigue, corrosion and by stress corrosion. A variety of corrosion mechanisms can operate given the
appropriate conditions such as adequate time and chemical environment. For this study, only fatigue crack
growth in air is considered because it is assumed that the internal condition of the cylinder is dry, and
consequently no internal corrosion is expected. To develop allowable flaw sizes for cylinders, the fatigue life
cycle is defined as 3 500 pressure cycles from zero to the working pressure (though a cylinder will normally
see a slightly higher pressure during filling). This fatigue life cycle was chosen to represent an extreme case of
the cylinder use, which is approximately a daily filling of the cylinder to the working pressure for 10 years,
which is the maximum period between retests.
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To develop the allowable flaw size requirements, the CFSs that are expected to cause failure at both the
working pressure and the test pressure are then carried out to determine the “initial” flaw sizes that will grow to
the CFS after 3 500 pressure cycles to a maximum pressure equal to the working pressure. These initial flaw
sizes are then defined as the allowable flaw sizes for the cylinder.

The following example shows the procedure used to calculate the allowable flaw sizes for a typical steel
cylinder. The fatigue crack growth rate analysis used in this study is based on the Paris fatigue crack growth
rate equation. This analysis assumes crack growth from the very first cycle and does not take into account any
crack incubation period. Consequently, this analysis may underestimate the allowable flaw size.

The crack growth-rate-is-calculated-as.:

da/dN| C (AK)™
where

c 0,79 x 10 ~12

m 0,8

da/dN| is the crack growth per unit cycle, m/cycle

AK is the cyclic stress-intensity range, MPa Mgy "2

The value$ of the above-referred constants C and m were established by fatigue-crack-growth-rate tests|on
modern, high-strength (1 034 MPa to 1 206 MPa range) cylinder steel.

For a surfgce crack in a cylinder, the stress-intensity is defined.as:
AK =M MgnAo[TialQ

where
M;  |is the Folias stress-intensity magnification factor
Mgy |is the Raju-Newman factor
Ao |is the cyclic stress, MRa
a is the crack depth;-m

0 is the crack\shape factor, a function of the crack depth and crack length

The example cylinder had a working pressure (pg) of 310 bar and a test pressure (py,) of 465 bar. CFSs were

first calculgted using the API 579 Level 1 method of analysis. The allowable flaw sizes were then calculated
using the fati i i i i i m

“Crackwise”® was used [15].

For this example, the cyclical stress used was 483 MPa. This represents a nominal hoop stress at the 310 bar
working pressure calculated using the mean diameter formula pD/2¢. The final flaw dimensions are known
from the calculation of the CFS at each of the specified failure pressures. The fatigue crack growth analysis
programme is then used to calculate the initial flaw sizes that will grow to these critical sizes after 3 500 cycles.
The results of the allowable flaw size calculations are shown in Figures 13 and 14 and Tables 4 and 5.
Table 4 shows the allowable flaw sizes that will become the critical sizes at the working pressure. Similarly,
Table 5 shows the allowable flaw size that will become of a critical size in nature at the test pressure. The
difference in the allowable flaw size for the analysed two cases (i.e. allowable flaw size for failure at working
pressure and at test pressure) is very small.
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Higure 13 — LTA analysis of steel cylinders 310 bar, 235 mm<utside diameter, 6,6 mm wall
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Fligure 14 — LTA analysis of steel cylinders 310 bar, 235 mm outside diameter, 6,6 mm wall
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Table 4 — Calculated initial flaw size in steel cylinders of various compositions to become critical size
at p, subjected to 3 500 cycles at zero to 300 bar working pressure, p

Flaw length fv::trikcif‘g':;’;sd:upr?’ ;: Initial flaw depth Flaw depth ratio
L a a; ajlt

mm mm mm

12,5 6,4 2,24 0,34
25,0 6,0 1,22 0,18
50,0 5,2 0,86 0,13
100,0 45 0,71 0,11
200,0 41 0,64 0410
300,0 3,9 0,62 0:09

Table 5 — Calculated initial flaw size in steel cylinders of various compositions‘to become critical s
at p,, subjected to 3 500 cycles at zero to 300 bar working pressure, pg

ze

Flaw length \?vroi::;‘:l\lgf?:;sdseuprg: ;: Initial flaw depth Flaw depth ratio
L a a ajft
mm mm mm
12,5 6,1 2,19 0,33
25,0 52 1,18 0,18
50,0 3,8 0,83 0,13
100,0 3,0 0,69 0,10
200,0 2,5 0,63 0,09
300,0 214 0,60 0,09
NOTE Yee Table 1 for cylinder data used in the analysis.

A parametffic study was condueted to assess the effect of thickness and diameter on the critical and allowaple
flaw sizes| using the abave-described analysis procedure. The three sizes of cylinders analysed had

following dimensions:
135 mm D X.3:mm wall

230 nm~D*X 6,6 mm wall

the

559 mm D X 10,7 mm wall

The working pressure of the above cylinder is 300 bar, and the test pressure is 450 bar.

Figure 15 shows the CFS for failure pressure equal to test pressure (i.e. RSF = 0,67) for all three sizes of
cylinder. As shown in Figure 15, the CFS of a large diameter (and thickness) cylinder is larger compared to

that of the small diameter cylinder.
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Figure 15 — Effect of diameter and thickness on critical flaw size for failure pressure equal to 450 bar
test pressure, RSF of 0,67 for cylinders of various steel compositions

Figure 16 shows the allowable flaw sizes that include, the effect of fatigue. As can be seen from Figure 16, the
effect of the diameter (and thickness) is not consistent. However, the data on 230 mm diameter cylinders
appear to provide the near lower bound curve~This lower bound curve is shown in Figure 17, whjch can be
use¢d as a master curve to develop the acceptance criteria for LTA. One can also specify the allowable flaw
size in step function as shown in Figure 18: Figure 19 shows the recommended acceptance/rejection criteria
for|steel cylinders to be used in the periadic inspection procedures of the cylinders.

Y |

0,6
A

0,5 \ 3

0.4
043 \'/ 5
0,2 \

3 : *

Key

X flaw length, mm
Y  initial flaw depth ratio, (a;/t)

1 559 mm DIA
2  135mm DIA
3 230 mm DIA

Figure 16 — Effect of diameter and thickness on allowable flaw size for failure pressure equal
to 450 bar test pressure and 3 500 cycles at 300 bar working pressure for various steel compositions
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Figure 17|— Master curve for allowable flaw size for'seamless steel cylinders of various compositions
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Figure 19 — LTA acceptance/rejection criteria curve for seamless steel cylinders
of various compositions

For aluminium-alloy cylinders constructed from AA6061 and AA7032 aluminium alloys, the same approach| as
was used fo calculate allowable flaw-size curves and accept/reject curves was used. The allowable flaw sizes
for the aluminium cylinders were calculated by allowing for fatigue crack growth of 3 500 fatigue cycles at the
designateq working pressure: The results of the analysis for two AA6061 aluminium-alloy cylinders sizes gare
shown in [Fables 6 and 7, .Fhe allowable flaw-size curve for AA6061 aluminium-alloy cylinders is shown in
Figure 20,|and a similar,curve for cylinders made from AA7032 aluminium alloy is shown in Figure 21.
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Figure 20 — LTA acceptance/rejg’t}bn curve for AA6061 aluminium-alloy cylinders
X

at p,, after being subje

3 500 cycles at zero to 153 bar working pressure, p

Tlable 6 — Calculated initial flaw siz§h{~AA6061 (111 mm diameter) cylinders to become critical size

gt | caletowaonnatn, | SIS | Sy,
mm | O . mm mm (alt)
5 CN] 4,293 — —
10 )7 4,409 1,910 0,376
15 o 3,973 1,045 0,206
.20)° 3,507 0,815 0,160
« 025 3,277 0,718 0,141
& 30 3,012 0,662 0,130
40 2,621 0,598 0,118
50 2,377 0,563 0,111
60 2,240 0,540 0,106
75 2,134 0,526 0,103
100 2,012 0,508 0,100
150 1,890 0,491 0,097
200 1,834 0,483 0,095
300 1,778 0,475 0,094
NOTE Cylinder diameter: D =111 mm.
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Table 7 — Calculated initial flaw size in AA6061 (203 mm diameter) cylinders to become critical size
at p,, after being subject to 3 500 cycles at zero to 221 bar working pressure, pg

Flaw length Critical flaw depth at p, nital :';;’I"i::';i';s oW 232:::1 ;a;ifps

mm mm mm (alt)

5 15,300 — —
10 14,749 — —
15 14,051 13,330 0,871
20 13,418 12,035 0,787
25 13,112 10,340 0,676
30 12,225 7,540 0493
40 11,169 4,679 0,306
50 10,236 4,036 0,264
I3 8,522 3,475 0,227
100 7,574 2,832 0,185
125 7,023 Fracture Control
150 6,656 — —
115 6,411 = —
200 6,212 — —
250 5,952 — —
300 5,783 — —

NOTE Cylinder diameter: D = 203 mm.
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Figure 21 — LTA analysis of AA6061 cylinder, 203 mm diameter, 221 bar
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Figure 22 — LTA analysis of AA7032 cylinder, 111 mm diameter, 207 bar
After the gllowable flaw-size curves were developed for the aluminium-alloy cylinders, a master curve for the

allowable {law sizes was developed similar to the master curve that was developed for the steel cylinder. This
master cunve is shown in Figure 23.
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Figure 23 — Master curvg,for all aluminium-alloy cylinders

From the master curve for the allowable flaw sizes shown in Figure 23, the acceptance/rejectio
shown in Figures 24 and 25 were developed for the aluminium-alloy cylinders.

n limits as
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Figure 24 — Accept/reject master curve for all aluminium-alloy cylinders
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Figure 25 — A@pilreject master curve for all aluminium-alloy cylinders

O
10 Discussion O
N

10[1 Significa@@gof analysis

Fof steel c;Q??érs and aluminium-alloy cylinders at all strength levels, the APl 579 method of analysis has
beén sh o be reliable for calculating CFS for failure of the cylinders at all pressures. The [flaw types
an alygg| ere LTAs, pits, clusters of pits, notches and crack-like flaws. The predicted failure pregsures and
the @ icted flaw sizes that were obtained by the analyses agreed with extensive experimental test|results.

For the steel cylinders that were evaluated, it was shown that the failure mode due to the internal pressure in
the cylinder was by bursting due to ductile, plastic collapse of the cylinder wall in the region of the flaw. Other
failure modes that could result from the pressure in the cylinder, such as fracture, were shown not to be
significant for the steel cylinders evaluated in this study. It was found to be sufficient to analyse the flaws in
the cylinders using only a two-dimensional model. That is, the circumferential dimension of the flaws did not
significantly affect the predicted failure pressure of the cylinder.

The flaw-size analysis conducted in this study and the experimental verification of the analysis shows that, for
cylinders, the CFS and the allowable flaw sizes can be reliably determined by the analytical modelling alone.
The verification of the analysis is sufficient so that it should not be necessary to conduct additional
experimental tests to determine maximum allowable flaw sizes. The calculated critical and allowable flaw
sizes may be used as a basis for the acceptance/rejection criteria for use at the time of retesting.
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For steel cylinders tested in this study, the ductility and fracture toughness are sufficiently high that the flow
strength of the steel is the appropriate material parameter that controls in the failure of the cylinder. By this
flow strength criterion, failure occurs when the local stress in the presence of a flaw reaches the material’s
flow strength, and failure by burst occurs at the flaw. The extensive testing that was done as part of the
WG 14 programme showed that the flow strength criterion was appropriate for all presently used steel
cylinders and that fracture analysis is not required to evaluate such cylinders.

10.2 Significance of critical flaw size (CFS)

The CFS evaluation is the startlng point to be used for developing acceptance/rejectlon crlterla for use at the
time of retesti ; .

The CFS at test pressure determines the flaw size that is expected to cause failure of the cylinder during the
y used hydrostatic pressure test. The significance of the CFS at test pressure isthat flaws of these
have been left in the cylinder at the end of hydrostatic testing. Because cylinders’that have been in
r only being retested by hydrostatic testing have not been found to fail/in ‘service in significant
numbers, [t can be concluded that cylinders that contain flaws that are as large as the CFS at test presspre
have an aglequate safety margin.

10.3 Significance of allowable flaw sizes

The allowable flaw size is established by reducing the size of the. GFS to account for flaw growth durjng
service dug to such phenomena as fatigue, corrosion or stress-corrosion. Accelerated crack growth due to the
effects of hydrogen was not taken into account for steel cylinders"in this Technical Report. The analysis gnd
experimental verification conducted in this study was limitedd-an evaluation of fatigue crack growth. The
allowable flaw sizes are used to establish the size of flaws that causes the cylinder to be rejected at the time
of retesting. The analysis of the allowable flaw sizes may also be used to define the required retesting interval.

10.4 Significance of other failure modes

In this study only failure by bursting due to the‘internal pressure in the cylinder was evaluated. However, other
failure m¢des may occur in cylinders 'and may need to be evaluated before establishing fipal
acceptancg/rejection criteria. Some cylinder applications may require an evaluation of stress-corrosion| or
corrosion.

In this study, only fatigue crack grewth was considered in establishing allowable flaw sizes. Crack growth que
to stress cprrosion cracking is net-considered in this Technical Report.

Evaluation| of corrosion pitting found that cylinders can fail when the gas environment permits pitting corrosjon
either (1) By bursting or4(2) by leaking. Although pitting may occur as an isolated individual pit, generally, when
pitting corosion occurs, it will result in a failure due to a cluster or line of corrosion pits. Isolated through-wall
pits were rjot considered in this Technical Report.

When pittihg-corrosion is significant enough for failure to occur by bursting, the API 579 analysis can be uged
to calculatethe CES Hawever for failure to occur by bursting from an | TA_the | TA must be sufficiently large
in diameter and depth, i.e. with a diameter equal to approximately twice the wall thickness of the cylinder and
a depth of approximately 80 % through the cylinder wall. Smaller or shallower LTAs would not be expected to
fail by bursting but could fail by leaking if the corrosion continues for a sufficient period of time.

10.5 Considerations for establishing acceptance/rejection criteria

Although a sound technical basis has been established for developing allowable flaw sizes that takes into
account fatigue cracking, other factors may be taken into account before establishing the final
acceptance/rejection criteria for retesting cylinders. It may be necessary to consider all the expected operating
conditions that the cylinder will see. In addition, it may be necessary to take into account the reliability and
detect ability of the specific inspection equipment and to adjust the “allowable flaw sizes” to provide an
additional margin of safety.
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Having taken all of the above information into account, final assessment curves are given in Figures 19 and
25. These figures give the limits for steel and aluminium alloys, respectively, to be used as
acceptance/rejection criteria. Figure 19 provides limits only for steel cylinders. Figure 25 provides limits only
for aluminium-alloy cylinders. These final assessment curves are based on the master curves for the
individual materials and are the recommendation from the experts of the working group. The output of this
Technical Report may form the basis for inclusion in the periodic inspection and tests standards for seamless
steel and seamless aluminium-alloy cylinders (ISO 6406 and ISO 10461).

11 Summary and conclusions

—| The API 579 fitness-for-service method of analysis has been shown to reliably define the CkS’for flaws in
seamless steel and seamless aluminium-alloy cylinders.

—| Extensive hydrostatic, flawed-cylinder burst test data were used to verify the use of-the API 579 methods
of analysis for defining CFS in seamless cylinders.

—| For the cylinders tested in the ISO/TC 58/SC 4/WG 1 and ISO/TC 58/SC¢3/WG 14 projects, the ductility
and fracture toughness are sufficiently high that the flow stress criterion-is the appropriate failure criterion
to predict the burst pressure and therefore to develop CFS requirements for seamless steel cylinders for
all strength ranges.

—| For aluminium-alloy cylinders tested in the ISO/TC 58/SC 4/\WG 1 and ISO/TC 58/SC 3/WG 19 projects,
results show that, for flaw sizes up to a/t 0,5, the flow stress)criterion is the appropriate failure mechanism
to predict the burst pressure and thus to develop CFS requirements.

—| Allowable flaw sizes can be established by calculatidg the amount of fatigue crack growth duripg the use
of the cylinder using established fatigue crack growth rate data and analysis.

—| The allowable flaw sizes are then used as_thé’basis to develop acceptance levels for flaws at the time of
retesting of the cylinders.

Recommendations have been made .in(_this Technical Report for suitable acceptance/rejection| criteria of
defects to be used at the time of peri¢dic inspection and testing.

© IS0 2008 — Al rights reserved 39


https://standardsiso.com/api/?name=dddb01b2c920d8b17dfe0427419f5388

ISO/TR 22694:2008(E)

Annex A
(informative)

Tests conducted on seamless steel cylinders
for fithess-for-service analysis
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