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FORWARD

During the 1980s, ASME’s Special Working Group on High Pressure Vessels was established for the
purpose of creating a standard dealing with the construction of high-pressure vessels, which generally
operate at a pressure above 10,000 pounds per square inch (“psi”). This was done on the basis of
recommendations made by the Operations, Applications, and Components Technical Committee of the
ASME Pressure Vessel and Piping Division (the “Committee”). The ASME Boiler and Pressure Vessel
Code (“BPVC”), Section VIII, Division 3, titled “Alternative Rules for Construction of High Pressure
Vessels” was first published in 1997; the Committee continues to refine and develop this code.

Some of the innovative concepts which began with BPVC Section VIII, Division 3 include:

4  Use of elastic-plastic finite element analysis in design of pressure equipment;

4 One of the lowest design margins (originally published at 2.0 and then lowered to, 1.8);
4 Use of high strength materials in manufacturing of high-pressure equipment;

4 Stringent requirements on fracture toughness for materials used in construgction;

4 Complete volumetric and surface examination after hydrotest;

4 The use of fracture mechanics for evaluation of design lifeCassessment in all cases where
“leak-before-burst” cannot be shown; and

4 Consideration of beneficial residual stresses in the evaluation of the design life of vessels.

This|publication is provided to illustrate some of the design“calculations and methodologies used ip the
BPVIC Section VIII, Division 3. It is recognized that many high-pressure designs are unique and guite
innoyative and therefore, this example problem manual.cannot cover all design aspects within the scope of
BPV[C Section VIII, Division 3. This is an attempt at:covering some of the most common ones.

Estalplished in 1880, ASME is a professional not=for-profit organization with more than 127,000 members
promoting the art, science, and practice af mechanical and multidisciplinary engineering and allied
scierjces. ASME develops codes and standards that enhance public safety, and ASME provides lif¢long
learning and technical exchange opportunities benefiting the engineering and technology community.
Visitlwww.asme.org for more information.

STLLC is a not-for-profit limited_liability company, with ASME as the sole member, formed in 20p4 to
carry out work related to new and developing technologies. STLLC’s mission includes meeting the needs
of industry and government by providing new standards-related products and services, which advande the
application of emerging.and newly commercialized science and technology, and providing the research and
technology developimient needed to establish and maintain the technical relevance of codes and standards.
Visit| http://asmestii€.org/ for more information.

To dpvelop this\Example Problem Manual, STLLC contracted with Structural Integrity Associates, Ifc. to
perfqrm the\work.

vii
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EXECUTIVE SUMMARY

An introduction to the example problems in this publication is described in Part 2 of this publication. The
remaining parts of this publication contain the example problems. The remaining Parts of this publication
coincide with the following sections of BPVC Section VIII Division 3:
e Part 2 Parts KM - Materials,
e Part3-KD-2 General Design Issues,
e Part 4 - KD-3 Fatigue Assessment,
o Part5 - KD-4 Life Assessment Using Fracture Mechanics,
Part 6 - KD-5 — Residual Stresses using Autofrettage,
Part 7 KD-6 — Closures and Connections,
Part 8 — KD-8 Residual Stresses in Multiwall Vessels,
Part 9 — KD-9 Wire Wound Vessels,
Part 10 — KT-3 - Determination of Hydrostatic Test Pressure, and
Part 11 — Appendix E — Determination of Blind End Dimensions and Thread*t_oad Distributi¢n.

The ¢xample problems in this manual follow the calculation procedures in BPV€-Section VIII, Divisipn 3.
It is $uggested that users of this manual obtain a copy of “Criteria of the ASME-Boiler and Pressure Vessel
Code Section VII1, Division 3" [2], which contains the original criteria on its.use when it was first published.

It should be noted that BPVC Section VIII, Division 3 requires the usedof API 579-1/ASME FFS-1 [3] for
somg calculation procedures. When reviewing certain example prablems in this manual, it is recommended
that @ copy be obtained of this standard for this purpose.

It is poted that many analysis techniques are covered in thisgnanual as examples. Some of these modglling
techniques are problem specific and are not requirements.of the BPVC Section VIII, Division 3, byt are
prov|ded herein as examples of methods of complianceiwith the code requirements. Alternative techn|ques
may |be used, as appropriate for certain problems, whi€re complete guidance is not mandated in the BPVC
Sectijon VIII, Division 3.

viii
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ABBREVIATIONS AND ACRONYMS

Abbreviation |
Acronym Description
2c/a Assumed Crack Aspect Ratio
Ap Cross-Sectional Area of Vessel Normal to Vessel Axis through Internal Threads
Ac Cross-Sectional Area of Vessel Normal to Vessel Axis through External Threads
API American Petroleum Institute
ASME American Society of Mechanical Engineers
b Assumed Seal Width
BPVC ASME Boiler and Pressure Vessel Code
Cu Combined Flexibility Factor of Body and Closure
Cr Flexibility Factor of the Threads
CTOD Crack Tip Opening Displacement
CVN Charpy V-Notch
D Diameter
D Dead Weight Applied as Acceleration /g in Finite Element Model
Di Inside Diameter
Dir Diameter Interface between Cylinder and Winding
Dy Interface Diameter Between Cylinder Layers
Do Outside Diameter
Do.1 Liner Outside Diameter
Do.2 Outer Body Outside Diameter
D, Pitch Diameter of the Threads
Ds Opening Seal Diameter
Dy Instantaneous Applied Outside Diameter-of Winding
E Elastic Modulus
El Elongation
E, Modulus of Elasticity
FFS Fitness-for-Service (ASME)
ft-1bf Foot-Pounds, Force
FTT Fracture Toughness Testing
in Inch(es)
in Square Inches
in® Cubic Inches
ISO International @rganization for Standardization
Jic Fracture(Toughness Testing
Kic Fracture Toughness Testing
Kie Critical Stress Intensity Factor
Kie Material Fracture Toughness
K Surface Roughness Factor
ksi Kilopounds per Square Inch
L Length
Ib Pound(s)
m Seal Factor
MAWP Maximum Allowable Working Pressure
Min. Minimum
Mo Molybdenum
n Number of Threads
NDE Non-Destructive Examination
Ni Nickel
oD Outside Diameter
P Pressure Load
Py Autofrettage Pressure
Py Primary Bending Stress Intensity
Pp Design Pressure
Pp.puat Design Pressure for Dual Wall
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Abbreviation |

Acronym Description
Pir Interface Pressure
P Local Primary Membrane Stress Intensity
P General Primary Membrane Stress Intensity
psi Pounds per Square Inch
Pr Hydrostatic Test Pressure
Pr Thread Pitch
PTCS ASME Pressure Technology Codes and Standards
[0] Secondary Stress Intensity
RA Reduction in Area
R Inside Corner Radius
Sa Alternating Stress Component
Salt ij Alternating Stress Intensities
Sij Stress Intensities
STLLC ASME Standards Technology, LLC
Su Tensile Strength
Sy Yield Strength
tw Wall Thickness
O s Tensile Strength
\ Vanadium
W Weight
X1 Any Diameter of the Cylinder
X2 Any Diameter of the Winding
Y Diameter Ratio, D, / D;
Yi Liner Wall Ratio
Yo Outer Body Ratio
&s Offset Strain
AAL Elongation in Each Yoke Plate
) Diametral Interference
£ Longitudinal Strain in Each Side-of"Yoke
v Poisson’s Ratio
Vi Poisson’s Ratio for Liner
Vo Poisson’s Ratio for Body
el Density
Ginij Associated Mean Stress
Ginij Stress Norntal to the Plane of Maximum Shear
Gim ij Associated (Mlean Stress
o Longitudinal Stress on Each Side of Yoke
S _(eqi,j Eduivalent Alternating Stress Intensity
€L Limiting Triaxial Strain
ecf Cold Forming Strain
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PURPOSE AND USE

The BPVC Section VIII, Division 3 [1] contains mandatory requirements, specific prohibitions, and non-
mandatory guidance for the design, materials, fabrication, examination, inspection, testing, and certification
of high-pressure vessels and their associated pressure relief devices. This Example Problem Manual is based
on the 2019 edition of the BPVC Section VIII, Division 3, and all paragraph references herein are to this
same edition.

Scagpe

Example problems illustrating the use of the analysis methods in BPVC Section VIII, Division B are
prov|ded in this publication.

Xi
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Example Problem Descriptions
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1 EXAMPLE PROBLEM DESCRIPTIONS

1.1 General

Example problems are provided for the following parts of the BPVVC Section VIII Division 3:
e Part KM — Materials Requirements
e Part KD-2 - Design by Rule Requirements

+—PRartKD-2—Elastic-Plastic-Analysis

4 Part KD-2 - Elastic Analysis Requirements

4 Part KD-3 — Life Assessment using Fatigue

4 Part KD-4 — Life Assessment using Fracture Mechanics

4 Part KD-5 — Evaluation of Residual Stress due to Autofrettage

4 Part KD-6 — Design Assessment of Heads and Connections

4 Part KD-8 — Evaluation of Residual Stress Due to Shrink Fitting

4 Part KD-9 — Special Design Requirements for Wire-Wound \essels and Frames
4 Part KT — Determination of Hydrostatic Test Range

4 Appendix E — Special Design by Rules for Closed Erids’and Threads

A summary of the example problems provided are showriin Table 1 as follows.
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Table 1 — Summary of Example Problems

Part Example Description

2 E-KM-2.1.1 | Evaluation of Testing for Cylindrical Forgings in Accordance with KM-2

2 E-KM-2.1.2 | Calculation of Fracture Toughness based on Charpy Impact Tests (KM-251)

2 E-KM-2.2.1 | Generate a Stress-Strain Curve for Use in Elastic-Plastic Finite Element Analysis

3 E-KD-2.1.1 | Determination of Design Pressure in Cylindrical Vessel — Monobloc Vessel

3 E-KD-2.1.2 | Determination of Design Pressure in Cylindrical Vessel — Dual Layered Vessel

3 E-RD-Z.ZT | Elastic Plastic Analysis

3 E-KD-2.2.2 | Protection Against Local Failure (Elastic-Plastic Analysis)

3 E-KD-2.2.3 | Ratcheting Assessment Elastic-Plastic Stress Analysis

3 E-KD-2.2.4 | Protection Against Local Failure for Series of Applied Loads

3 E-KD-2.3.1 | Linear Elastic Stress Analysis

3 E-KD-2.3.2 | Elastic Stress Analysis Protection Against Local Failure Mandatory Appendix 9-280

4 E-KD-3.1.1 | Evaluation of Leak-Before-Burst in Cylindrical Vessel — Monoblec,Vessel

4 E-KD-3.1.2 | Evaluation of Leak-Before-Burst in Cylindrical Vessel — Dual.L-ayered Vessel

4 E-KD-3.1.3 | Fatigue Assessment of Welds — Elastic Analysis and Struetural Stress

4 E-KD-3.1.4 | Non-Welded Vessel Using Design Fatigue Curves

4 E-KD-3.1.5 | Autofrettaged, Non-Welded Vessel using Design Fatigue Curves

5 E-KD-4.1.1 | Determine the Design Life of a Vessel from E*KD-2.1.1

6 E-KD-5.1.1 | Determine Residual Stresses in Autofrettaged Cylinder Wall with known Autofrettage Presgure

6 E-KD-5.1.2 | Determine Autofrettage Pressure in a«Cylinder Wall with known Residual 1D Tangential Stfain

7 E-KD-6.1.1 | Evaluation of a Connection in a 60°Ksi Pressure Vessel at 100°F

7 E-KD-6.1.2 | Alternative Evaluation of Stresses in Threaded End Closures

7 E-KD-6.1.3 | Evaluation of Yoke Misalignment KD-652.2

8 E-KD-8.1.1 | Dual Wall Cylindrical Vessel Stress Distribution

9 E-KD-9.1.1 | Stress Evaluation.in Wire Wound Cylinder

10 E-KT-3.1.1 | Determinatign of Hydrostatic Test Pressure in Cylindrical Vessel

11 E-AE-211 |Blind End Dimensions and Corner Stresses in a Vessel without Detailed Stress Analysis — Thick
Wall Pressure Vessel

11 E-AE-2.12 Blind €nd Dimensions and Corner Stresses in a Vessel without Detailed Stress Analysis — Thin
Wiall Pressure Vessel

11 E-AE-2.24\ ) Thread Load Distribution

1.2

The galculation”precision used in the example problems is intended for demonstration proposes onl
intended-precision is not implied. In general, the calculation precision should be equivalent to that obt
by computer implementation, rounding of calculations should only be performed on the final results.

Calculation Precision

l; an
hined
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PART 2

Example Problems: Materials
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2

2.1

EXAMPLE PROBLEMS, MATERIALS

Example Problem E-KM-2.1.1 — Evaluation of Testing for Cylindrical
Forgings in Accordance with KM-2

This problem presents an evaluation of requirements for the minimum number, location, and type of tests
required for the following two cases.

Material dimensions

In bath cases, the diameter of the forging is 15 inches at the time of heat treatment, and*12 inches
final|machined diameter. It is critical to know the dimensions of the forgings in the heat-treated cong

toe

The forgings are ASME SA-723, Grade 2, Class 2 material with a minimum:specified yield streng
120,000 psi and a minimum specified tensile strength of 135,000 psi (BRWC Section I, Part A)|
forgings are both solid cylinders and all tests are to be taken from test material at the end of the cylin
which when removed, will leave the size of material listed in each of the cases.

STEP 1 — Determine the thicknesses of the forgings at the time.of heat treatment

ase 1 —121nches diameter X 18 Inches long (15 Inches diameter X 2/ Iinches long at heat treatm

ase 2 — 12 inches diameter x 15 feet long [180 inches] (15 inches diameter x 200 inches long at
treatment)

luate this problem.

KM

STEP 2 — Determine the location of the/datum point for the forgings

P01.2(e) applies. The thicknesses of the forging are defined as:

(Case 1 — This is a cylindrical forging in which the thickness is equal to the diameter of the forgi
15 inches (7 = 15 inches) at the time of heat treatment.

(Case 2 — This is a cylindrical forging in whichthe thickness is equal to the diameter of the forgi
15 inches (7 = 15 inches) at the time of heat:treatment.

KM

the notch of the impact test specimens. This datum will be used for all the specimens including bot
tensipn and Charpy V-notch specimens.

STEP 3= Determine the minimum number of test specimens required

-£11.2(b) applies. The datum point is either the mid-point of the tension test specimen or the area (

[ase 1 — The datum points are located at a position of T/4 or 3 % inches from the OD of the cyl
dnd 2773 or 10 inches from the end of the cylinder. Tensile samples shall be longitudinal and Ct
-notch (CVN)-samples shall be transverse.

[ase 2 — The.datum points are located at a position of T/4 or 3 % inches from the OD of the cyl
dnd 27/3/er-10 inches from the end of the cylinder.

bnt)
heat

s the
ition

th of
The
ders,

ng of

ng of

nder
h the

nder
arpy

nder

Case 1 — The overall dimensions of this forging at the time of heat treatment are:
Diameter (D) 15 inches
Length (L) 27 inches

The weight () of the forging can be calculated using the following equation:

W = D2 L = 151 2 271 0.280 : =13361b
= — %k * * = — % * * . _—=
1% n 7 in 3
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The density of steel (p) in accordance with Table PRD of the BPVC Section II, Part D is 0.280 Ib/in®.

KM-231(b) therefore applies, and the piece will require at least one tension test and one set of three Charpy
V-notch test specimens per component.

Case 2 — The overall dimensions of this forging at the time of heat treatment are:

Diameter (D) = 15 inches
Length (L) = 200 inches
Usingthesameequatiomas CaseHfor determiming theweight:

T ) ) b
W = —%15in?* 200 in * 0.280 — = 9896 Ib
4 in3

Thergfore, KM-231(c) applies, and two tension tests and two sets of Charpy V-notch impact tests shall be
taken at a datum point from each end of the forging 180° apart. Therefore, for each/forging, four tension
tests|(two from each end) and four sets of three impact specimens (two sets from€ach end) shall be faken
from|the forging. The tests at one end shall be offset from the tests at the other end-by 90°.

STEP 4 — Supplementary Fracture Toughness Testing (KM-250)

It is the responsibility of the designer to specify to the material suppli€rif supplementary toughness testing
is required. Material toughness determination can be accomplishedyinusing several methods including:

Charpy V-Notch Impact Testing

Crack Tip Opening Displacement (CTOD) FractureZFoughness Testing
Jr Fracture Toughness Testing

K. Fracture Toughness Testing

It is noted that if Charpy V-notch impact testing, CTOD, or J,. testing data is used for determination gf the
K. Jalue for use in fracture mechanics. calculations, the Manufacturer is required to determing the
appropriate conversion correlation to detesmine Kj.. Also note that the orientation of the direction of ¢rack
propggation for all test coupons shall be the same as the direction of crack propagation expected ih the
fractire mechanics analysis conducted in accordance with Article KD-4.

2.2 | Example Problem-E-KM-2.1.2 — Calculation of Fracture Toughness based
on Charpy Impact Tests (KM-251)

Determine the K. fracture toughness of a vessel made from ASME SA-723, Grade 2, Class 2 alloy/|steel
forgings using Charpy V-notch impact strength.

Vessel Data

o [Material — All Components = ASME SA-723, Grade 2, Class 2 (S, = 120 ksi; refer to BPVC Sectipn |1,
Rart-D, Table Y-1)

e Charpy Impact value used in the calculation is assumed to be the minimum required for a single
specimen in KM-234.2(a):

Specimen Number of Energy (CVN), ft-Ibf
Orientation Specimens for Specified Min. Yield Strength up to 135 ksi
Average for 3 30 ft-Ibf
Transverse
Minimum for 1 24 ft-Ibf
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The fracture toughness K. is then found using the first equation in Appendix D-600 which has been re-
written here as:

CVN 24 -
Kic = Sy * [5%|—<— —0.05) =120+ 5*(120—0.05)=104ksn/ﬁ

y

The equation yields K;. = 104 ksi-in®® in this case, conservatively based on the minimum value for a single
specimen from the table above. The units of S, in the above equation are ksi. Note that in accordance’I‘With
KM-51, the designer could require that the pressure-retaining component meet minimum Charpy‘\/-fotch
absofbed energy values greater than those specified in KM-234.2.

2.3 | Example Problem E-KM-2.2.1 —Generate a Stress-Strain Curve‘for Use in
Elastic-Plastic Finite Element Analysis

Gengrate a true stress — true strain curve for use in elastic-plastic finite element analysis. Generate this ¢urve
for SA-723, Grade 2, Class 2 material at 150°F.

Matdrial Data:

117,000 psi-@ 150°F; refer to Table Y-1 of
BPVC-Section II, Part D

0.002

135,000 psi @ 150°F; refer to Table U of
BPVC Section Il, Part D

e [Engineering Yield Strength (o)

e [Engineering 0.2% Offset Strain (&)

o Engineering Tensile Strength (ous)

e Modulus of Elasticity (E)) ¥ 27,371 ksi; refer to linear interpolation of
Table TM-1 of BPVC Section Il, Part D
o Material Parameter (&,) = 2 x 107; refer to Table KM-620

STEP 1 — Constants Generation

The first step in the evaluation.is to determine the constants required from Table KM-620 and paragraph
KM-620. SA-723 is a ferritic steel. The following equations calculate the constants of the problem:
R oys 117,000 psi

" ous 135,000 psi

= 0.867 KM — 620.10

_ In(R) + (e, —€y5) _ In(0.867) + (0.00002 — 0.002)

n ln(l n Eys) In(1+ 0.002)
oys* (1+€,)  117,000psi = (1 + 0.002)
A, == LT = 142,598 psi KM — 620.5
P (14 e,))™  (Un(1+0002))00%2 pst
m, =0.6%(1—R) =0.6*(1—0.867) = 0.08 Table KM — 620
Oyuts * €™ 135,000 psi * e%08 .
A, = = = 178,991 psi KM — 620.8

m;nz - 0.080-08
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STE

K =1.5%RY> — 0.5 R?> — R3% KM — 620.12

K = 1.5%0.867° — 0.5 x 0.867%° — 0.8673> = 0.255

Outst = Ougs ¥ €M2 = 135,000 psi * €*%8 = 146,244 psi KM — 620.13

P 2 — Curve Generation

The second step is to create the true stress-strain curve. The following table uses the equations below to

determine-the-true-stress-and-true-strain-values\alues-in-the eguations-correspond-to-the-second-tqw of
AHRe-tReHHe-SH e a-trHe-SHaHI- a8 S— et 1A gueton Hesponrato-ih AT8

Tabl

The
stres

in th

b 2.
2% (at - (ays + K * (O'uts - ays)))
H= KM —
K * (Guts - O-ys)
2 % (5,850psi — (117,000 psi + 0.255 * (135,000 psi — 117,000 psi)))
= 0.255 * (135,000 psi — 117,000 psi) = 505081
1 _1
_ (O't>m_1 _ ( 5,850psi )0-032 —d KM
“=\a,) T\1az598psi)
: 5,850psi, {005
_ (Oc\mz _ ) DSic ) 0:08 _ B
2= (Az) - (178,991psi> =0 kM
€ 0
Y1 = 0 * (1.0 — tanh(H)) = 3 * (1.0c=tanh(-50.5081)) = 0 KM —
€ 0
= 72 * (1.0 + tanh(H)) =&+ (1.0 + tanh(-50.5081)) = 0 KM —
_ O ity = ——20PSL 6~ 0.0002 KM
Coo T R T Y2 T 57.371,000pst e
bguations used are defined-in paragraph KM-620. The table uses 26 equally spaced values of thg
5 from O to the ultimate-true stress calculated in Step 1, which is 146,244 psi. A larger numb
equally spaced true stressyalues can be used to improve the resolution in certain areas of the curve su
e area of the yigldipoint. The final column calculates the plastic strain, which is the remainder ¢
strain minus-tie elastic portion. Simply, the plastic strain is the addition of y1 and vy».

total

b20.9

p20.4

p20.7

b20.2

b20.3

b20.1

true
er of
ch as
f the
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Table 2 — Tabulated Values for Generation of a True Stress — True Strain Curve

Gt H &1 &2 V1 y2 &t Y1+ Y2
0 -53.0610 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5,850 -50.5081 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000
11,700 -47.9551 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000
17,549 -45.4022 0.0000 0.0000 0.0000 0.0000 0.0006 0.0000
23,399 -42.8492 0.0000 0.0000 0.0000 0.0000 0.0009 0.0000
24;249 —40:2963 6-0666 6-6666 6-6666 6-6666 8:66tt 6-6660
34,099 -37.7434 0.0000 0.0000 0.0000 0.0000 0.0013 0:000p
44,948 -35.1904 0.0000 0.0000 0.0000 0.0000 0.0015 0.000p
44,798 -32.6375 0.0000 0.0000 0.0000 0.0000 0.0017 0.000p
54,648 -30.0845 0.0000 0.0000 0.0000 0.0000 0.0019 0.000p
54,498 -27.5316 0.0000 0.0000 0.0000 0.0000 0.0021 0.000p
64,347 -24.9787 0.0000 0.0000 0.0000 0.0000 0.0024 0.000p
7d,197 -22.4257 0.0000 0.0000 0.0000 0.0000 0.0026 0.000p
74,047 -19.8728 0.0000 0.0000 0.0000 0.0000 0.0028 0.000p
84,000 -18.1475 0.0000 0.0000 0.0000 0:0000 0.0029 0.000p
81,897 -17.3198 0.0000 0.0001 0.0000 0.0000 0.0030 0.000p
81,746 -14.7669 0.0000 0.0001 0.0000: 0.0000 0.0032 0.000p
94,596 -12.2139 0.0000 0.0003 0,0000 0.0000 0.0034 0.000p
94,446 -9.6610 0.0000 0.0006 0.0000 0.0000 0.0036 0.000p
10p,296 -7.1081 0.0001 0.0013 0.0001 0.0000 0.0039 0.000[L
111,145 -4.5551 0.0004 0.0026 0.0004 0.0000 0.0044 0.000¢
115,995 -2.0022 0.0019 0.0049 0.0018 0.0001 0.0062 0.001p
12p,845 0.5508 0.0088 0.0090 0.0022 0.0068 0.0135 0.009p
12B,695 3.1037 0.0386 0.0162 0.0001 0.0162 0.0209 0.016p
134,544 5.6566 0.1580 0.0282 0.0000 0.0282 0.0331 0.028p
14p,394 8.2096 0.6100 0.0480 0.0000 0.0480 0.0532 0.048p
14p,244 10.7625 2:2281 0.0800 0.0000 0.0800 0.0853 0.080p
STEP 3 — Plot the~True Stress — True Strain Curve
The frue stress'— true strain curve for SA-723, Grade 2, Class 2 is shown in Figure E-KM-2.2.1-1.| This
curve is generated by plotting the first column (true stress) (o) verse the total strain (&) column shoyvn in
Tablg 2. in)Step 2.
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True Stress (|p
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True Strain (in/in)

STE

Figure 1 — E-KM-2.2.1-1 — True Stress — True Strain Curve for SA-723 Grade 2 Class 2

P 4 — Determination of the Proportional Limit

Man
the p

This
Note

Also

And

oint where the equivalent plastic strainiequals zero, also known as the proportional limit.

point is determined with a combination of engineering judgement and through an iterative proce]
that the total true stress (o) iSwequal to the true elastic stress (o) plus the true plastic stress (ops

Ots = Ops T Ops

at the proportional-limit, there is no plasticity, therefore,
Ot
Ets = €es = T
Ey

comparing this with equation KM-620.1, at the proportional limit it can be observed that:
Y1+v2=0

y FEA programs accept tabular input ofitru€ stress vs. true plastic strain. This input generally stalrts at

dure.
, 1.€.,

An iterative procedure is used to determine the value of o; = 80 ksi, & = 0.002923, and (; + 72) = 1.08¢™,

whic

h is approximately zero.

10
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«ample Problems: General Design Issu
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3

3.1

EXAMPLE PROBLEMS, GENERAL DESIGN ISSUES

Example Problem E-KD-2.1.1 — Determination of Design Pressure in
Cylindrical Vessel — Monobloc Vessel

Determine the design pressure for a monobloc cylindrical vessel and associated stress distribution given the
following data. Perform calculations for both open and closed-end vessels.

Vessel Data:

o aterial = SA-705 Gr. XM-12 Condition H1100
. esign Temperature = 70°F

e Inside Diameter (D;) = 6.0 inches

o (Qutside Diameter (D,) = 12.0 inches

o |
o |

o |

Diameter Ratio (Y) = 2.0 (KD-221)

Uin Specified Yield Strength (S)) 115,000 psi @ 100°F; refer te-Table Y-1 of
BPVC Section II, Part D

140,000 psi @ 10Q°K;refer to Table U of

Nin Specified Tensile Strength (S.)

BPVC Section:l, Part D

It shpuld be noted that this example is limited to the application of the equations in KD-220. An dctual
vessgl requires evaluation in accordance with all the rules'in Part KD.
It should be noted that all design pressure equations-tequire the use of a parameter K,,, which is definged in
KT-312 as:
Sy
Kjp-= 0.95 for — < 0.7
Su
Sy Sy
Kgp='1.244 — 0.42 (—) for0.7 <= <09
Su Su
Sy
K, = 0.866 for 2> 0.9
Su
S 115,000 psi
2o 2P 801
S, 140,000 psi
Ky = 1.244 — 0.42 (—115'000 pSi) 0.899
ut 140,000 psi
Y_DO_12.0in_20
"D, 60in
Evaluate design pressure per KD-220 for an open-end cylindrical shell for ¥ <2.85.
Pp, = min (2.986 * Kyp % (Sy) * (Y0268 — 1),1.0773 (S, + S,,) * (Y0268 — 1)) KD —221.1

Py = min(2.986 * 0.899 * (115,000psi)(2.0%268 — 1),1.0773 * (115,000psi + 140,000psi) * (2.0%268 — 1))

12
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P, = min(63,019 psi, 56,079 psi) = 56,079 psi

Note that this calculation does not account for any loading in addition to internal pressure. If shell is subject
to additional loading, the design shall be modified per KD-221.5.

Evaluate the stress distribution for the open-end cylinder (Mandatory Appendix 9)

The stresses for the cylinder can then be determined by using equations 9-300.1 and 9-300.2. The equations
are evaluated at the inner diameter (D is equal to D;).

56,079 psi .
0 =yp g * A+ 2 =—5 77—+ (1+2°) = 93465 psi
P 56,079 psi .
0 =1 * (-2 =5+ (1-25) = -56079psi
y Do _120n
D 6in 7

It is poted that the longitudinal stress in an open-end cylinder is zero (o; =,0).

The stress distribution is shown in Figure E-KD-2.1.1-1.

120 ' |
100 — ]
—4—0t

80 =ili-Cr

Thousands

60

40

20

Stress, psi

0

6 7 8 9 10 11 12

Diameter, inches

Figure 2 — E-KD-2.1.1-1 — Stress Distribution in Monoblock Open End Cylindrical Shell

13
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Evaluate design pressure per KD-220 for a closed-end cylindrical shell.

1
P, =min (0.924 * Ky + Sy % In(Y) 3% (Sy +S,,) * ln(Y)) KD —

1
P, =min (0.924 * 0.899 * 115,000 psi * [ n(2) '3 * (115,000 psi + 140,000 psi) * ln(Z))

P, = min(66,215 psi, 58918 psi) = 58,918 psi

221.2

Eval

hate the stress distribution for the closed ended cylinder (KD-221)

The
prev
using

For
58,9

ously. The primary difference is that for the closed ended cylinder, the longitudinal stress i§'calc
r equation 9-300.3:

_ P _58,918psi
Tyz-1 22-—-1

o} = 19,639 psi

he case of the closed end cylinder, at the inside diameter at the design pressure, o; = 98,196 psi,
8 psi, and oy = 19,639 psi. The stress distribution is shown in Figure E-KD-2.1.1-2.

stresses for the cylinder can then be determined by using KD-221 equations (1) and (2), as disc:Jlssed

lated

120
==t

100 \ =W=0r |
80 == Gl —
. \‘M

40

Thousands

£ e by e ey ey

Stress, psi

0

-20

-40

60

-80
Diameter, inches

Figure 3 — E-KD-2.1.1-2 — Stress Distribution in Monoblock Closed End Cylindrical Shell
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Table 3 — E-KD-2.1.1-1 — Tabulated Stresses from Figures E-KD-2.1.1-1 and E-KD-2.1.2-2 at
Corresponding Design Pressure

Figure E-KD-2.1.1-1 Figure E-KD-2.1.1-1
Open Ended Closed Ended
Do/D (2) Gt Gr Gt Gr ol
2.000 93,465 -56,079 98,197 -58,918 19,639
1.920 87 603 -50217 92038 =52 759 19 639
1.846 82,404 -45,018 86,576 -47,297 19,639
1.778 77,772 -40,386 81,709 -42,431 19,639
1.714 73,628 -36,242 77,355 -38,076 19,639
1.655 69,904 -32,518 73,443 -34,165 19,639
1.600 66,547 -29,161 69,916 -30;637 19,639
1.548 63,510 -26,124 66,725 27,446 19,639
1.500 60,752 -23,366 63,828 -24,549 19,639
1.455 58,242 -20,856 61,190 -21,912 19,639
1.412 55,950 -18,564 58,782 -19,503 19,639
1.371 53,851 -16,465 56,577 -17,299 19,639
1.333 51,925 -14,539 54,554 -15,275 19,639
1.297 50,153 -12,767 52,692 -13,413 19,639
1.263 48,519 -11,133 50,975 -11,697 19,639
1.231 47,009 9,623 49,389 -10,110 19,639
1.200 45,611 -8,225 47,920 -8,641 19,639
1.171 44,314 -6,928 46,557 -7,279 19,639
1.143 43,108 -5,722 45,291 -6,012 19,639
1.116 41,986 -4,600 44,111 -4,833 19,639
1.091 40,939 -3,553 43,012 -3,733 19,639
1.067 39,961 -2,575 41,985 -2,706 19,639
1.043 39,047 -1,661 41,024 -1,745 19,639
1021 38,190 -804 40,123 -845 19,639
1.000 37,386 0 39,279 0 19,639

3.2 Example Problem E-KD-2.1.2 — Determination of Design Pressure in
Cylindrical Vessel — Dual Layered Vessel

Determine the design pressure for a dual wall cylindrical vessel given the following data. Perform
calculations for both open and closed-end vessels.

15
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Vessel Data:
e Liner Material = SA-705 Gr. XM-12 Condition H1100 [8]

0 Yield Strength (S,.,) = 115,000 psi @ 70°F per Table Y-1 of
BPVC Section Il, Part D II-D
140,000 psi @ 70°F per Table U of
BPVC Section Il, Part D

o Tensile Strength (S..;)

e Body Material = SA-723 Gr. 2 Class 2

0 Yield Strength (S,.) = 120,000 psi @ 70°F per Table Y-1 of
BPVC Section I, Part D
0 Tensile Strength (S..2) = 135,000 psi @ 70°F per Table U of
BPVC Section Il, Part D
o [Design Temperature = 70°F
e Liner Inside Diameter (D; ) = 16.00 inches
e lLiner Qutside Diameter (D,.;) = 24.00 inches
o (uter Body Inside Diameter (D;2) = 23.95 inches
e (uter Body Outside Diameter (D,,) = 50.00 inches
e (Overall Diameter Ratio (1) = 50/16 ='3:125

It should be noted that all design pressure equations require the use of a parameter K, which is defin

KT-312 as:

Sy
Ky = 0.95 for 5 <0.7

u

u u
Sy
Ky = 0.866 for =2 > 0.9
Sy

Sya1 115,000 psi

Sy Sy
Ko )= 1.244 — 0.42 (s_) for07 <> <09

ed in

Y1=

D;; 16.00in L

Sy, 120,000 psi

vz PR ggg
S., 135,000 psi

Ky, = 1.244 — 0.42 (120’000 pst

= — * | —m—

utz = = ' 135,000 psi

16

Sya _ 22 PSt 01
S., 140,000 psi
K, , = 1244 — 042 (115’000 pSi) 0.899
=1. - 042 % |——— | =0.
ut1 140,000 psi
D,y 24.00in

) =0.871
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Evaluate design pressure per KD-221.4 for an open-ended cylindrical shell with Y > 2.85 and for a closed-

end cylindrical shell (all Y values).

The

Note|that this calculation does not account for any loading in addition to internal pressure. If shell is su
to additional loading, the design shall be modified per KD-221.5.

3.3

Evalliate a monobloc vessel for compliance with respect to theyelastic-plastic analysis criteria for p
collapse provided in paragraph KD-231.

STEP 1 - Develop a numerical model using finite element analysis of the component including all rel
geo
geo
stresy and strain concentrations to accurately assess local areas for the criteria to be satisfied in KD
The
strespes and strains in each component is.achieved.

The
element mesh is shown in Figure\E*KD-2.2.1-2.

Vessgl Data

j=1 j=1

n n
1
Pp = min <Z(0.924 * Ky * Sy * In(Y})) Z (5 *(Syj+ Suj) * ln(Y,-))) KD — 2214

1
Pp = min (0.924 * 0.899 * 115,000 psi * [n(1.5) + 0.924 * 0.871 * 120,000 psi * In(2.088) "3

1
* (115,000 psi + 140,000 psi) = In(1.5) + 3 * (120,000 psi + 135,000 psi) * lr(2.088)

P, = min(109,792 psi, 97,029 psi) = 97,029 psi

esign pressure for both open and closed-end dual walled vessel is 97,029-psi.

Example Problem E-KD-2.2.1 — Elastic Plastie Analysis

etry, boundary conditions, and applied loads. In addition, the model shall be refined around are

inalysis of one or more numerical models may be required to ensure that an accurate description g

model geometry is depicted in Figure E-KD-2.2.1-1. The monobloc vessel model with the

Material — All Coniponents = SA-723 Grade 2 Class 2 (2 %Ni-1 1/2Cr-1/2Mo-V) [8][12]
45,000 psi at 150°F

Design PressurePp)
Operating Pressure = 40,000 psi at 100°F
Elastic-Modulus (E) = 27.37x10° ksi at 150°F (design condition),

bject

astic

pvant

etry characteristics. The model used for the“analysis shall accurately represent the compgnent

as of
.230.
f the

Finite

BRVC-Section-HPart-B—TableTHM
= 27.64x10° ksi at 100°F (operating condition),

BPVC Section Il, Part D, Table TM
Yield Strength (S,) = 117 ksi at 150°F, BPVC Section |1, Part D, Table Y-1

= 120 ksi at 100°F, BPVC Section I, Part D, Table Y-1
Ultimate Strength (S.) = 135 ksi at both 100°F and 150°F,

17
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BPVC Section Il, Part D, Table U

o Density (p) = 0.280 Ibf/in®, BPVC Section Il, Part D, Table PRD
e Poisson’s Ratio (v) = 0.3, BPVC Section Il, Part D, Table PRD
e Minimum Specified Elongation (E/) = 14%
e Minimum Specified Reduction in Area (RA) = 45%
o Heat treatment is performed in accordance with Part KF so the forming strain may be assumed to be
Zero
CLOSURE
43P1 ACME THREAD
WiTH FULLY RADIUSED RBDT
10.00 / .00
A
| *.88
~UNDERCUT
/ R.25
= %10.00
@20.00
33.39
! — 45.0°
BODY
|
50,000
R1.25~
A ?“ﬂ
25 1
10,0 |
S 6.38
[l 1
@100~ o BLIND END
SECTION A-A OFENING

Figure 4 — E-KD-2.2.1-1 — VIII-3 Monobloc Vessel Configuration (Y = 2.0) with 2 TPl ACME thread
with full radius root

Note: Dimensions are in inches unless otherwise specified.
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A

)
n:‘
AT
et
Rty

i

T
55
RS

s

L

5

L

STE
shall

The
Tabl

Notes:

gure 5 — E-KD-2.2.1-2 — Mesh of the MonobhlegVessel with Detailed Views of the Blind En
Closure and Body-Threaded Connection

Lead Case Criteria Load Combination -2
LC#1 Global Design Condition 1.8 (Pp + D)
LC#2 Global Hydrostatic Test Condition P+D3

17 Pp refers to design pressure of 45,000 psi, Pr refers to hydrostatic test pressure of 1.2

I

P 2 — Define all relevant loads and-applicable load cases. The loads to be considered in the andlysis
include, but not be limited to, those-given in Table KD-230.1.

primary loads to be considéred are internal pressure and dead weight factored according to
e KD-230.4, in this example,two load cases are analyzed that are as shown below:

b*Pp

multiplied Dy ratio of yield strength at test temperature 10 the yield strength at d
temperature (120 ksi / 117 ksi) which is equal to 1.28*Pp (57,600 psi), and D refers to dead
weight applied as acceleration (/g) in the finite element model.

2. The static head in the vessel is negligible compared to the pressure of the vessel.

3. Note that the S,/S, for this case is in excess of 0.72, so per KD-231.2(d) the hydrostatic testing
criterion is non-mandatory; however, it was evaluated for demonstration purposes of this

problem. It did not need to be completed.

19
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The boundary conditions and loading applied on the model are as shown in Figure E-KD-2.2.1-3. It should
be noted that the edge of the blind end at the opening is fixed vertically through a distance of 1 inch, as
shown in the figure below, to prevent rigid body motion. The one-inch region in this vessel simulates the
application of load due to a threaded connection. Note that some analysts prefer to restrain a single node to
avoid affecting the stress distribution in the threaded region. However, the stresses in that region are not a
particular concern for this example. Frictionless contact was applied between the cover and body threads

Fixradial summetru to

STE
The
mate

KM
shall

the nodes along the
vertical face of the
closure

Internal Pressure Pp and Pr
applied with the load factors

specified in STEP 2
—

Dead weight applied as
acceleration (g) with load
factors specified in STEP 2

Fix UY to a height of
approximately 1 in
(which is same as
diameter of the-opéning)
to avoid rigid body

/I\ motion

Contact applied
between the
closure and body
threads

pmall axidl
lisplacement applied
o the,hetizontal face
fithe closure to
rovide initial contact
etween the threads.

This was removed in
gteps where pressure

was applied.

Figure 6 — E-KD-2.2.143 - Load and Boundary Conditions on the Monobloc Model

P 3 — An elastic-plastic’'material model shall be used in the analysis for LC # 1 global design cond
von Mises yield. function and associated flow rule should be utilized if plasticity is anticipatq
rial model thatAncludes hardening or softening, or an elastic perfectly plastic model may be uti
A trye stress-strain’ curve model that includes temperature dependent hardening behavior is provid
620 (refer to Example Problem E-KM-2.2.1). When using this material model, the hardening beh
be ineluded up to the true ultimate stress and perfect plasticity behavior (i.e., the slope of the s
strai1|1 gufves is zero) beyond this limit. The effects of nonlinear geometry shall be considered in the ana

tion.
d. A
ized.
ed in
hvior
ress-
ysis.

The material model for the hydrostatic test pressure case was an elastic-perfectly plastic model (refer to

KM-610).

The true stress-strain curve from KM-620 was used for the analysis. The material keywords used in the
ANSYS input file are shown below. Refer to problem E-KM-2.2.1 for an example of the generation of a
typical stress-strain curve using this method.
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/COM,****************************************************************************

* >k k x

/COM, Material Properties

/COM,****************************************************************************

* %k %

MPTEMP, 1, 150

MP, EX, 1, 27.37¢e6
[Viln} DLEAC 1 2..200
MP—DENSS—1 0286
NP, NUXY, 1, 0.3

COM,*************************************************************************
3k kx

COM, True Stress-True Strain Data using KD-231.4 Elastic-Plastic<Stress-St

Qurve Model
COM,*************************************************************************

4k x>k

1B, MISO, 1, s 17,
TBTEMP, 150

1BPT, s 0.00292291910, 80000
TBPT, , 0.00308432144, 84416
1BPT, , 0.00324591562, 88833
1BPT, , 0.00340836819, 93249
1BPT, , 0.00357439771, 97665
1BPT, , 0.00375439766, 102081
1BPT, , 0.00398582811, 106498
1BPT, , 0.00439676067, 110914
1BPT, , 0.00541442092, 115330
1BPT, , 0.00873652876, 119746
1BPT, s 0.01506828249, 124163
1BPT, , 0.02074989745, 128579
1BPT, s 0.02927300655, 132995
1BPT, , 0.04174073540, 137411
1BPT, s 0.05971407851, 141826
1BPT, s 0.08534321448, 146244
1BPT, s 1780000000000, 146244

COM,*************************************************************************
3k k k

COM, True’Stress-True Strain Data Elastic-Perfectly Plastic Model for Hydro St

Test Canhdition
COM)*************************************************************************

FXkx%

) k%

rain

* %k %k

* %%

atic

* %%

TB,KINH,1, ,3

TBTEMP, 100
TBPT,,0.0,0.0

TBPT, ,0.00434153,120000

TBPT,,1.0,120000

STEP 4 - Perform an elastic-plastic analysis for each of the load cases defined in STEP 2. If a converged

solution is achieved with the application of the full load, the component is acceptable for a given load

case.

If convergence is not achieved, the model of the vessel should be investigated to determine the cause of the

21
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non-convergence, and the design (i.e., thickness) should be modified or applied loads reduced and the
analysis repeated until convergence is achieved.

The von Mises and equivalent plastic strain results for the two load cases evaluated are as shown in Figures
E-KD-2.2.1-4 through E-KD-2.2.1-7, convergence was achieved therefore the vessel satisfies the global
criteria for these load cases.

STEP=2
sUB =10

TAA
T

SEV (AVG)
CM =. 048007
SMT =670.086
SME =145631

X |

670.086
16777 145631

Fi

10

ure 7 — E-KD-2.2.1-4 — Results of the Elastic-Plastic Analysis for LC #1 at a Factored Load of
81000psi and acceleration of 1.8g; von Mises Stress
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STEP=2

SUE =10
TIME=2

NLEPFO (AVG)
DM =. 048007
SME =.090417

0 .020093 .04018
.010046 .030139

.08037
4 .090417

Fi

10

ure 8 — E-KD-2.2.1-5 — Results of the ElasticsPlastic Analysis for LC #1 at a Factored Load of
81000 psi and acceleration of 1.8g; Equivalent Plastic Strain

23
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Fig

STEP=2

SUB =9

TIME=?

SV (B
DL =.029168
SMT =647 .05
SME =129807

____ ER\N
647.05 29349 58052 86754 115456
14998 43700 72303 101105 12980

ure 9 — E-KD-2.2.1-6 — Results of the Elastic-Rlastic Analysis for LC #2 at a Factored Load
57,600 psi and gravitationaldead of 1.0g; von Mises Stress

24
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STEP=2
SUB =9
TIME=2
NLEPEQ  (AVG)
DMK =.029168
SMK =.056165
.
0 .012481 . .049924
.006241 .018722 .05616"
Figure 10 — E-KD-2.2.1-7 — Results of the ElastiezPlastic Analysis for LC #2 at a Factored Loag of
57,600 psi and gravitational Jead of 1.0g; Equivalent Plastic Strain
3.4 | Example Problem E-KD-2:2.2 — Protection Against Local Failure (Elastic
Plastic Analysis)

Paragraph KD-232.1 states that a Strain limit evaluation shall be performed using two independent elgstic-
plastjc analyses:

The local criterjalin/Table KD-230.4

A series of applied loads as described in KD-234 for ratcheting.

Each analysis used‘with respect to KD-232.1 shall use the elastic-plastic stress strain model in KM}620.
The following<procedure shall be used to evaluate protection against local failure for the local crjteria
loading specified in Table KD-230.4. The evaluation for a series of applied loads as described in KOQ-234
will be performed in Example problem E-KD-2.2.4.

STEP T = Perform an elastic-plastic stress analysis based on the Toad case combinations for the local
criterion given in Table KD-230.4. The effects of non-linear geometry shall be considered in the analysis.

The same model and material conditions were used in Example Problem E-KD-2.2.1. The only load to be
considered is internal pressure factored according to Table KD-230.4 for the local criterion,
i.e., 1.28(Pp + D) where Pp equals 45,000 psi and D is dead weight applied as acceleration due to

gravity (19).

25
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STEP 2 — The method requires determination of the principal stresses, o;, o2, o3, and the equivalent stress,
o, using Equation (13) of paragraph KD-232.1 and the total equivalent plastic strain &,

Values for the principal stresses, equivalent stress and total equivalent plastic strain for each point in the
model were extracted from the finite element results file. The full model will be evaluated using custom
automated postprocessing of the finite element output.

The principal stresses to be evaluated are shown below. A single point under consideration to demonstrate
the calculation procedure in detail is the point in the root of the first body thread as shown in Figure 9:

o = 155,508 psi
o2 = 83,575 psi
o3 = 12,512 psi
o, = 123,493 psi

First Thread Point
Under Consideration

Bore Point Under. /

Consideration

r,/

Figure 11 — Point Under Consideration from the Model

STER3—Determine the limiting-triaxial strain:

—Mg *(0'1+0'2+0'3_l)
€, = €y * eltm; 3%0¢ 3

KD —232.2

The strain limit parameters are shown below (Table KD-230.5):

S, 117,000psi _

== —0867
S, 135,000psi

m, = 0.60 * (1.00 — R) = 0.60 * (1.00 — 0.867) = 0.08
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El
m3=2*ln(1+m)=2*ln(

—l( 100 )—l( 100
Mg =t = "™"\T00-45

100 — RA

ms = 2.2

4
) = 0.262

) = 0.598

€, = max(my, ms,m,) = max(0.08,0.262,0.598) = 0.598

The gomputed limit strain is:

—2.2 155,508 psi+83,575 psi+12,512psi 1

€, = 0.598 * ¢1+0.08 3%123,493 psi

3) = 0.296

STEP 4 — Determine the forming strain (¢.;) based on the material and fabrication method in accordance
withPart KF. If heat treatment is performed in accordance with Part KF, the forming sttain may be assyimed

to bg zero. It should be noted that the vessel is fully machined with no forming.processes used i

manyfacture. The forming strain is:

ch=0

N the

STEP 5 - Determine if the strain limit is satisfied. The location iri"the component is acceptable fdr the

specified load case if equation below is satisfied.

€peq T Ecr S €L

The fotal equivalent plastic strain taken from the model.is:

€peq =20.014

This|can also be expressed using equation;KD-232.4:

The $train at this point passes the Elastic-Plastic criterion.

€peq + €cf 20014 +0 < ¢, = 0.296

Ae
Dp= "y = 0-014/0_296 = 0.0474
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A second point at the vessel bore is also evaluated to demonstrate the process for comparison. Note that R,

mz, M3, Mg, Ms, ELy:

Table 4 — Comparison of Strain Limit Calculations at Two Points

The $ame process needs to be completed for the entire model. A full model contour plat'of the strain

Bore First Thread
o1 52,209 psi 155,508 psi
o 888 psi 83,575 psi
o3 -56,584 psi 12,512 psi
Oe 94,269 psi 123,493 psi
&L 1.209 0.296
Epeq 0.00345 0.140
D: 0.0029 0.0474

is shpwn in Figure E-KD-2.2.2-1.

VAR
(Avg

: 75%)

+1.678e+02
+2.500e+01
+2.292e+01
+2.0284e+01
+1.875e+01
+1.667e+01
+1.459e+01
+1.251e+01
+1.042e+01
+8.342e+00
+6.260e+00
+4.177e+00
+2.095e+00
+1.288e-02

Figure 12 — E-KD-2.2.2-1 — Contour Plot of the Strain Limit, (VAR = &)

28
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A full model contour plot of the equivalent plastic strain is shown in Figure E-KD-2.2.2-2.

PEEQ
(Avg. 75%)

+1.402e-02
[ +1.288e-02

+1.168e-02
+1.051e-02
49 2AA 0
LT 1 5176e-03
+7.0086-03
+5.840e-03
+4.6726-03

+3.504e-03
+2.336e-03
+1.168e-03

+0.000e+00

Figure 13 — E-KD-2.2.2-2 ~Contour Plot of Equivalent Plastic Strain, &eq - Local Criteria
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Full model evaluation of the Elastic-Plastic criterion is shown in Figure E-KD-2.2.2-3.

D_TOTAL
(Avg: 75%)

+4.645e-02
[ +4.5586-02

+3.871e-02
+2.484e-00
+3.097e-02
+2.710e-02
+2.3236-02
+1.9366-02
+1.5486-02

+1.161e-02
+7.742e-03
+3.871e-03

+0.000e+00

Figure 14 — E-KD-2¢2.2-3 — Elastic-Plastic Strain Limit Ratio Results for Local Failure Analys
Results at 57600 psi

Full model gvaluation indicates that the entire vessel meets the criterion of:

€peq T Ecr S €1

The maximum strain limit ratio for this model as indicated in Figure E-KD-2.2.2-3 is:

Epeq + 6Cf
€L

= 0.04645

Since this value is less than 1.0, the model passes the elastic-plastic local strain analysis.

30
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3.5 Example Problem E-KD-2.2.3 — Ratcheting Assessment Elastic-Plastic
Stress Analysis

Evaluate the monobloc vessel shown in Example Problem E-KD-2.2.1 for compliance with respect to the
elastic-plastic ratcheting criteria provided in paragraph KD-234.

STEP 1 — Develop a numerical model of the vessel components. The axisymmetric finite element model
geometry was taken from Example E-KD-2.2.1 (refer to Figures E-KD-2.2.1-1 and E-KD-2.2.1-2). The
boundary conditions and relevant internal pressure load applied as shown in Figure E-KD-2.2.3-1.

Fix radial symmetry to Contact applied

the nodes along the = _ between the
vertical face of the \ l .| closure and body

closure
threads

Small axjal
displagement applied to
the horizontal face of
the closure to provide
initial contact between
the threads. This is
removed in pressure
loading steps that are to
be applied.

Internal Pressure applied with the
load factors specified in STEP 2

Dead weight applied as
acceleration (g) with load
factors specified in STEP 2

Fix nodes along vertical
direction to a length of
approximately 1 inch to
avoid rigid body motion
(some analysts fix a single
no

End cap pressure applied
at the bottom surface for

a length of approximately
1 inch

Figure 15 — E-KD-2.2.3=1< Loads and Boundary Conditions on the Monobloc Model for Ratchgting
Assessment

STEP 2 — Défine all relevant loads and applicable load cases. The loads considered in accordance|with
Tablg KD-230.1 are internal pressure and dead weight. First the vessel is ramped up to hydrostati¢ test
presquie(1.28 Pp = 57,600 psi) and then cycled with internal pressure between 0 psi and operating prepsure
of 40,000 psi for three cycles.

STEP 3 —The material model used here is an elastic-perfectly plastic material model. The effects of
nonlinear geometry shall be considered. The engineering stress strain data from Table Y-1 is converted to
true stress-strain data for SA-723, Grade 2, Class 2 material at operating temperature of 100°F in accordance
with paragraph KM-620 and the material keywords used in ANSY'S are as shown below:
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/COM,*************************************************************************

/COM, Material Properties

/COM,*************************************************************************

MPTEMP, 1, 100
MP, EX, 1, 27.64¢e6
MP, DENS, 1, 0.280
MP, NUXY, 1, 0.3

COM,****************************************************************

COM, True Stress-True Strain Data Elastic-Perfectly Plastic Model
COM,****************************************************************

SA-723 Gr 2 Class 2

1B,KINH,1, ,3 I Activate a data table

TBTEMP, 100 ! Temperature = 20.0

1BPT,,0.0,0.0 I Strain = 0.0, Stress = 0.0

TBPT, ,0.00434153,120000 I Strain = 0.00434153, Stress = 120000
1BPT, ,1.0,120000 | Strain = 1.0, Stress = 120000

STEP 4 — Perform an elastic-plastic analysis using the applicable loading from STEP 2.

The glastic-plastic analysis was performed using a series of load steps including the 57,600 psi hydro

Static

test pressure and three 40,000 psi operating pressure steps~and the elastic-perfectly plastic material npodel
from|STEP 3. A plot of the pressure loading sequence is shown in Figure E-KD-2.2.3-2

70

60

Pressure (ksi)
=N w B WU
o o o o o

o

0 2 4 6 8 10
load Step

Figure 16 — E-KD-2.2.3-2 — Pressure Loading Sequence on the Monobloc Vessel

A plot of the von Mises stress and equivalent plastic strain under these loads are shown in
Figures E-KD-2.2.3-3 through E-KD-2.2.3-6.
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STEF=2

SUB =9

TIME=2

SECV (RVG)
DM =.021422
SMN =284.074
SME =137118

r/J

a2\
284.074 230692 51099 91505 121914
15488 45895 76303 106710 137118

-

igure 17 — E-KD-2.2.3-3 — von Mises Stress Plot for Hydrostatic Test Pressure of 57,600 p4

STEFP=2
SUB =9
TIME=2
NLEPEQ  (AVG)

DM =.021421
SMX =.004086

o A o T O WO

Bl ol Ruas Ry R BB,
w e w w w Y W Y

P N

-

- v w v

-

_—
0 .908E-03 .001816 03632
.454E-03 .001362 .004086

Figure 18 — E-KD-2.2.3-4 — Equivalent Plastic Strain for Hydrostatic Test Pressure of 57,600 psi
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STEP—4

SUB =9

TIME=

SEQV (BE)
DMK =.014913
SMN =190.221
SMK =95435

rj~)

o
190.221 21356 42521 63687 84852
10773 31938 53104 74269 95435

Figure 19 — E-KD-2.2.3-5 — von Mises Stress Plot for Operating Pressure of 40,000 psi, 15t cygle

STEP=4
SUB =9
TIME=4
NLEFEQ (AVG)
R3Y3S=0

DMK =.014913
SMKX =.004086

w e i e e e e e e e e e e e

M~ m m m m om a m o m m m e m

.Ill'rﬁﬁ

— 0
0 QOaE— nnlala 036
454503 001362 004086

Figure 20 — E-KD-2.2.3-6 — Equivalent Plastic Strain for Operating Pressure of 40,000 psi, 1% cycle

STEP 5 - Evaluate the ratcheting criteria in paragraph KD-234.1 STEP 5 at the end of the third cycle.
Figures E-KD-2.2.3-6 and E-KD-2.2.3-7 show the von Mises stress and equivalent plastic strain in the
model following the completion of the third cycle.
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[STEP—9

.528739 13343 26685 40026 53368 H
6672 20014 33355 46697 600349

Figure 21 — E-KD-2.2.3-6 — von Mises Stress Plotfor Operating Pressure of 40,000 psi, End of|the
3'dcycle
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NLEPEQ (BV3)
R3Y3=0

DMY =.010912
SM =.004086

Fig|

It cap be seen from Figures E-KD-2.2.3-3, E-KD=2:2.3-5, and E-KD-2.2.3-7 that the equivalent p
straifp does not change among these cases. In other words, zero plastic strains have been incurred i

closy
these
satis]
oper.

3.6

Paragraph KD-232.1 statesthat a strain limit evaluation shall be performed using two independent el

plast

Exan
from

—
0 .908E-03 .001816 03632
.454F-03 .001362 .004086

ure 22 — E-KD-2.2.3-7 — Equivalent Plastic Strain for Operating Pressure of 40,000 psi, Eng
the 3" cycle

re, body, and blind end of the monobloc vessel from the first cycle to the end of third cycle. ]
components meet the condition detailed in KD-234.1 STEP 5 (a) and the ratcheting criteri
ied. The vessel components, therefore, are acceptable per the elastic-plastic ratcheting criteria fi
ting pressure cycle between 0 and.40,000 psi.

Example ProblemE-KD-2.2.4 — Protection Against Local Failure for a Se
of Applied Loads

¢ analyses withsloads from the following:
The local-eriteria in Table KD-230.4
A series:of applied loads as described in KD-234 for ratcheting.

Tahle KD-230.4. The following evaluation is for a series of applied loads as described in KD

of

astic
N the
[ hus,
h are
DI an

ies

istic-

nple problem E-KD-2.2.2 demonstrated the evaluation of local failure for the local criteria logding

1234,

This

with

nynmlnln utilizes Ah:-mlnc finite element software to r*nmplnfn this prnhlnm The nnnl\j/cic used

respect to KD-232.1 shall use the elastic-plastic stress strain model in KM-620.

This evaluation followed a procedure similar to what is described in E-KD-2.2.2, with the exception that
the strain damage is evaluated at each loading increment throughout the series of ratcheting steps (“k” load
steps) as described in E-KD-2.2.3.
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The strain damage is then calculated using a summation of damage over time for the load steps,
accumulating a total damage as:

Ae
D = —2ak KD — 2324

€Lk

k
D = Z De
1

where D, is the total accumulated damage. The total accumulated damage at the end of the third operating
cyclg is shown in Figure E-KD-2.2.4-1. In the whole model the accumulated damage is less tharl 1.0,
thergfore satisfying the KD-232.1(i) criteria.
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D_TOTAL
(Avy: 75v0)

+1.000e+00
+9.167e-01
+8.333e-01

+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

Figure23 — E-KD-2.2.4-1 — Contour Plot of the Total Accumulated Damage, Dst — End of 39
Operating Cycle
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3.7 Example Problem E-KD-2.3.1 — Linear Elastic Stress Analysis

Evaluate a monobloc vessel body for compliance with BPVC Section VIII, Division 3 according to the
elastic stress analysis criteria provided in Appendix 9. Load due to internal pressure and the load acting on
the body threads due to internal pressure applied on the closure inside surface are the loads that need to be
considered. Relevant design data, geometry, and nomenclature of the vessel body are provided below in
Figure E-KD-2.3.1-1.

Vessel Data
{— Material — AlTComponents = SA-7Z3 Grade Z Class Z [8][TZ]
4 Design Pressure (Pp) = 11,000 psi at 150°F
4  Operating Pressure = 90% of Design Pressure
= 9,900 psi at 150°F
4 Elastic Modulus (E) = 27.37x10° ksi at 150°F, BPVC Section Il, Part D,
Table TM-1, Group B
4 Density (p) = 0.280, BPVC Section 11, Part D, Table PRD
4 Poisson’s Ratio (v) = 0.3, BPVC Section Iy{Part D, Table PRD
Threads /C‘Iosus'e
i l i
b "5 400
L |
Y v
/ ? Undercut
4 7
ve
%
‘ 7 é\\Bod}-'
3000 A7 [/ ;
7 [ (27.12)
1
% v
7 4
s @10.00 /
9
@12.00 ?
g f/’ | Blind End
i R.25 4
. 7 V|
'0_1:'}3“ 288
I i
o100~ |- T —4-Opening

Figure 24 — E-KD-2.3.1-1 — VIII-3 Monobloc Vessel Configuration with 2 TPl ACME thread with Full
Radius Root

Note: Dimensions are in inches unless otherwise specified.
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STEP 1 - Determine that the vessel being analyzed has appropriate wall ratio for Linear Elastic Analysis
per KD-200. KD-200(d) states that the wall ratio must be less than 1.25 to use the Linear Elastic Analysis
method. The wall ratio of this vessel is:

_ 0D 12in

—E= 10in =12<1.25

STEP 2 — Determine the types of loads acting on the component. In general, separate load cases are
analyzed to evaluate “load-controlled” loads such as pressure and “strain-controlled” loads resulting from
|mp cnd rllcplgr\nmnnfc Thn Ingd annl\nnd |c |nfnrna| anlgnlnpnrahng prnccnrn Thn rncnlhnn Innd the
body threads due to the internal pressure acting on the closure is also considered. Since dlstrlbutlon qf the
load Js not uniform on all the threads, the load distribution on each thread is calculated per Appendix g-221
continuous load distribution equations as shown in example problem E-AE-2.2.1.

STEP 3 - Develop the finite element model.

1) Due to symmetry in geometry and loading, an axisymmetric solid model is generated.| The
axisymmetric model consists of the body shell, including the blind endiwith a centrally logated
opening and body threads. The closure component is not modeled andthe pressure load acting on
the closure is modeled by transferring the load on to the body threéads. The FE model is illustrated
in Figure E-KD-2.3.1-2.

L 7 bbbl

Figure 25 — E-KD-2.3.1-2 — Axisymmetric FE Model

2) Generate mesh. ANSY'S [9] 8-noded structural solid element (Plane 82) with axisymmetric key
option is specified for the analysis. The mesh is illustrated in Figure E-KD-2.3.1-3.
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T
MTTL

Figure 26 — E-KD-2.3.1-3 — Mesh of the Monobloc Vessel with Detailed Views of the Blind End [and
Body Thread Componhents

3) Apply the material properties given below tazall the components in the monobloc vessel.

@)

omponent Material Modulus of Elasticity (psi) Poisson Ratip
All SA-723 Grade 2 Class'2 27.37E+06 0.3

4) Linear geometry (small displacement) should be used in the analysis.

Apply the internal pressure load to the pressure boundaries of the body shell and the blind| end.
Also, transfer the internal pressure acting on the closure on to the body threads by applying the
loads on the body,threads. The load applied on the threads is not equally distributed among ajl the
threads. The firstthread takes most of the load while the last thread takes a small portion df the
total load applied. The percentage of the total load applied on individual threads is calculated Qising
the equations given in E-221 and Table E-222.1. The actual percentage load applied on the
individualtreads is calculated in example problem E-AE-2.2.1 and shown in Figure E-KD-2.3.1-4.
Apply the appropriate boundary conditions to the body as per the figure. The edge of blind epd at
the-opening is fixed vertically through 1 inch, as shown in the figure below, to simulate a thrqaded
cennection in that region.

[l
~—
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26.087 1bf (3.02% of 863,938 1) —
20,363 1bf (3.40% of 863,938 o) —
36,327 1hf (4.20% of 863,938 1hE) —

47 854 1hf (5.54%: of 363,938 b =

65,391 Ihf (7.57% of 863,938 1bf)

01,141 Ibf (10.535% of 863 938 b o
128,538 1bf (14.86% of 863,938 Ibf) = ouii
181,653 1bf(21.03% of 863,933 Ibf) == il

237,784 1hf (20 84% of 863 938 1hf) —"

Fix UY to a height of
approximately 1 in
{which iz =ame a=
diameter of the bottom
hole) to  counter
balance the thread
force  and  internal

pressure applisd.

STE
forcd

Figure 27 — E-KD-2.3.1-4 - Load and Boundary Conditions for the FE Model

-

P 4 — Run analysi review results. Evaluate the displacements and compare calculated rea
values to hand lated values.

Q.
%O

Note: Thread load distribution (@ ch individual body thread is calculated as shown in example problem E-AE-2.4.

ction

&
R
v
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NCDAT SOLUTTON
STEP=1

sUB =1

TIME=1

SINT (AVG)
DMK =.022532
SM =574.162

FLOT NO. 1

SMNB=567.489
SMY =181448
SMXB=183002

Structural discontinuities
showing highest stress locations

')
574.162 _ 40768 - 80963 %N . __ 121157 ) 161351 .
20671 60865 1060 141254 181448

T

Reag

gure 28 — E-KD-2.3.1-5 — Results of Elastic-Analysis, Stress Intensity in Deformed State fq
Design Pressure and the Critical Locations through the Vessel Requiring Stress Evaluatio

(
I

Note

prog
prov

summnarized in Tables E-KD-2.3.1-1 and E-KD-2.3.1-2 for design and operating pressures, respectivg

Note

(normal)-cemponent stresses, and not for the local component stress parallel to the SCL or in-plane

stres

tion Force (y-direction)
Calculated (ANSYS) 8,640.5 Ibf
{and Calculations 8,639.4 1bf
Results for Steps 4,'5,)and 6 were calculated automatically by analysis routines contained in the

fam. Through-wall stress linearization was conducted at critical areas around the pressure bound
de data for the-routines. The resultant stress intensities for P,, P;, and P, stress categorie

D.

br

FEA

ry to
5 are

ly.

that pée’L.-311 Step 2 (a), bending stresses are calculated only for the local hoop and meridjional

shear

STEP 5 — At the point on the vessel that is being investigated, calculate the stress tensor (six unique
components of stress) for each type of load. Assign each of the computed stress tensors to one or to a group
of the categories defined below. Assistance in assigning each stress tensor to an appropriate category for a
component can be obtained by using Figure KD-240. Note that the stress intensities Q and F do not need
to be determined to evaluate protection against plastic collapse; however, these components are needed for
fatigue and shakedown/ratcheting assessment of the structure based on elastic stress analysis. Note that
the 2*S, limit placed on sum of Primary Local Membrane (P,) plus Primary Bending (P;) plus Secondary
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Membrane Plus Bending (Q) has been placed at a level to ensure shakedown to elastic action after a few
repetitions of the stress cycle. See paragraph KD-3 for the evaluation of fatigue analysis.

General primary membrane stress intensity — Py,
Local primary membrane stress intensity — Py,
Primary bending stress intensity — Py

Secondary stress intensity — Q

Al dot 1 . 1 V! 1 1.1 + tprorfer +] k) 11
AUUILIOIal CUUIVAICIIUSUTSS PIOUUCTU Uy d SUTSS COLILUIIL atlUIT U a UICTIHIAL SUCSS UVl dlltd oOovVe

the nominal (P + Q) stress level — F

The ptress intensity categories are determined for the SCLs depicted in Figures E-KD-2,3¢156 through
E-KID-2.3.1-8.

NCDAT, SOLUTTION SCL # 1 AN

SRR : PLOT NO. 1
SUB =1

TIME=1

SINT (2VG) :

DM =.022532 SCL#2

SMN =574.162

SMNB=567.489

SMY =181448

SMXB=183009

SCL#3

574, 16% . 40768 o 809G T - ] 161351
( 20671 60865 Ean 141254 181448

Figure.29.< E-KD-2.3.1-6 —Stress Classification Lines (SCLs) in the First Thread and Undercput
Regions — Stress Intensity (psi)
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STEP=1
SUE =1
TIME=1
SINT

NCOAT, SCLOTICHN

(BVG)

DMy =.022532
SM =574.162
SMY =181448

PLOT NO. 1

49000

51611

SCL#4

L 11 I
I 64667 89889 s
832 N56 67278 T2500

54222

Figure 30 — E-KD-2.3.1-7 —Stress Classification Lines (SCLs) in.the Body Shell Region Away f

Discontinuities — Stress Intensity (psi)

NCDAL SOLUTION H : IAN
STRP=1 PLOT NO. 1
SUB =1
TIE=1
SINT (AVG)
DMK =.022532
S —bé’%.l(;é =
S 567,489
SM =181448 SCL#5
SMxB=183009
SCL#6
SCL#38 SCL#7
574.162 40768 R0963 121157 161351
HRTRE 66T > 60865 = 101060 ' 141258 Y 181448

fom

Figure 31 — E-KD-2.3.1-8 —Stress Classification Lines (SCLs) in the Blind End Region — Stress

Intensity (psi)
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STEP 6 — Sum the stress tensors (stresses are added on a component basis) assigned to each stress intensity
category. The final result is a stress tensor representing the effects of all the loads assigned to each stress
intensity category. A detailed stress analysis performed using a numerical method such as finite element
analysis typically provides a combination of P, + P, and P, + P, + Q + F directly.

1)

effects), the computed stress intensity shall be used to directly represent the P,, P, + P», and

If a load case is analyzed that includes only “load-controlled” loads (e.g. pressure and weight

P+

Py + Q. For example, for a vessel subjected to internal pressure with an elliptical head; P, stress
intensity occurs away from the head to shell junction, P, and P + P+ Q stress intensities occur at

DO

Y

STE
cated

STE
corrg
2.3.1

STE
corrg
and |

thejumctior:

) If a load case is analyzed that includes only “strain-controlled” loads (e.g. thermal gradients
computed stress intensity represents Q alone; the combination P, + P, + Q shall be derived
load cases developed from both “load-controlled” and “strain-controlled” loads.

, the
from

) If the stress in category F is produced by a stress concentration, the quantity ¥ is the additional

stress produced by the stress concentration in excess of the nominal membrane plus bending s
For example, if a plate has a nominal stress intensity of S;., and has a stress.concentration fact
then: P,=S;u, P =0, 0 =0, and F = P,, (K — 1). The total stress intensity equals P, + P, (K S

P 7 — Determine the principal stresses of the sum of the stress tensors assigned to the stress intg
ories and compute the stress intensity using Appendix 9, equatiens 9-200.1 through 9-200.3.

P 8 — To evaluate protection against plastic collapse compare the computed stress intensities to
sponding allowable values (refer to paragraph KD-242).'Refer to Tables E-KD-2.3.1-1 and E
-2 below for evaluation results.

P,<8/1.5
PL S Sy
P + Py <aS,/1.5, where a isithe shape factor equal to 1.5 (refer to KD-210 (0))
P 9 — To evaluate shakedown/rattheting, compare the computed equivalent stresses to

sponding allowable values (refer to paragraphs 9-210 through 9-250). Refer to Tables E-KD-2.
F-KD-2.3.1-2 below for evaluation results.

Pr +Pb+Q§2Sy

ress.
pr K,
1).

nsity

their
KD-

their
B.1-1
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Table 5 — E-KD-2.3.1-1 — Results of the Elastic Analysis Using Criterion from Figure KD-240 of the
2019 Edition of BPVC Section VIII, Division 3, KD-240 — Design Pressure

Linearized Stress Intensities Stress Evaluation
P+ Po<| PL+Pp
Pm< aSy/1.5 +Q <
Sy/1.5 PL.<Sy | (117,000 2Sy
SCL Location (78,000 | (117,000 psi) (234,000
No. Note (1) P P Py 0 F psi) psi) Note (3) psi)
1 First Thread N/A 63,190 | 49,360 | N/A 75,930 N/A PASS PASS N/A
2 First thread N/A | 31,650 | 27,070 | N/A | 129,600 | N/A PASS PASS N/A
notch section
Tapered thread
3 to undercut N/A | 38,820 | 44,100 | N/A 57,440 N/A PASS PASS N/A
transition
Body shell
4 (away from 59,910 N/A N/A N/A 1079 PASS N/A N/A N/A
discontinuities)
Body shell to
5 blind end N/A 32,460 N/A 53510 | 66,800 INFA PASS PASS PASS
transition
6 Through blind | o | 16150 | N/A | 44220 | 120,900 N/A PASS PASS PABS
end radius
Blind end to
7 body shell 18270 | N/A | 23730 | N/A_ |\ 61,650 | PASS N/A PASS PABS
transition
g| | Blindendclose |y oz0q | n\ya | 207304/ONA | 7422 | PASS N/A PASS PAS
to the opening
Nptes:
1) The linearized stress intensities are determined at operating conditions by scaling the linearized stfesses
computed at design temperaturein the above table with a multiplication factor of 0.9.
4) The material at all the locations is SA-723 Gr.2 CL.2 and yield strength at 150°F is 117,000 psi, BPVC
Section Il, Part D, 2019.
3) s the shape factor-equal to 1.5 (refer to KD-210 (0)).
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3.8

Example Problem E-KD-2.3.2 — Elastic Stress Analysis Protection Against

Local Failure Mandatory Appendix 9-280

Evaluate the triaxial stress criteria of Mandatory Appendix 9-280 for protection against local failure for the
pressure vessel in problem E-KD-2.3.1. The procedure for this is to determine the algebraic sum of the three
principal stresses for the eight paths given in Figures E-KD-2.3.1-6 through E-KD-2.3.1-8 and compare to
the triaxial stress criteria given in Mandatory Appendix 9-280 (o7 + o + 03 < 2.5S,).

The sum of the prlnC|paI stresses was evaluated along each of the elght critical stress classification lines

orted

from
here.
Table 6 — E-KD-2.3.1-2 — Mandatory Appendix 9-280 Triaxial Stress Criteria
Summation of the Principal AN .
Hath Numbers o1 o2 o3 Stresses Criteria Evaluation
1 184,000 | 53,100 2,444 239,544 PASS
2 184,000 | 53,100 2,444 239,544 PASS
3 137,000 | 38,500 521 176,021 PASS
4 61,000 | 25,400 -11,000 75,400 PASS
5 118,000 | 35,300 -11,000 142,300 PASS
6 171,000 | 49,000 | -11,000 209,000 PASS
7 47,500 6907 -11,000 43,407 PASS
8 39,100 | 22,500 2.869 61,603 PASS
Nptes:
1) The material at all the locations is SA-723Gr.2 CL.2 and Yield strength Sy at 150°F is 117,000 psi, E
Section 11, Part D, 2019.
4) o1, o, osare the three principal stresses.
J) All stresses are shown in psi.
4) 2.5 Sy =292,500 psi
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PART 4
Example Problems: Fatigue Assessment
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4 EXAMPLE PROBLEMS FATIGUE ASSESSMENT

4.1 Example Problem E-KD-3.1.1 — Evaluation of Leak-Before-Burst in
Cylindrical Vessel — Monobloc Vessel

Determine if the mode of failure for a crack in the wall of a pressure vessel is “Leak-Before-Burst” for the
case of the open-ended pressure vessel found in problem E-KD-2.1.1. This evaluation is to be in accordance
with paragraph KD-141(a) criteria. This evaluation is necessary for determination if KD-3 fatigue
assessment or KD-4 fracture mechanics assessment is to be used for the failure of the vessel wall due to a
longf{tudinal crack.

This|problem assumes that this is a design without documented experience within industry.

The failure mode to be analyzed is a semi-elliptical surface breaking flaw in the ID of the walhjin the radial-
axiall plane.

Vessel Data:

o [Material = SA-705 Gr. XM-12 Condition<H1100
e [Design Temperature = 70°F

e  (ritical Stress Intensity Factor (Kz) = 104 ksi-in®®

Based on minimum fracture toughness and specification minimum yield strength (refer to
methodology in problem E-KM-2.1.2)

e Inside Diameter (D;) = 6.0 inches

e  (Qutside Diameter (D,) = 12.0 inches

o [Diameter Ratio () = 2.0(KD-221)

o [Design Pressure (Pp) = 56,079 psi (problem E-KD-2.1.1)

e Yield Strength (S,) = 115,000 psi @ 70°F per Table Y-1 of

BPVC Section Il, Part D

140,000 psi @ 70°F per Table U of
BPVC Section II, Part D

3:1 (KD-411)

e Tensile Strength (S.)

o Assumed Crack Aspect'Ratio (2c/a)

The stress in the wall-of this pressure vessel is a combination of the pressure stress and the residual stresses
indug¢ed during~autofrettage. The residual stresses were calculated in E-KD-5.1.1. The pressure §tress
distr{bution was also calculated here using the methods of BPVC Section VIII Division 3 Appendix 9f The
prindiple_efsuperposition was used to combine the two for the total stress at design conditions. Figufe E-
KD-38.2.1-1 shows a plot of these stresses at the design condition.
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o
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z
3
0
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705 1 1.5 2 2.5 3 3.5
/
-20 , / e 5tress Due to Pressure
7/ == == Residual Stresses
/
-40 —— Total Stresses (Residual + Pressure)
-60
Figure 32 — E-KD-3.1.1-1 — Stress Distribution in Vessel Wall
STEP 1 — Determine if the'stress intensity factor for a crack at 80% of the wall thickness will resyilt in
brittle failure
Many of the available-methods for calculating stress intensity factors are not accurate beyond 80% df the
wall.
Do — Dy 12in—6in .
a=0.8=x =08 ——=241in
2C 3x24in
— =3 Cc = =3.6in
a therefore 2

The stress intensity factor at this depth must be less than Kj..

The stress intensity factor is to be calculated in accordance with the methods found in API 579-1 / ASME
FFS-1 per KD-420(a). The stress intensity factor solutions are found in Annex 9B. Specifically, 9B.5.10
has a solution for “Cylinder — Surface Crack, Longitudinal Direction — Semi-Elliptical Shape, Internal
Pressure (KCSCLE1)”. Figure E-KD-3.1.1-2 shows the crack being analyzed.

51


https://asmenormdoc.com/api2/?name=ASME PTB-5 2019.pdf

ASME PTB-5-2019: ASME BPVC SECTION Viil, DIVISION 3, EXAMPLE PROBLEM MANUAL

__T"‘_,_La

—

2c

I

Figure 33 — E-KD-3.1.1-2 — Cylinder — Surface Crack, Longitudinal Direction Semi-Elliptical Shlape
(API 579-1 /| ASME FFS-1 Figure 9B.15)

Para
cracl face. Equation C.186 gives:

k=L (26— 26 (a)+3G <a)2 4G (a)3+50 (a)4 T
= —% — — — — e — * |—
" R{-R; ° "\R; 2\R; S \R “\R; Q

praph 9B.5.10.1 is for a Mode I Stress Intensity Factor for an inside surfaee’, including pressure in the

tants needed to determine various coefficients are given’by:
R, = 0.5 D, = 0:5,* 12in = 6in

Cong

R; = 0.5 D;= 0.5 * 6in = 3in
t =0.5%(D,=D;) = 0.5 (12in — 6in) = 3in

a 2.4in

= 0.667
3.6in
t 3in _q
R, 3in
a 24in
—=——=10.38
t 3in

Where the influence coefficients, Gy and G; are given by:
Go = Agp + A1 + Ay % + A3 o> + Ay of* + As o> + Ag o8

I~
Go = LI87 = TA93F T F 6646 F - = 13038 F > F 15466 ¥ I = 9918 >+ 2506 * 1 ="1356
_ 2 3 4 5 6
Gy =Ao1 +A11B + Az B+ A3 + Ay 1B + A5 B> + Ag 1B

G, = 0.232 4+ 0.089 * 1 + 2.428 * 12 — 4.133 = 13 + 4.457 x 1* — 2.984 * 15 + 0.756 * 1° = 0.845

Where Table 9B.12 provides the 4;; coefficients and equation 9B.95 is used for the value of S as:
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/.
-
\\E‘%
N
e
-

It should be noted that the 4;;values can require up to triple linear interpolation-from Table 9B.12. Fo

prob
show

Influgnce coefficients G,, Gs, and G, are then determined-by the methods found in paragraph 9B.14
9B.1# .4, typically using the weight function approach. The value of Q is determined with equation 9§

The

x i
WV

Figure 34 — E-KD-3.1.1-3 — Definition of ¢ from APl 579/ASME FES-1

 this

em, linear interpolation was only required for the a/c column. An-gxample of this interpolatipn is
n for 4, below (the intermediate values have been truncated fordlustration purposes only):
A 1.142 + (0.667 — 0.5) 1277 — Q¥ 1.187
=1 . —05)*———=—=1.
0.0 (1 20.5)

Q165
Q = 1.0 + 1.464 * (E) =10 + 1.464 * (0.667)15 = 1.750

nfluence coefficients also require the-calculation of additional coefficients, M;, M., and M3, whic

3or
.14

h are

Equgtions 9B.266 through 9B.268 and calculated as follows:
M 2xm (3 * GL=6y) 24 2+m (3 % 1.356 — 0.845) 24 0.841
= * * N —_—— =% * 1. — 0. ——=—0.
NI O™ 5 V21750 5
M2 = 3
8
M3 *(GO_Z*GI)‘I'_: _1.765
Thergfore:
16 1
G2 (1E+;*M1+ *M2 *M3)
Vv2x1.750 [16 16 1

Gy =—|— —*( 0.841) + — * 345 * (—1.765) | = 0.653

T 15 105

J2+Q /32 1 32 1
G3= (3 M1 M2+ M3)

st MitggeMtogs
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V2+1.750 (32 32 1
= <£ 7 (F0841) + 2 w34 ok (- 1765))—0.548

c J2+0 (256+1 M+256 M+1 M)
= ¥ | —— 4+ — % —_— % — %
4 T 315 5 3465 2 30 °

4'=

Vv2+1.750 (256 1 256 1
————# [ ==+ = (-0.841) + ——+* 3+%*(—1.765) = 0.481

T 315 5 3465

Usinp this methodology, the stress intensity factor for a crack with a depth of 2.4 inches is as follows

2.4in 2.4in 2.4in\3 2.4in\1
)+3 % 0.653 * (—) —4*0.548*(—.) +5*O.481*( . )
n 3in 3in

Thergfore, the criterion is not satisfied. It should be noted that the stress intensity-calculated above is s
basedl off the internal pressure and conservatively does not account for the residual stresses shown in F
the residual stresses are desired to be included, the arbitrary stress distribution methodology of section

32.1
9B.5

STEP 2 — Evaluate if the remaining ligament (distance from the Crack tip at the deepest point to the

_56,079psi * (3in)*
~ (6in)? — (3in)?

*<2*1.356—2*0.845*( 3 3

T * 2.4in

W = 3841{5!\/5

9 may be used.

Dlely

gure

free

surface)

The

The

Thergfore, this criterion is satisfied,

The
seco

4.2

Dete
case
with

imiting distance is (KD-141(a)(2):

2 . 2
Kic\  (104ksivim\ .
(g) = ( T15kst = 0.818 inches

emaining distance is:
t —a = 3inches — 2.4 inches = 0.6in < 0.818 inches

fequirement is for both.criteria to be satisfied. In this case, the first criterion is not satisfied, by
nd one is satisfied; therefore, the vessel is not Leak-Before-Burst.

Example Rroblem E-KD-3.1.2 — Evaluation of Leak-Before-Burst in
Cylindrical Vessel — Dual Layered Vessel

'mine if/the mode of failure for a crack in the wall of a pressure vessel is “Leak-Before-Burst” fq
of the.gpen-end pressure vessel found in problem E-KD-2.1.2. This evaluation is to be in accorq

paragraph KD 141(c) and KD 810(f) crlterla This evaluatlon is necessary to determine whethg

KD-!
This

problem assumes:
The design is without documented experience within industry.
The closures will remain in place and not be ejected in the event of a failure.

t the

r the
ance
r the

The fast fracture of either of the inner layer will not result in ejection of parts or fragments and the

outer layer will remain intact.
The vessel does not contain lethal substances.
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The failure mode to be analyzed is a semi-elliptical surface connected flaw in the ID of the wall of each of
the layers in the axial-radial plane.

Each of the materials meet the Charpy impact requirements from KM-234.2(a).

Vessel Data:
Liner
e Material = SA-705 Gr. XM-12 Condition H1100
L)ESigﬂ Iefriperaware - U'F

104 ksi-in®®

Based on minimum fracture toughness and specification minimum vyield strepgth (refer to
methodology in problem E-KM-2.1.3)

4 Critical Stress Intensity Factor (Kj.)

4 Wall Ratio (1) = 1.50

Outey Body
4 Material = SA-723 Gr. 2 Class'2
4  Design Temperature = 70°F

104 ksi-in>> (problem E-KM-2.1.3)
97,029’psi (problem E-KD-2.1.2)

4 Critical Stress Intensity Factor (Kj.)

4 Design Pressure for Dual Wall (Pp.puai)

The Yessel can be assumed to be Leak-Before-Burst if the inner layer fails in fast fracture, the outer pody
can hold 120% of the design pressure without resulting:in collapse.

The pollapse pressure of a cylindrical shell can-be determined by multiplying the design pressure [from
KD-221.1 with the design margin of 1.732. The\design pressure of the outer shell is:

P, = min (2.986 % Ky xS, % (Y0298 —1),1.0773 * (S, + S,,)  (Y°268 — 1)) KD —221.1

Pp = min(2.986 * 0.871 % 1.20;000psi * (2.0880'268 —1),1.0773 = (120,000psi + 135,000psi)
* (2.0889:268 — 1)) = min(68,030psi, 59,905psi) = 59,905psi

Whefe:
K 1.244 — 0.42 (120’000p5i) 0.871
=1 — 042« \{-—7—7——) = 0.
ut 135,000psi
Y_DO_ 50in — 2088
D, 2395in

And ha collanca nracciira nf tha autar chaoll is tharafara:
HE-COHaPSEe-PresSHe-o1tRe-outeSsHeHHStheletore-

1.732 x Pp = 1.732 x 59,905psi = 103,755 psi

And 120% of the design pressure of the dual walled vessel is:
120% * Pp pyqr = 1.20 * 97,029psi = 116,435psi

Therefore, this cylinder is not considered to be Leak-Before-Burst.
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Example Problem E-KD-3.1.3 — Fatigue Assessment of Welds — Elastic
Analysis and Structural Stress

Evaluate an open-ended vessel with the same dimensions as that given in Example E-KD-2.1.1 in
accordance with the fatigue methodology provided in KD-340. For this problem, the material of the vessel
is SA-182 Grade F22. Design pressure and resulting stresses were calculated using the same methodology
as in the previous problems with no autofrettage. Design requirements include only the pressure loading at
an operating pressure of 24,500 psi for 10,000 cycles. Note that the vessel is in non-corrosive service with
respect to environmental effects upon the fatigue behavior. Perform fatigue assessment for a theoretical

radidl-axial crack along the heat affected zone of a longitudinal seam weld in the vessel.

STE

Per t
even
oper
STE
Sinc
stres

STE

hypg
this (
Note]

The

The

Assu

distributions were €alculated for the radial and tangential (hoop) components due to the internal pre

P 1 — Determine a load history for the vessel.

he User’s Design Specification as described above, a full internal pressure cycle is-the‘only log
| to be considered. The internal pressure is expected to cycle 10,000 times between 0 psi an
iting pressure of 24,500 psi.

P 2 — Determine the individual stress-strain cycles.

p the full pressure cycle is the only event under consideration, the cyclic stress range is betwee
b in the vessel at 0 and at 24,500 psi.

thetical crack plane at the start and end points (" and "z, respectively) for the cycle in Step 2. U
ata, calculate the membrane and bending stress ranges andthe maximum, minimum and mean s
that for this problem, there is only one load range, se-“k” equals one.

membrane stresses are:

"ok = 24.543ksi
"gf . = Oksi

mk —

pending stresses are:
Mop e = 11.177ksi

n. e _— 7
op . = Oksi

me the end point'efthe cycle (") is in the shutdown condition where internal pressure is at 0. §

ding
l the

h the

P 3 — Determine the elastically calculated membrane and<pending stress normal to the assfimed

Jsing
ress.

tress
bsure

on the vessel. Note, since this is an open-ended vessel, there is no axial stress component due to internal
presqure. The, longitudinal seam weld crack to be considered will be assumed to be radial and ax|al in
orierftation,.meaning the stress component normal to the hypothetical crack plane is the hoop stress.
The ¢quations for membrane, bending, maximum, minimum and mean stress are evaluated as follows yising
the through thickness Noop Stress distribution from similar to that found in Example Problem E-KD-2.1.1,
except at 24,500 psi (refer to Figure E-KD-3.1.3-1):
Aoy = "ogx — 05 = 24.543ksi — Oksi = 24.543ksi KD —341.1
Acfy = Mof) — "of) = 11.177ksi — Oksi = 11.177ksi KD —341.2
Omaxk = Max ((ma,fi,k + Mo ), ("af . + ”Uﬁk)) KD — 3413
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Omaxy = max((24.543 ksi + 11.177 ksi), (Oksi + Oksi)) = 35.720ksi

Omink = Min ((maﬁl,k + Mg ), ("of . + nag,k)) KD — 3414

Omin = min((24.543 ksi + 11.177 ksi), (Oksi + Oksi)) = Oksi

Omaxk T Omink _ 35.720ksi + Oksi

Omeank = . = = 17.860ksi KD — 3415

2

STE

STE

obtained in Step 4.

Whe
BPV

The

P 4 — Determine the elastically calculated structural stress range.
Aog = Aoy, + Aof . = 24.543ksi + 11.177ksi = 35.720ksi KD —

P 5 — Determine the elastically calculated structural strain and the elastically calculated-structural

Acf  35.720ksi

Eyqr  30,600ksi

Agg = =1.167 x 1073 KD —

e E, = 30.6 x 10° psi (modulus of elasticity for 2¥Cr - 4&-Mo material at 70°F)
C Section Il, Part D

corresponding local nonlinear structural stress and strain ranges are determined by simultane

41.6

tress

41.7

from

pusly

solving Neuber’s Rule (equation KD-341.8) and the material-fiysteresis loop stress-strain curve npodel

(equ

The

The
for 2

Nex{]
low

ition KD-341.9).

Aoy, * Agy, = Adp* Agg, KD —

_ 35.720ksi * 1,167 * 1073 — 35 720ks]

Tk = 1167+ 102 = oo febst

1
A Aoy, 42 ( Agy, )ncss KD
Axr * _
k yak 2 * Kcss

=1.167 x 1073

1
35:720ksi ( 35.720ksi )0.100
€k *

530600ksi - \2 % 115.5ksi

wo unknowns, As:and Ae, are found iteratively using the above equations.

values for the-coefficients K., = 115.5 ksi and ., = 0.100 are obtained from Table KM-630 at
/2 Cr materiatl:

41.8

41.9

70°F

the nonlinear structural stress range is to be modified for low-cycle fatigue, as the transition betyveen
nd high cycle fatigue is not known. Equation KD-341.10 performs this modification.
— 7 tyar —736:666%kst = , —
Moy = (72%5) * e = (g 37 * 1167 * 10~ = 39.253ksi KD —341.10

STEP 6 — Compute the equivalent structural stress range parameter.

Aoy,

2—Mgs 1

2mgg Tee
Less * IMss fM,k

ASess,k =

57
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39.253ksi ksi
ASess = 3% - = 40.735 —5 =
(3in)236 % 2.10736 * 1.0 in Zmss
Where:
Mg = 3.6 KD — 341.12
tess =t for 0.625in < t < 6in = 3in KD —341.14
L 1.25 —0.53064 * K —U.1/ * R
[Mss = L 2L KD <341.16
1.007 — 0.306 * R, ; — 0.178 R,
Solv|ng for I yields:
_( 123-0364 %Ry, —0.17 xRZ, \"*
~ \1.007 — 0.306 * R, — 0.178 x RZ .
_(123-0364:0313-017+0313° \** _ 5
~ \1.007 — 0.306 * 0.313 — 0.178 x 0.3132] &
Whefe:
Ry = [A9%] = L1177 kst =0.313 KD —341.17
Pk |ace | + |dog,| T 24.543ksi + 1117 Tksi '
fux = 1.0 for Omeannk = 0.5 S, , and R, > Qand |Acf, . + Aof | < A KD —341.19

fux = 1.0 for 17.860 ksi = 0.5 (115 ksi), and R, > 0, and |24.543 ksi + 11.177 ksi| < 2(115 ksi)

Omink Oksi
Rp= AP =0 KD — 341.20
K N Opmaxk  40.833ksi

STEP 7 — Determine the permissible number of cycles per the fatigue curves in KD-370 based op the
equiyalent structural stress range‘\parameter as computed in Step 6.

The humber of allowable_design cycles, N, can be computed using equation KD-3.50 using congtants
prov|ded in Table KD-370.1 for the lower 99% Prediction Interval (-35). These constants are to belused
unlegs otherwise agreed.upon by the Owner-User and the Manufacturer.

1 1
fi (fMT * C)H 1 (1.041 * 818.3)0.31950
I, _

N = A A5, = I* 20735 = 13,566 KD —372.1
Where:
=T NO fatigue improvement performed
fe=1 Non-corrosive service
Er=30.6 x 103 ksi Elastic Modulus for Grade 22 at 70°F
E4cs=29.4 x 103 ksi Elastic Modulus for Carbon Steel at 70°F
fur = EE—T = 1.041 Temp./Material adjustment for fatigue curves (Eq. KD-372.6)
ACS
C=818.3 Welded Joint Fatigue Curve coefficients for Lower 99%
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h=0.31950 Prediction Interval per Table KD-370.1

STEP 8 — Determine the fatigue damage for the cycle history.

Per the User Design Specification above, 10,000 full pressure cycles are required (n = 10,000). Using
equation KD-341.21 and the results of Step 7, the fatigue damage fraction can be calculated.

p, = 210090 _ 0.737 KD —341.21
77N 13566 :
STEPS 9-11 — Assessment of Steps 9-11 are not required for this vessel as the only stress range considlered
in this design is the 0 to 24,500 psi internal pressure operational cycle (i.e. k = 1).
[%] 50 I
T
& ——ot -W<or
£ 40 5
o
&
|_
30
20
‘n
a
a 10
L
]
N
0
-10
-20
-30 - -
Diameter, inches
Figure 35 < E-KD-3.1.3-1 — Stress Distribution in Monoblock Open End Shell (E-KD-2.1.1)
Evaluated at 24,500 psi
4.4 KD=3-14—= = i i igue
Curves

Evaluate an open ended monobloc vessel described in Example E-KD-2.1.1 in accordance with the fatigue
methodology provided in KD-340. Design pressure and residual stresses were calculated using the
methodology found in problems E-KD-2.1.1 and E-KD-3.1.3. Design requirements include only the cyclic
pressure loading from zero to an operating pressure of 30,000 psi for 3,500 cycles, as listed in its User’s
Design Specification. Note that the vessel is in non-corrosive service with respect to environmental effects
upon the fatigue behavior. The objective of this problem is to perform fatigue of the vessel bore and
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determine the cumulative effect of the number of design cycles on the vessel results in a number of design
cycles in excess of this number.

It should be noted that based on past operational experience, this vessel is considered Leak-Before-Break
in accordance with KD-141(d). The User’s Design report includes documentation for vessels of similar size
that all resulted in Leak-Before-Break Mode of Failure.

The surface roughness of the bore of the vessel is noted as 125 R, on the drawing. The modulus of elasticity
used in the analysis of the vessel is 28.5 x 10° psi from Table TM-1 from BPVC Section Il, Part D.

STEP 1 — Determine a load history for the vessel and the associated stresses at each of the loadclcles
specified.

Per the User’s Design Specification as described above, a full internal pressure cycle is theyonly logding
event to be considered. The internal pressure is expected to cycle 3,500 times between 0%dnd the operpting
presqure of 24,500 psi. E-KD-3.1.4-1 is a compilation of these principal stresses.

Table 7 — E-KD-3.1.4-1 — Principal Stresses in Cylindet

Operating Pressure | Zero Pressure
First Principal Stress (s1) 50,000 psi 0 psi
Second Principal Stress (s2) 0 psi 0 psi
Third Principal Stress (s3) -30,000 psi 0 psi

STEP 2 — Determine the Stress Intensities (S;) — The seeond step is to determine the operational §tress
intensities for the complete operating cycle. In this_point, there are only two points to be evaluatgd, at
operating pressure and at zero pressure. Table E-KD<3.1.4-2 has the results of these calculations at the top
of the table listed as S;; for each of the differencesy(1-2, 2-3, and 3-1).

STEP 3 — Determine the Alternating Stress:Intensities (S.i;) — The next step is to evaluate the alterngting
stresy intensities by the absolute value.of the difference of maximum and minimum stress intengities
throdghout the complete operationalicycle. These are listed in Table E-KD-3.1.4-2 as Sax i

STEP 4 - Determine the Associated Mean Stress (o, ;;)— The next step is to determine the associated mean
stresg normal to the plane of the maximum shear stress, associated with the three S.; ;. These are listed in
Tablg E-KD-3.1.4-2 as 63

STEP 5 — Determiine the Stress Normal to the Plane of Maximum Shear (o, ;;) — The next stepl|is to
determine the associated mean normal stress. It is noted here that the cylinder is a non-welded mongbloc
consfructiondand not made of austenitic stainless steel. The values calculated are shown in Table E{KD-
3.1.4-2 as*ax; for both the operating and zero pressure case

STEP-6=Determine-theAssociatecHvieanStress (onm ,;j) —Thenext step istodetermine-the-meanrrmormal
stress, aumi;. This is determined by taking the average of the stresses normal to the plane of maximum shear
calculated in Step 5 for the operating and zero pressure cases.

STEP 7 — Determine the Appropriate Fatigue Curve for Use and Surface Roughness Factor (K,) — Figure
KD-320.3 is the curve to be used for pressure equipment made of this material per KD-322(c). The influence
of the surface roughness of this cylinder is taken into account by inclusion of the surface roughness factor,
K, which is found using Figure KD-320.5(b). The equation for this is:
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1 1
K, = 1, ) - (1, ) = 1.163
r max( —0.16998log(R,) + 1.2166 ) — "\ " 20.16998 * log(125) + 1.2166

Further, it should also be noted that the modulus of elasticity for Figure KD-320.4 is 29 x 10° psi and that
the allowable amplitude of the alternating stress component (S',) when o, equals 0 and N = 10° cycles is
42,800 psi.

STEP 8 - Determine the Equivalent Alternating Stress Intensity (S, ; ;) — This cylinder being evaluated is

for npn-welded construction. Paragrapn KD-s1Z.4 states that Tor L/-4 or 15-5 stainless steel, the value

shall
listeq

of B

be either 0.2 or 0.5 depending on the Associated Mean Stress (o ;) determined in Step 6, Thege are
in Table E-KD-3.1.4-2 along with a calculation for the denominator of equation KD-312.13 [from

paragraph KD-312.4. The limit of this factor is 0.9, but the table shows that this is below 0.9, for all fases

cons|dered. The value of Equivalent Alternating Stress for each of the directions considered are shoy
the table. The fatigue life will be evaluated based on the maximum value calculated o 42,481 psi.

STEP 9 — Determine the Alternating Stress for Use in Evaluation of Design tife”(S.) — The altern
stres$ that will be used in conjunction with the curve is then found using equation KD-322.4:

Where:

E(curve) 295 10%psi

Sa = KfKr KES =1.0+1.163* 1.0 * 42,481p51 * m = 50,254 pSi

4 E(analysis)
Ky = 1.0 (There are no local effects as this failure,mode is for a straight inner bore)

K. = 1.0 for 4S,’< 2S,, KD —
K, = 1.0 for 32,666'psi < 2(115 ksi)

Table 8 — E-KD-3.1.4-2 — Calculated-Stress Intensities and other Values for Fatigue

1-2 2-3 3-1

Stre;e@mities (psi) Sij= 6i-Gj

Qpérating Pressure 50,000 30,000 -80,000
Zero Pressure 0 0 0
@:;nating Stress Intensities (psi) Sait i,j = |0.5(Sij max - Sij min)|
. 25,000 15,000 ‘ 40,000
&l?ess Normal to the Plane of Maximum Shear (psi) onij= 0.5 (ci+ o))
Operating Pressure 25,000 -15,000 10,000
Zero Pressure 0 0 0
Associated Mean Normal Stresses (psi) Snmij= 0.5 (Onijmax + Gnijmin)
12,500 ‘ -7,500 ‘ 5,000
B KD 312.4
0.5 ‘ 0.2 ‘ 0.5
Factor 1-B0umi;j/Sa

0.854 ‘ 1.035 ‘ 0.942
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1

Equivalent Alternating Stress Intensity (psi) Seqij = Sal”'jl—ﬂa—/s‘
nmi,j a

29,275 ‘ 14,492 ‘ 42,481

STEP 10 - Determine the Design Life of the Vessel (N;) — The design life of the vessel is then determined
by using Figure KD-320.4. There are three acceptable methods for determining the number of cycles
including interpolation from tabular values listed in Table KD-320.1 for Figure KD-320.4, use of the

equal
of in
inter

The

[lons below Table KD-320.1 for Figure KD-320.4 or graphically from Figure KD-320.4. The /4
terpolation was used here. Table E-KD-3.1.4-3 contains the values from Table KD-320,1"use
polation.

pquation for interpolation of the fatigue curve from the notes to Table KD-320.1 is re;written hen
log(i‘—‘:)
N¢; Sai
Nf = N (l)log(saj) Table KD —
to9(s3357)

2ES m
Ny = 1E5 * <F5) 487) = 137,27 Ycycles

On that basis, the cylinder meets the requirements specified for a-design life of 3,500 cycles.

4.5

Eval
with
using
the c
User
effeg
Vess§

ubsS

It sh

Table 9 — E-KD-3.1.4-3 — Values for Interpolation:from Table KD-320.1 for Figure KD-320.4

i I
Sa | 51,600 psi | 48,700 psi
Nr A\:100,000 200,000

Example Problem E-KD-3:1.5 — Autofrettaged, Non-Welded Vessel using
Design Fatigue Curves

Jate an autofrettaged, open-ended, mono-wall vessel described in Example E-KD-2.1.1 in accorq

thod
d for

£ as:

20.1

ance

the fatigue methodology)provided in KD-340. Design pressure and residual stresses were calc

lated

the methodology found in problems E-KD-2.1.1 and E-KD-5.1.1. Design requirements include|only
yclic pressure loading from zero to an operating pressure of 30,000 psi for 3,500 cycles, as listed|in its

s Design Specification. Note that the vessel is in non-corrosive service with respect to environ

ntal

ts upon thefatigue behavior. The objective of this problem is to perform a fatigue evaluation gf the

| bore and-determine if the number of design cycles results is greater than the number required

the

bUld-be noted that this is an example of the principles shown in KD-313 — Calculation of Fatigue

Stresses when Principal Stress Axes Change. The axes in this problem are in the same general orientation
(i.e. aligned in the hoop, radial and longitudinal directions) for each stress state. However, the direction of

each

principal stress changes when changing between the two stress states.

It should be noted that based on past operational experience, this vessel is considered Leak-Before-Break
in accordance with KD-141(d). The User’s Design report includes documentation for vessels of similar size
that all resulted in Leak-Before-Break Mode of Failure.

The surface roughness of the bore of the vessel is noted as 125 R, on the drawing. The modulus of elasticity

used

in the analysis of the vessel is 28.5 x 10° psi from Table TM-1 from Section 1l Part D.
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STEP 1 — Determine a load history for the vessel and the associated stresses at each of the load cycles
specified.

Per the User’s Design Specification as described above, a full internal pressure cycle is the only loading
event to be considered. The internal pressure is expected to cycle 3,500 times between 0 and the operating
pressure of 24,500 psi. E-KD-3.1.4-1 is a compilation of these principal stresses.

Table 10 — E-KD-3.1.5-1 — Principal Stresses in Cylinder

Operating Pressure | Zero Pressure

First Principal Stress (c1) 12,147 psi (hoop) 0 (radial)

Second Principal Stress (c2) 0 (longitudinal) 0 (longitudinal)

Third Principal Stress (o3) -30,000 psi (radial) -7853 psi (hoop)

STEP 2 — Determine the Stress Intensities (S;) — The second step is to determine the operational §tress
intensities for the complete operating cycle. In this point, there are only two l6ad conditions to be evaluated,
at operating pressure and at zero pressure. Table E-KD-3.1.4-2 has the results of these calculations at the
top df the table listed as Sj; for each of the differences (1-2, 2-3, and 3<%).

It should be noted that in this case, the “zero pressure principle stfesses” need to be re-ordered to estgblish
them for determination of the planes of maximum shear stress.

Table 11 — E-KD-3.1.5-2 —Stresses in Cylinder({©rdered for Evaluation of Shear)

Operating Pressure | Zero Pressure
First Principal Stress (c1) 12,147 psi (hoop) -37,853 psi (hoop)
Second Principal Stress (c2) 0 (longitudinal) 0 (longitudinal)
Third Principal Stress (¢3) -30,000 psi (radial) 0 (radial)

STEP 3 — Determine the Alterpating Stress Intensities (S« ;;) — The next step is to evaluate the alternpting
stres intensities by the absolute value of the difference of maximum and minimum stress intengities
throyghout the complete gperational cycle. These are listed in Table E-KD-3.1.4-3 as S. .

STEP 4 — Determipe the Associated Mean Stress (a; :,)— The next step is to determine the associated nean
stresg normal to the plane of the maximum shear stress, associated with the three S.; ;. These are listed in

Tablg E-KD-3:14-3 as o, ;.

STEP 5.="Determine the Stress Normal to the Plane of Maximum Shear (o, ;;) — The next step|is to
detenmine the associated mean normal stress. It is noted here that the cylinder is a non-welded mongbloc
construction and not made of austenitic stainless steel. The values calculated are shown in Table E-KD-
3.1.4-3 as o ;; for both the operating and zero pressure case

STEP 6 — Determine the Associated Mean Stress (o i;) — The next step is to determine the mean normal
stress, owmij. This is determined by taking the average of the stress normal to the plane of maximum shear
calculated in Step 5.
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STEP 7 — Determine the appropriate Fatigue Curve for use and Surface Roughness Factor (K,) — Figure
KD-320.3 is the curve to be used for pressure equipment made of this material per KD-322(c). The influence
of the surface roughness of this cylinder is taken into account by inclusion of the surface roughness factor,
K. which is found using Figure KD-320.5(b). The equation for this is:

1 1
K = max (1’ —0.16998 log(R,) + 1.2166) - max (1’ ~0.16998 * log (125) + 1.2166) = 1163
Further, it should also be noted that the modulus of elasticity for Figure KD-320.4 is 29 x 10° psi and that
the a i T 7 o — = 542,800
psi.

STEP 8 — Determine the Equivalent Alternating Stress Intensity (S, ; ;) — This cylinder being evaluaged is
for npn-welded construction. Paragraph KD-312.4 states that for 17-4 or 15-5 stainless stéel, the valug of g
shall|{be either 0.2 or 0.5 depending on the Associated Mean Stress (o ;) determinedhin Step 6. Thege are
listed in Table E-KD-3.1.4-2 along with a calculation for the denominator of €quation KD-3.11 [from
paragraph KD-312.4. The limit of this factor is 0.9, but the table shows that this-is below 0.9 for all fases
cons|dered. The value of Equivalent Alternating Stress for each of the directions considered are shown in
the table. The fatigue life will be evaluated based on the maximum value calculated of 37,440 psi.

STEP 9 - Determine the Alternating Stress for Use in Evaluation<of Design Life (S,) — The alternjting
stresp that will be used in conjunction with the curve is then founduwsing equation KD-322.4:

E(curve) 28.3 x 10%psi

= KfK, K ——=10%1.1 1. 7 [ ¥ ——————— =4 [
Sa 7K KeSeq E (analysis) 0+1.163 + 1.0 » 37,556 pst » 28.5 = 106psi 3,355ps
Whete:
Ky = 1.0 (local effects.are accounted for in the model)
K 51.0 for A4S, < 28, KD —322.1

K, = 1.0 for 32,667 psi < 2(115ksi)

Table 12 — E-KD-3.1.5-2.=/Calculated Stress Intensities and other Values for Fatigue

1-2 2-3 3-1
\
@ Stress Intensities (psi) Sij=Si-Sj
Operating Pressure 12,147 30,000 -42,147
Zero Pressure -37,853 0 37,853
[
Alternating Stress Intensities (psi) Saiti,j = 10.5(Sij max - Sij min)|

25,000 15,000 40,000

Stress Normal to the Plane of Maximum Shear (pst) onij= 0.5 (ci+gj)
Operating Pressure 6,074 -15,000 -8,926
Zero Pressure -18,927 0 -18,927
Associated Mean Normal Stresses (psi) Snmij= 0.5 (Onijmax + Gnijmin)
-6,426 -7,500 -13,926
B KD 312.4
0.2 | 0.2 l 0.2
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Factor 1= Boumij/Sa
1.03 | 1.035 ‘ 1.065
Equivalent Alternating Stress Intensity (psi) Seqij = 5‘””"'1—;‘
ﬂanm i,j/s a
24,271 | 14,492 37,556

STEP 10 — Determine the Design Life of the VVessel (N) — The design life of the vessel is then determined

by using Figure KD-320.4. There are three acceptable methods for determining the number of g’kcles

including interpolation from tabular values listed in Table KD-320.1 for Figure KD-320.4, ise

equations below Table KD-320.1 for Figure KD-320.4 or graphically from Figure KD-320.4!,The 1

dete
The

Ont

fimined here is smaller than the smallest stress in Table KD-320.1 for Figure 320.4.
bquation for interpolation of the fatigue curve from the notes to Table KD-320.1,iS re-written her
log(‘z—‘;i)
N \1oo(3ai)
Ny = Ng; (£>l o(s27) Table KD —
Nfi

48.7

1‘79(43.35
55 i

5
= —_— 2) =
N 2E5 * <2E5 849,049cycles

Ihat basis, the cylinder meets the requirements specified:for a design life of 3,500 cycles.

Table 13 — E-KD-3.1.4-3 — Values for Interpolation from Table KD-320.1 for Figure KD-320.4

i J
S. ]N45,200 psi | 42,800 psi
Nr| 500,000 | 1,000,000

the
tress

€ as:

20.1
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I

PART 5
Example Problems: Life Assessment
Using Fracture Mechanics
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5 EXAMPLE PROBLEMS LIFE ASSESSMENT USING FRACTURE MECHANICS

5.1 Example Problem E-KD-4.1.1 — Determine the Design Life of a Vessel from
E-KD-2.1.1

Determine the design life of the vessel wall found in E-KD-2.1.1 using the fracture mechanics design
approach of KD-4. The vessel wall under consideration is an open-end vessel where the end load is not
supported by the vessel. The failure mode to be analyzed is a semi-elliptical surface breaking flaw in the
ID of the wall in the axial-radial plane.

The gylinder being analyzed is from E-KD-2.1.1.

4 Qutside Diameter (Do) = 12.0 inches
4 Design Pressure (Pp) = 45,000 psi
Max Design Pressure per E-KD-2.1.1 = 56,079 psi
4  Operating Pressure = 40,000 psi
Assumed to be approximately 90% of Pp
4  Operational Temperature = 70°F
4 Assumed Initial Crack Size = 0.0625 inch (@) x 0.188 inch (2¢)
4  Assumed Crack Aspect Ratio (2c/a) = 3:1 perrKD-410(b)

4 Material fracture toughness (K.) = 100,ksi-in%®
4 Vessel is to be operated cycling between the operational pressure and the zero-pressure state
4 No autofrettage is to be considered

4 The number of design cycles is to be 10,000 cycles per the User’s Design Specification

The Jnitial crack size is on the basis of(the size flaw specified in the User’s Design Specification fdr the
vessgl. The User’s Design Specification is on the basis of this size on the maximum acceptable defegt by
the non-destructive examination (NDE) method (refer to KD-411(a)).

Resiglual stresses due to autofrettage are not considered as part of this analysis.

STEP 1 — Evaluate the_stresses at the extremes of the operational conditions

The §tresses due to eperating pressure were evaluated based on the equations of Appendix 9-300. Figure E-
KD-4.1.1-1 showsya plot of these stress distributions for the vessel wall. There are no residual strgsses
cons|dered in the:evaluation of design life of the vessel. Pressure was added to the stress distribution djiring
the elaluatign.of the crack growth but is not shown in the figure.
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gure 36 — E-KD-4.1.1-1 — Stress through the Vessel'Wall due to Operating Pressure (40 ksi)
P 2 — Calculate the critical crack growth for the crack following the method of KD-430
frack growth should be calculated by means of the equations in KD-430. Specifically, the equatidn for
- growth at the deepest point in a two-dithensional crack is shown in equation 1 as:
da
— = C (f(RY) (AK)™ KD — 430.1
dN
the growth along the free surface is:
dl
- = 2C (F(R) (AK)™ KD — 430.2

re [ = 2¢, and
AK = Ki'max — Kimin

*
_ KI.min + Kl.res

Function f(Rg) is based on the function from Table D-500 of Appendix D of VIII-3 for martensitic

Ry =& + K

T.Itoex

S

precipitation hardened steels, where C3 = 3.48 and C, = 1.5 and

R¢ =0.67 - f(Rg) = 30.53 Ry — 17.0

0 <Ry <0.67 - f(Ry) = 1.0+ C3 Ry
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m

Rx <0 - f(Re) = (Cz & RK)

The stress intensity at the crack tips due to the various loading conditions is calculated separately. The stress
intensity factor for the pressurized state will follow the methodology found in problem E-KD-3.1.1 for a
semi-elliptical ID surface breaking crack in the longitudinal direction. This methodology will not be
repeated here.

In this 1nstance the K1 min and K1 maxare the stress 1ntens1ty at the zero pressure and operatmg pressure states
respe R '
the ¢
shown in Flgure E-KD-4.1.1. The K;.sis the stress intensity due to any residual stresses that may-be prgsent
including due to shrink fitting of the component, autofrettage, or yielding during normal hydgestatic tasting
opergtions. In the failure mode that is being evaluated, there are no residual stresses in thesComponenlt and
the zpro-pressure state will respectively result in K; . and K 7., equaling zero.

Figure E-KD-4.1.1-2 shows a plot of the stress intensity factors calculated for thi¢ ease in question fhere.
Notejthat the stress is assumed to be constant along the inside surface of the vesseland the crack is assyimed
to bg remote from any discontinuities that may affect it throughout the life ofithe crack.
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Figure 37 — E-KD-4.1.1-2 — Stress Intensity Factor for the Crack and Aspect Ratio vs. Crack Depth
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The crack growth is required to be a two-dimensional crack growth per KD-430. Therefore, the aspect ratio
of'the crack changes as the crack grows. The stress intensities shown in the figure are based on the numerical
integration of the two crack growth equations from KD-430. The stress intensities shown correspond to the
stress intensity of the crack at the surface corresponds to the stress of the crack at the deepest point based
on the aspect ratio of the crack for that dimension.

The number of cycles at the final crack size evaluated is 4600 cycles. Figure E-KD-4.1.1-3 shows the crack
growth in both directions.

0.6
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e , -— @ e
-
] f/ —_—
S 02 . T
-
- -/
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Figure 38 - E-KD-4.1.1-3 — Crack Size vs. Number of Cycles

STEP 3 — Determine the  Critical Crack size in accordance with the Failure Assessment Diagram off API
579-1 / ASME FFS-1

The pritical crack depth for the failure mode being evaluated is determined using the failure assessment
diagfam from{API 579-1 / ASME FFS-1. This is performed in accordance with paragraph 9.4.3.

In th{s ntéthodology, the cracking is plotted K, vs. L”, on the FAD as shown in Figure E-KD-4.1.1-4, where:

r
Ore f

Oys

1P =

Where afef is the reference stress for the crack in question from Annex D - D.5.10 and o, is the yield
strength of the material.
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And:
_ KP + oKR

K
" Kmat

Where K7 is the applied stress intensity due to the primary stress distribution, K% is the applied stress
intensity due to the secondary and residual stress distributions, K,,,; is the material toughness and @is the
plasticity correction factor. The complete details of this are found in Part 9 of APl 579-1/ ASME FFS-1.

Figu _ _ _ - - - M (13 i0n11
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Figure 39 — E-KD-4.1.1-4 — Example of a'Failure Assessment Diagram (from API1579-1/ ASME FFS-
1 Fig 9.20)

The bounding curve is defined as:

6
K, = (1 — 0.14(L5)?) * (0.3 +0.7 * e~065+(LR) )

The [bounding cUrve is stopped at a value of LY equal to 1.109 for this problem based on the
SA-105 XM-12-H1100 steel used.

71


https://asmenormdoc.com/api2/?name=ASME PTB-5 2019.pdf

ASME PTB-5-2019: ASME BPVC SECTION VIil, DIVISION 3, EXAMPLE PROBLEM MANUAL

1.2

Critical Flaw Size —>

0.8

Y
n
v 0.6 j
|
]

0.4
Intial Flaw Size -""‘r;
0.2
U T T | T T
0 0.2 0.4 0.6 0.8 1 1|2
L"r

Figure 40 — E-KD-4.1.1-5 —Failure Assessment Diagram for E-KD-4.1.1

Figufe E-KD-4.1.1-5 shows a plot-efthe failure assessment diagram. The assessment curve is the collection
of pqints with coordinates L”,,(K; generated as the crack is numerically grown in the analysis. The ihitial
crack size of 0.188 inch long x 0.0625 inch deep resulted in the point at the lower end of the assesgment
curve. The crack was then.grown as described in Step 2, analyzed and plotted at those sizes. The result is a
crack who intersects the:FAD bounding curve at a size of 1.0032 inch long (2¢) x 0.408 inch deep (a).| This
size ¢rack has a value-of K, equal to 0.845 and L% equal to 0.761.

STEP 4 — Determine the Allowable Final Crack Depth and the Number of Design Cycles (Np) far the
Cylimder
The qllowable final crack depth is determined in accordance with KD-412. Note, the total number of cycles
at the'critical Tlaw Size as predicted Dy the FAD 15 4,600 Cycles.

The allowable final crack depth per KD-412.1 is the lesser of:
- 25% of the section thickness considered = 0.75 inch

- the assumed initial flaw depth plus 25% of the dimensional difference between the critical crack
depth and the assumed initial flaw = 0.062 + 25% x (0.408 — 0.062) inch deep = 0.149 inch
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KD-412 states for this case that the number of “design” cycles (N») is the lesser of:
- half of the cycles to reach the critical crack depth = (4600 cycles) / 2 = 2,300 cycles
- the number of cycles to reach the “allowable final crack depth” (0.149 inches) = 2,500 cycles

Therefore, the number of “design” cycles (Vp) in accordance with KD-4 is 2,300 cycles.

73


https://asmenormdoc.com/api2/?name=ASME PTB-5 2019.pdf

ASME PTB-5-2019: ASME BPVC SECTION VIil, DIVISION 3, EXAMPLE PROBLEM MANUAL

Table 14 — E-KD-3.1.5-2 — Calculated Stress Intensities and other Values for Fatigue

Stress Intensity at Deepest Point (f = 90)

Stress Intensity at Surface (f = 0)

Cycles | Kmax | Kmin | Delta K DaDn a a/t Kmax | Kmin | Delta K DaDn c (c/a)
100 37.479 0 37.479 2.16E-05 0.062 | 0.021 | 34.527 0 34.527 1.67E-05 0.095 | 154
200 37.859 0 37.859 2.23E-05 0.064 | 0.021 | 35.168 0 35.168 1.77E-05 0.097 | 151
300 38.249 0 38.249 2.30E-05 0.067 | 0.022 | 35.816 0 35.816 1.87E-05 0.099 | 1.49
400 38.650 0 38.650 2.38E-05 0.069 | 0.023 | 36.471 0 36.471 1.98E-05 0.101 | 1.46
500 39.062 0 39.062 2.46E-05 0.071 | 0.024 | 37.134 0 37.134 2.10E-05 0.103 | 1.44
600 39.486 0 39.486 2.54E-05 0.074 | 0.025 | 37.805 0 37.805 2.22E-05 0.105 [1.42
704 39.924 0 39.924 2.63E-05 0.076 | 0.026 | 38.485 0 38.485 2.35E-05 0.107% [ [1.40
804 40.376 0 40.376 2.73E-05 0.079 | 0.026 | 39.175 0 39.175 2.48E-05 0130 | |1.39
904 40.843 0 40.843 2.83E-05 0.082 | 0.027 | 39.874 0 39.874 2.62E-05 0.112 | [1.37
100p [ 41.325 0 41.325 2.94E-05 0.085 | 0.028 | 40.585 0 40.585 2.77E%05 0.115 | [1.36
110p [ 41.825 0 41.825 3.05E-05 0.088 | 0.029 | 41.307 0 41.307 2093E-05 0.118 | [1.34
120p [ 42.342 0 42.342 3.17E-05 0.091 | 0.030 | 42.041 0 42.041 3,10E-05 0.121 | [1.33
130p [ 42.877 0 42.877 3.30E-05 0.094 | 0.031 | 42.789 0 42.789 3.28E-05 0.124 | |1.32
140p | 43.431 0 43.431 3.43E-05 0.098 | 0.033 | 43.552 0 43:552 3.46E-05 0.127 | |1.31
150p [ 44.006 0 44.006 3.58E-05 0.101 | 0.034 | 44.329 0 44.329 3.66E-05 0.131 | [1.30
160p [ 44.601 0 44.601 3.73E-05 0.105 | 0.035 | 45.122 0 45.122 3.87E-05 0.135 | |1.29
170p [ 45.219 0 45.219 3.90E-05 0.108 | 0.036 | 45.933 0 45.933 4.10E-05 0.139 | [1.28
180p [ 45.859 0 45.859 4.07E-05 0.112 | 0.038 | 46.762 0 46.762 4.33E-05 0.143 | [1.27
190p [ 46.522 0 46.522 4.26E-05 0.117 | 0.039 | 47.611 0 47.611 4.59E-05 0.147 | [1.26

200p | 47.210 0 47.210 4.47E-05 0.121 | 0.040 | 48480 0 48.480 4.85E-05 0.152 | [1.26
210p | 47.924 0 47.924 4.68E-05 0.126 | 0.042 %.49.371 0 49.371 5.14E-05 0.157 | [1.25
220D | 48.664 0 48.664 4.91E-05 0.130 | 0.043%| 50.285 0 50.285 5.45E-05 0.162 | [1.25
230p | 49.431 0 49.431 5.16E-05 0.135 | 0045 | 51.224 0 51.224 5.77E-05 0.168 | [1.24
240p | 50.227 0 50.227 5.43E-05 0.141 0.047 | 52.188 0 52.188 6.12E-05 0174 | |1.24
250p | 51.052 0 51.052 5.71E-05 01146 | 0.049 | 53.180 0 53.180 6.50E-05 0.180 | [1.23
260p | 51.908 0 51.908 6.02E-05 0.152 | 0.051 | 54.201 0 54.201 6.90E-05 0.187 | [1.23
270p | 52.796 0 52.796 6.35E-05 0.158 | 0.053 | 55.253 0 55.253 7.33E-05 0.194 | [1.23
280p | 53.717 0 53.717 6,71E-05 0.165 | 0.055 | 56.337 0 56.337 7.79E-05 0.202 | [1.22
290p | 54.672 0 54.672 7.09E-05 0.172 | 0.057 | 57.455 0 57.455 8.29E-05 0.210 | [1.22
300p | 55.662 0 55.662 7.50E-05 0.179 | 0.060 | 58.608 0 58.608 8.82E-05 0.218 | [1.22
310p | 56.689 0 56,689 7.95E-05 0.187 | 0.062 | 59.799 0 59.799 9.40E-05 0.227 | |1.22
320p | 57.754 0 57:754 8.43E-05 0.195 | 0.065 | 61.030 0 61.030 1.00E-04 0.237 | |1.22
330p | 58.859 0 58.859 8.94E-05 0.204 | 0.068 | 62.302 0 62.302 1.07E-04 0.247 | [1.22
340p | 60.004 0 60.004 9.50E-05 0.213 | 0.071 | 63.618 0 63.618 1.14E-04 0.259 | [1.21
350p | 61.192 0 61.192 1.01E-04 0.223 | 0.074 | 64.979 0 64.979 1.22E-04 0.270 | [1.21
360p | 62.423 0 62.423 1.08E-04 0.233 | 0.078 | 66.388 0 66.388 1.31E-04 0.283 | [1.21
370p | 63:699 0 63.699 1.15E-04 0.244 | 0.081 | 67.847 0 67.847 1.40E-04 0.296 | [1.21
380p ¢}..65.022 0 65.022 1.22E-04 0.256 | 0.085 | 69.358 0 69.358 1.50E-04 0311 | [1.21
3900—T166-392 © 66-592 18404 6-269T0-090——70-924 t 76924 6104 6:327—11.22
4000 | 67.812 0 67.812 1.40E-04 0.282 | 0.094 | 72.546 0 72.546 1.73E-04 0.343 | 1.22
4100 | 69.282 0 69.282 1.50E-04 0.297 | 0.099 | 74.228 0 74.228 1.86E-04 0.361 | 1.22
4200 | 70.804 0 70.804 1.60E-04 0.312 | 0.104 | 75.970 0 75.970 2.00E-04 0.380 | 1.22
4300 | 72.378 0 72.378 1.72E-04 0.329 | 0.110 | 77.775 0 77.775 2.15E-04 0401 | 1.22
4400 | 74.006 0 74.006 1.84E-04 0.347 | 0.116 | 79.646 0 79.646 2.32E-04 0423 | 1.22
4500 | 75.688 0 75.688 1.98E-04 0.366 | 0.122 | 81.583 0 81.583 2.50E-04 0448 | 1.22
4600 | 77.424 0 77.424 2.12E-04 0.386 | 0.129 | 83.588 0 83.588 2.70E-04 0474 | 1.23
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PART 6

Example Problems: Residual Stresses
using Autofrettage
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6 EXAMPLE PROBLEMS ON RESIDUAL STRESSES USING AUTOFRETTAGE

6.1 Example Problem E-KD-5.1.1 — Determine Residual Stresses in
Autofrettaged Cylinder Wall with Known Autofrettage Pressure

Determine the residual stress in the vessel wall found in E-KD-2.1.1 for an autofrettaged cylinder with an
autofrettage pressure of 65,000 psi using the methodology in KD-521. Assume this is an open-end vessel
where the end load is not supported by the vessel.

The evlinder being-analvzed-isfrom E-KD-2 1.1
o4 5} 24

4 Outside Diameter (Do) = 12.0 inches
4 Inside Diameter (D)) = 6.0 inches
4 Design Pressure (Pp) = 56,079 psi (Calculated in E-KD-2.1.1)

4 Autofrettage Pressure (P,) 65,000 psi

It should be noted that for an actual vessel using this calculation, the actual measured yield strength fqr the
material (KD-502) of the vessel should be used, in lieu of the specificationsminimum. The specificgtion
minifnum is used in this example.

STEP 1 — Calculate the elastic-plastic interface for the given autofréttage pressure using KD-521.3

The ¢lastic-plastic interface (D,) is calculated iteratively using the following equation:

=1.15%S l1l( p) g }% 65 000}75 = 1454 115 000{75 lTl( p) +
= 1. * * — | + — = 1, * , * —_—
A y D, 2+ D2 ’ : ! 6in

(12in)? — D2
2+ (12in)?

~

Thergfore, the elastic-plastic interface diameter is (itératively):
Dp’= 7.080in

Note| that the maximum overstrain ratio from KD-521(c) is 0.4. The overstrain ratio here is:
Dp—D; _ 7.080in — 6in

= =0.180 < 0.4

STEP 2 — Determine the Linear Elastic Stress at the ID at Autofrettage Pressure

The theoretical linear elastic stress at the ID of the vessel can be found using the equations of KD-250:
D3 + D} ~ (12in)? + (6in)?
4*pz— Dz~ O>000PS (Tain)e — (6in?

0y = = 108,333psi

0, = —P, = —65,000psi

o, = Opsi

Note the longitudinal stress (o) is zero for a vessel that does not support the pressure end load as in this
case.

STEP 3 — Verify of the Average permanent tangential strain at 1D

Paragraph KD-510 limits the permanent tangential strain at the bore surface resulting from the autofrettage
operation to not exceed 2%. The equations of KD-521.2 can be used for this purpose by solving the left
side of the equation for &,:
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2

FAC=(1-2v)« <ln ((3—;)7 - 1) +(@2-v)* (g—’l’)z +(1—-v) = <?)

(]

FAC=(1—-2+03) (1 ( oin )2 1)+ @2-03) (7'080in)2+(1 0.3) (7'080i")2 2.088
= — * * - —_ * - * =
' "\\7.080in ' 6in ' 12in '

115 %S, ./ (ln ((g—’:r) + D(%D_ED}%) * (1 —v+ (1 +v)= (g—?)z)\

G =————F| FAC— = '

2+E k (lz))_(,’) .

7.080im\%\ = (12in)? — (7.080in)> 12in\?
1.15 « 115,000psi (2 - (ln <( o) > + Tzin)? #(1-03+ @03« (Gp)

~ 2+ 28,300,000psi - 12\2_
@ )

€p

€p = 0.0338% < 2%

Thergfore, this is acceptable per KD-510.

STEP 4 — Calculate the Theoretical Residual Stresses Betweenthe'‘Bore and the Elastic-Plastic Interfpce

The theoretical residual stress distribution for the cylinder without the effect of reverse yielding shoulld be
detenmined using the equations of KD-522.1.

DZ + D2 D b} DZ — D2 Dp D2
o-tRA(D)—Sy*<—2*D£ +ln(D—P>— 52— D7 * 27D +ln(E) (1452

. - {7.080% + 122 6 62 122 — 7.0802 7.080 122
ra(6in) = 115,000psi * +ln( )— * +ln( ) #| 1+ —-

Q

2 %122 7.080 122 — 62 2122 6 62

Ora(6in) = —35.724ksi

Dz = D2 D D? DZ — D2 Dp D2
UrRA(D)—Sy*<—2*D5 +ln<D—P>— DL —D7 * 2D +ln<E) |17z

(6im) = 11Eomst 7.080° - 122 ( 6 ) 62 128 ~7.080° (7.080) 12
= * — * * -
ralOM JUepst 2% 122 ™\7.080) “\122 — 62 2%122 "\ 62

0rpa(6in) = Oksi

Q

STE c Cokrae tion-faor Pavcoe hinaor Taontar for Davaren \VanlaAinn
J CUMTCCTOTT TUT DOU ST IO T T aCtOT TUT N\ CVCTSCT T ICTOITTYg

The residual stresses are then corrected for the effect of a reduced compressive yield strength after tensile

yielding, termed as the “Bauschinger Effect Factor”. This is done in accordance with the methods of
KD-522.2.

a) The first step is to determine the diameter where the residual hoop stress minus the radial stress is
equal to zero. This is done using the equations in KD-522.1 as shown in Step 4 iteratively. This is
defined as Dz, which for this problem equals 6.869 inches.
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~ (7.080% — 122 6.869 62 122 — 7.0802 7.080 122
0rra(Dz) = 115,000psi * + ln( ) - ) + ln( ) (1

- [7.080% + 122 6.869 6° 122 — 7.0802 7.080 122
0tra(Dz) = 115,000psi * +ln( )— * +ln( ) * 1+m

2%122 7.080 122 — 2 %122 6

GTRA(DZ) = O'-rRA(6.869in) = —2.307ksi

2%122 7.080 122 — 62 2 %122 6

=)

)

I

Note

Son

OrA D7) = O:rA(0:869I) = —2.307KST

) Define the hoop stress at the ID without reverse yielding as oup:
Oup = —35724k$l

) Determine the overstrain ratio as:
Dp —D;  7.080in — 6in

M = =
Dy — D, 12in — 6in

=0.18

) Determine the corrected value of tangential stress at the ID basedon the equations in KD-522
Ocp1 = Oap * (1.6695 — 0.1651Y — 1.8871M + 1.9837M? — 0.7296M?3)

Ocp1 = —35.724ksi x (1.6695 — 0.1651 = 2.0 — 1.8871 % 0.18+ 1.9837 = 0.182 — 0.7296 * 0.18%)
Ocp1 = —37.853ksi
Ocpz = Oap * (—0.5484 + 1.8141Y — 0.6502Y2 + 0.0791Y3)
Ocpz = —35.724ksi x (—0.5484 + 1.8141%2.0 — 0.6502 * 2.0% + 0.0791 = 2.0®) = —39.718ksi

ocp = max(0¢pq, Ocpz)=wax(—37.853ksi, —39.718ksi) = —37.853ksi

S, 115ksi '

b further correction.is needed (refer to KD-522.2(c)).
) The residual-stresses are then calculated in a piecewise continuous fashion.
1) FremD;<D<Dy,

(DZ*(ln(DQI)+1)+D,—ZD\

D) =
owr(D) = ocp * D. —D.

2 (b):

6.869in * (ln (%) + 1) + 6in — 2 * 6in
6.869in — 6in

o (D)) = 0px(6in) = —37.853ksi < ) = —37.853ksi

otr(D;) = 0,5(6.869in) = —37.853ksi *

6.869in * (ln (6'86.9‘") + 1) +6in — 2 * 6.869in
bin — —2.618ksi
6.869in — 6in
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Dz*ln(gl)+D,—D

Dz — Dy

orr(D) = o¢p *

6.869in * In (2%) + 6in — 6in
oyr (D)) = 0,5(6in) = —37.853ksi * = Oksi

At th

And

6.869in — 6in
/ (6.869in\ \
' [ 0BOIM * M| —pr— | T Ol — 6.80911 roi
orr(Dz) = 0,5(6.869in) = —37.853ksi * 869 — Cin = —2.618ksi

2) A correction factor is then applied for the stresses for D > Dy:

o,n(Dy;)  —2.618ksi
Fb = =

= = =1.135
O-TRA(DZ) —2.307k$l

3) The stresses for Dz < D < Dp are then calculated by multiplying stresses from KD-522.1
correction factor Fy.

4) The stresses for Dp < D < Do are then calculated using thelequations from KD-523:

D? D2 D? DZ — D2 Dp
JtRB(D)=Sy*Fb*<1+ﬁ>*<2*D5+DS—Df* 2+ D2 _l"<D_,)

DZ D} D} D3 — D Dp
arRB(D)=Sy*F”*(1_5)*<2*05+DS—D,2* 2+ D2 _ln(D_,)
e elastic-plastic interface:

(Dp) = 115,00psi * 1.135 * | 1 2 7080 + ¢ o ! (7.080)
= * 1, * * * -
otrs (D 00pst 70802) \2x122 T122 62 "\ 2-122 "'\ 6

0trg(Dp) = 0gp(7.080in) = 5.171ksi

. 122 7.0802 62 7.080%2 — 122 7.080
orre(Dp) = 115,00p5{+ 1.135 = | 1 * + - ln( )

~70802) \2v122 T 12262 "\ 24122 6
0vr5(Dp) = 0yg5(7.080in) = —2.500ksi

at the outSide diameter:

122) "\ 2%122 T 122 —62 “\ 7 2% 122 6

y the

. 122 7.0802 62 7.080% — 122 7.080
o:r5(Dp) = 115,00psi * 1.135 * [ 1 + — | * + - ln( )

org(Dp) = oygp(12in) = 2.671ksi

D) — 115.000si » 1135« (1 122) , [7:0802 62 7.0802 ~12*  (7.080
0rrs(Do) = 115,00psi + 1135 (1~ 107 || T g ¥ e g2 * T2 122 _n< 6 )

0rr(Do) = oypp(12in) = Oksi
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Figure 41 — E-KD-5.1.2-1 — Residual Stress, Distribution in Vessel Wall

80


https://asmenormdoc.com/api2/?name=ASME PTB-5 2019.pdf

ASM

6.2

E PTB-5-2019: ASME BPVC SECTION VIII, DIVISION 3, EXAMPLE PROBLEM MANUAL

Example Problem E-KD-5.1.2 — Determine the Autofrettage Pressure in a

Cylinder Wall with known Residual ID Tangential Strain

Determine the autofrettage pressure (P.) in the vessel wall found in E-KD-2.1.1 when the residual tangential
ID strain is known using the methodology in KD-521. Assume this is an open-end vessel where the end

load

is not supported by the vessel.

The cylinder being analyzed is from E-KD-2.1.1.

e Qutside Diameter (Do) = 12.0 inches
Design Pressure (Pp) = 56,079 psi (Calculated in E-KD-2.1.1)
Residual ID tangential strain (p) = 0.0338%

It should be noted that for an actual vessel using this calculation, the actual measured yield strength fq

r the
p.1.1

Wi

~_

mateyial (KD-502) of the vessel should be used. The minimum yield strength of 115 kSi from E-KD-
is used here.
STEP 1 — Calculate the elastic-plastic interface (D,) for the given autofrettage-préessure using KD-52
The ¢lastic-plastic interface (D,) is calculated iteratively using the followihg equation:
DpN2Y | D3 — D} Do\?
115, D\ Dpy? Dpy? (ln((D_,))+ D3 )*<1_V+(1+v)*(71)>
€ =g * (1—2v)*(ln((D—P) )—1>+(2—V)*<D—1) +(1—v)*(D—0) - D
() -1
; ;. 2 2 2 n & ’ (12”’1)2_D5 * — 0. .. * Hi i
o HEEEE | o-se (o)) - 2 o D e
L2imy*_
The glastic plastic interface can then be found tohe 7.080 inches.
STEP 2 — Calculate the autofrettage pressure (P,) using KD-521.3
The qutofrettage pressure can then be determined using the equation in KD-521.3.
D,\ DZ-{D3 7.080i 12in)? — (7.080in)?
Py =115%5, * (ln (—p> + = P) = 1.15 % 115,000psi * (ln( m) + (12in) ( in) > = 65,000pki

D, 2 % D? 6in 2 * (12in)?
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PART 7

Example Problems: Closures and
Connections
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7 EXAMPLE PROBLEMS IN CLOSURES AND CONNECTIONS

7.1 Example Problem E-KD-6.1.1 — Evaluation of a Connection in a 60-ksi
Pressure Vessel at 100°F

Determine the suitability of an industry standard 9/16 tubing connection [6][7] for use in an BPVC Section
VIII, Division 3 pressure vessel made of SA-723 Grade 2 Class 2 material rated at 60 ksi at 100°F as shown
in Figure E-KD-6.1.1-1. The vessel will be designed with sufficient wall thickness to accommodate an
opening of this size using the elastic-plastic finite element methods of KD-230.

Note} that it is typical to consider the boundary of a pressure vessel to end at the first connection. However,
it is poted that in KD-6, the rules regarding the geometry of the connection machined into the vessgl are
mandatory for all vessels.

Alsof it is assumed that this is a connection on the exterior surface of a pressure vessel/such as a cgnter
connection on a head. These assumptions mean that the dimension of the material surrounding the
connection (in the direction perpendicular to the centerline of the connhection as showp in
Figure E-KD-6.1.1-1) is large compared with the dimensions of the connection.\Fherefore, it is assyimed
that {he radial displacement is negligible.

The DS states that there are no externally imposed loads on this connection.

Therp are two methods for evaluation of this type of connection indKD-6, elastic-plastic basis in KO-621
and the linear-elastic basis in KD-623. This example will approach‘the problem from the linear elastic basis.

Note|that if the connection is to be under cyclic operation, it may need to be evaluated as a potential filure
modg in accordance with KD-3 / KD-4 but will not be as part of this example.

¢

Use weep hole or groove
to prevent pressure bujldup
at joint in the event of @leak
[see KD-661 (b}]

7

7

Figure 42 — E-KD-6.1.1-1 — Typical High-Pressure Connection (VIII-3, Appendix H)
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Material

Vessel Material
SA-723 Grade 2 Class 2 material rated at 100°F
S, = 120,000 psi at 100°F Yield Strength of the material
S, = 135,000 psi at 100°F Tensile Strength of the material

Vessel and Opening Dimension and Loading Data

D, =0.296 inch Opening Seal Diameter
b =0.005 inch Assumed Seal Width
m=6.5 Seal Factor

P =60,000 psi Pressure Load

W = 0.785D2P + (2b x 3.14DymP)

W =7,755 Ibf End load on connection using BPVE-Section VIII, Division 1[5]
Appendix 2 Section 2-5 for connegtions with metal seat.

Thread 1/8-14UNS Class 2B thread machined into the body

p=1/14inch Thread pitch

Dajor = 1.113 inches Min material condijtion of Major Diameter of Male Thread

Dninor = 1.064 inches Min material condition of Minor Diameter of Female Thread

Dpiren = 1.071 inches Pitch Diaméter of Connection Thread

D;oor = 1.0384 inches NominahRoot Diameter of Male Thread

L =0.438 inch Minjmum Engaged Gland Thread Length per KD-626 (this|does

not include incomplete or partial threads)

STEP 1 — Determine the Average-Thread Shear Stress (KD-623(f))
The qverage thread shear stress.is limited to 30,000 psi (0.25S,). This is calculated by:

W 7,7551bf

nDpitch% m* 1.071in * w

T= = 10,525 psi

Whefe:
W = 0.785D2P + (2b * 3.14DymP)

W= 0785 * (0.296in)2 * 60 000psi + (2 0005in %314 % 0296in + 6.5 * 60000psi) = 7,755]hf

STEP 2 —Determination of the Average Thread Bearing Stress (KD-623(q))

The average thread bearing stress due to the maximum design load is limited to 90,000 psi (0.75S,). This is
calculated by:

W 7,755Ibf
 Apearing  1.011in?

o = 7,671 psi
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Where:

0.438in
=1.011 in?

L
Apearing = TDpitcn(Pmajor — Dminor); = * 1.071in * (1.113in — 1.064in) *

14

STEP 3 — Determine the Length of Engagement Required (KD-623(k))

The minimum thread engagement length is the minimum based on the drawing tolerances and without credit
for the first and last partial thread in the engaged length. KD-623(j) states that connections with imposed

Ioadwmmmmm
externally imposed loads on these connections, so therefore, this requirement does not apply.

Note]
publ

Itis
0.75¢
threa

7.2

In lig
the 9
these

Itis
by K|
groo

Vess|

The connections listed here are “industry standard” but typically machined to manufactd
shed standards such as listed in the references for this manual.

Iso noted that KD-623(k) states that the engaged thread length shall not be less than.the larger of
s (S, of stud material at design temperature / S, of tapped material at design temperature). The eng
d length would not meet this requirement.

Example Problem E-KD-6.1.2 — Alternative Evaluation;of Stresses in
Threaded End Closures

u of performing a numerical simulation, such as a finite element analysis, of a closure to deten
fresses for a fatigue or fracture mechanics analysis, KD-630 provides guidance on the evaluati

oted that a vent hole will be incorporated into the closure for use in the event of seal failure, as req
D-661. This will either be as a small weep hole through the side of the vessel or by venting the n
/ing the face and possibly drilling an intersecting hole axially through the nut.

£l Dimension and Loading Data (refer telE-AE-2.2.1 and E-KD-2.3.1 for complete details)

Design Pressure (Pp) = 11,000 psi
Outside Diameter of the Vessel'(Dg) = 12 inches
Inside Diameter of the/Vessel (D;) = 10 inches
Pitch Diameter of the Threads (D,) 10.443 inches
Root Diameter‘ofithe Threads (Do) 10.769 inches

e no

rer’s

dy or
aged

Mmine
bn of

stresses. This problem is to evaluate the stresses at the first thread in the pressure vessel evaluated in
exan’[ple problem E-AE-2.2.1 and E-KD-2.3.1.

Lired
ut by

STE

Thread Pitch~(Py) = 0.5 inch

Total number of threads (n) = 10

Fs(from E-AE-2.2.1) = 863,938 Ibf

1 — Evaluate the | ongitudinal Bending Stress at the First Thread (KD-631 1)
The primary longitudinal bending stress in the vessel at the first thread is found using:
3.0 5 3.0 863 9381b7 117,737 psi
og=30—m— =30 ——m—= ) Si
LB ALongitudinal 22.014 P
re:

Whe

m s , . .
ALongintudinal = 1 (D§ = D}oor) = % * ((12in)? — (10.769in)?) = 22.014 in®
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