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FOREWORD TO THE THIRD EDITION

This document is the third edition of the ASME Section VIII — Division 2 Example Problem Manual. The purpose
of this third edition is to update the example problems to keep current with the changes incorporated into the
2021 edition of the ASME B&PV Code, Section VIII, Division 2. The example problems included in the second
edition of the manual were based on the contents of the 2013 edition of the B&PV Code.

Known corrections to paragraph changes and references, design equations, and calculation results have been
made in this third edition. Additionally, some formatting modifications were made to facilitate better use of the
examplg manual, as applicable.
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FOREWORD TO THE SECOND EDITION

This document is the second edition of the ASME Section VIII — Division 2 example problem manual. The
purpose of this second edition is to update the example problems to keep current with the changes incorporated
into the 2013 edition of the ASME B&PV Code, Section VIII, Division 2. The example problems included in the
first edition of the manual were based on the contents of the 2010 edition of the B&PV Code. In 2011, ASME
transitioned to a two year publishing cycle for the B&PV Code without the release of addenda. The release of
the 2011 addenda to the 2010 edition was the last addenda published by ASME and numerous changes to the
Code were since adopted.

Known ¢orrections to design equations and results have also been made in this second edition. (Addjtionally,
some fofmatting modifications were made to facilitate better use of the example manual, as applicable.
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FOREWORD

In 1998 the ASME Boiler and Pressure Vessel Standards Committee authorized a project to rewrite the ASME
B&PV Code, Section VIII, Division 2. This decision was made shortly after the design margin on specified
minimum tensile strength was lowered from 4.0 to 3.5 in Section | and Section VIII, Division 1. ASME saw the
need to update Section VIII, Division 2 to incorporate the latest technologies and to be more competitive. In lieu
of revising the existing standard, the decision was made to perform a clean sheet rewrite. By doing so it was felt
that, not only could the standard be modernized with regard to the latest technical advances in pressure vessel
construction, but it could be structured in a way to make it more user-friendly for both users and the committees
that maiptain it.

Much ngw ground was broken in the development of the new Section VIII, Division 2, including-the [process
taken tq write the new standard. Traditionally, development of new standards by ASME'is carried out by
voluntegrs who serve on the different committees responsible for any given standard.<Depending ypon the
complexity of the standard, the development of the first drafts may take up to 15 years to complete bpsed on
past hisfory. The prospect of taking 15 or more years to develop VIII-2 was unacceptable to ASME [and the
voluntegr leadership. The decision was made to subcontract the development)of the draft to the Fressure
Vessel Research Council (PVRC) who in turn formed the Task Group on Continued Modernization of Godes to
oversee| the development of the new Section VIII, Division 2 Code. €£VRC utilized professionals with both
engineefing and technical writing expertise to develop new technology~and the initial drafts of the new|Section
VIIl, Divfsion 2.

A Steerfing Committee made up of ASME Subcommittee Wil members was formed to provide tpchnical
oversight and direction to the development team with the goal of facilitating the eventual balloting and @pproval
process| ASME also retained a Project Manager to magage all the activities required to bring this new gtandard
to publigation.

The project began with the development of a detailed table of contents containing every paragraph heading that
would gppear in the new standard and identifying the source for the content that would be placed in this
paragraph. In preparing such a detailed table of contents, the lead authors were able to quickly identify areas
ajor development effort was sequired to produce updated rules. A list of some of the new teghnology
for VIII-2 rewrite includes:

where

e Adoption of a design margih on specified minimum tensile strength of 2.4,
e Toupghness requirements,

o Desjgn-by-rule forthe creep range,

e Conical transitionrteinforcement requirements,

e  Opdning reinforcement rules,

e Local straih criteria for design-by-analysis using elastic-plastic analysis,
e Lim i i i i iti

e Fatigue design for welded joints based on structural stress method, and
¢ Ultrasonic examination in lieu of radiographic examination

Users of the Section VIII, Division 2 Code (manufacturers and owner/operators) were surveyed at the beginning
of the project to identify enhancements that they felt the industry wanted and would lead to increased use of the
standard. Since the initial focus of the Code was for the construction of pressure equipment for the chemical
and petrochemical industry, the people responsible for specifying equipment for this sector were very much
interested in seeing that common requirements that are routinely found in vessel specifications would become a


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

requirement within this standard. This was accomplished by close participation of the petrochemical industry
during the development of this standard. Some of the enhancements included.

Alternatives provided for U.S. and Canadian Registered Professional Engineer certification of the User
Design Specification and Manufacturers Design Report,

Consolidation of weld joint details and design requirements,

Introduction of a weld joint efficiency and the use of partial radiographic and ultrasonic examination,
Introduction of the concept of a Maximum Allowable Working Pressure (MAWP) identical to VIII-1,
Significant upgrade to the design-by-rule and design-by-analysis procedures,

Exte
Exte

nsion of the time-independent range for low chrome alloys used in heavy wall vessels,
nsion of fatigue rules to 900°F (400°C) for low-chrome alloys used in heavy wall vessels,

Adoption of new examination requirements and simplification of presentation of the rules,
Usef-friendly extensive use of equations, tables, and figures to define rules and proceddres, and

¢ ISOjformat; logical paragraph numbering system and single column format,

o Marjy of these enhancements identified by users were included in the first release’of Section VIIl, D
in 2007.

After puplication of Section VIII, Division 2, ASME contracted with the Equity-Engineering Group, Inc. to

the ASM
calculati

ons used in the ASME B&PV Code, Section VIII, Division 2.

vision 2

develop

E Section VI, Division 2 Example Problem Manual. This publication is provided to illustrate th¢ design

Vi
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PART 1
GENERAL REQUIREMENTS

N - 11
1.1 )10 o (VT3 (o] o NPT 1-1
LA S Tt o] o 1Y RRPRP 1-1
1.3 [T 101140 T 1-1
1.4 | Organization @and USE ............uviiiiiiiiiiiiiiee ettt e e e e e e e e e e s e e ee e e e e e snnrnneeee e 1-1
1.5 [ VIHIF2 VESSEI ClASSES.... oottt e e e e e e e e e e e e e e rae e e s e s e enaneeesnnn s rne et e 1-2
1.6 REFEIENCES ... ..ot e e e e e e e e e e e s e s enneeeenne e L e 1-2

1.1

ntroduction

ASME B&PV Code, Section VIII, Division 2 contains mandatory requirements, specific prohibitions, gnd non-

mandatgry guidance for the design, materials, fabrication, examination, inspegtion, testing, and certifi
pressurg vessels and their associated pressure relief devices. The 2007 edition of the code has been
and reofganized and incorporates the latest technologies for pressure vessel design. Since this initial
the cod¢ has undergone further development in all of its Parts, including’refinement of its Part 4 Design
(DBR) pfrocedures and Part 5 Design-by-Analysis (DBA) methods..These modifications are captured in
documept.

1.2 Sgope

cation of
B-written
release,
by-Rule
his PTB

Examplé problems illustrating the use of the Design-by-Rule and Design-by-Analysis methods in ASME B&PV
Code, Section VI, Division 2 are provided in this document. Example problems are provided for all calculation
procedures primarily in US Customary units;“however select problems are shown using Sl units. As dqgtailed in
paragraph 1.5 of this document, ASME-has introduced a two-class vessel structure. All example groblems

containgd in this document are basedon'a Class 2 designation and applicable allowable stress values
in ASME Section II, Part D, Subpart;1; Table 5A and Table 5B.

1.3  Dgfinitions

The follgwing definition’is*used in this manual.

e VI - ASME-B&PV Code, Section VI, Division 2, 2021

1.4 rganization and Use

pbbtained

An introduction 1o the example problems is described in Part 2 of this document. The remaining Parts of this
document contain the example problems. The Parts 3, 4, and 5 in this document coincide with the Parts 3, 4
and 5 in the ASME B&PV Code, Section VIII, Division 2. For example, example problems illustrating the design-
by-rule calculations contained in Part 4 of Section VIII, Division 2 are provided in Part 4 of this document.

Unless explicitly stated otherwise, all paragraph references are to the ASME B&PV Code, Section VIII,
2, 2021 Edition. Reference [1].

Division

The example problems in this manual follow the calculation procedures in ASME B&PV Code, Section VIII,
Division 2. It is recommended that users of this manual obtain a copy of ASME PTB-1-2013 [2] that contains

1-1
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criteria and commentary on the use of the design rules.

It should be noted that VIII-2 permits the use of API 579-1/ASME FFS-1 [3] for some calculation procedures.
When reviewing certain example problems in this manual, it is recommended that users obtain a copy of this

standard.
1.5 VIII-2 Vessel Classes
The 2017 edition of VIII-2 introduced a two—class vessel structure to attract more users to VIII-2. The format of
the two-retass-stractare-assigns-a-Class-vesseta-desigrmearginof 3-0-on-the-UitimateFenstte-Strength (UTS),
which is|consistent with the philosophy of pre-2007 editions of VIII-2, while maintaining the 2.4 design margin on
UTS for|a Class 2 vessel. Class 1 vessels shall use the allowable stresses published in ASME B&P)/ Code,
Section I, Part D, Subpart 1, Table 2A or Table 2B. Class 2 vessels shall use the allowable stresses pliblished
in ASME B&PV Code, Section I, Part D, Subpart 1, Table 5A or Table 5B.
The degign and construction of a Class 1 vessel is permitted under the following litnitations and relaxation of
rules as|compared to a Class 2 vessel.
e Desjgn margin of 3.0 on UTS,
e The|User’s Design Specification (UDS) requires certification only when a fatigue analysis is mandated in the
UD$,
e The|Manufacturer's Design Report (MDR) requires certificatien’only when the following are performgd:
° Fatigue analysis,
° Use of Part 5 Design-by-Analysis to determinerthickness of pressure parts when design ruleq are not
provided in Part 4 Design-by-Rule,
° Use of Part 4.8 to design quick-actuating.closures, or
° Dynamic seismic analysis.
e Par5 DBA methods shall not be used in lieu of Part 4 DBR, and
e All pther aspects of construction including materials, fabrication, examination, and testing shall be in
accordance with the applieable parts of VIII-2.
1.6 ferences
[1] ASNIE B&PV Code, Section VIII, Division 2, Rules for Construction of Pressure Vessels — Alternative Rules,
202[L, ASME{New York, NY, 2021.
[2] Osage, D, ASME Section VIII — Division 2 Criteria and Commentary, PTB-1-2013, ASME, New Yprk, NY,

2013

[3] API, API 579-1/ASME FFS-1 2021 Fitness-For-Service, American Petroleum Institute, Washington, D.C.,
2021

1-2
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PART 2
EXAMPLE PROBLEM DESCRIPTIONS

g - 2
2.1 (1Y =] = | T
2.2 BamplePreblemfFormat-—rierrreeeeeeeeeeeeeeeeeeeeeeee
2.3 (OF=1 (o101 F=1 A 10T g W md (=103 11 (o) o TR, S

21 Tneral
Exampl¢ problems are provided for:

o Part
o Part
o Part
o Part
o Part
o Part

A summ

2.2 Example Problem Format

In all the
with syn
complex

23 (

The cal
intendeg
computd

3 — Materials Requirements

4 — Design by Rule Requirements
5 — Design by Analysis

6 — Fabrication Requirements

7 — Examination Requirements

8 — Pressure Testing Requirements

ary of the example problems provided is containéd in the Table of Contents.

example problems, except for tubesheet design rules in paragraph 4.18, the code equations ar
nbols and with substituted numerical values to fully illustrate the use of the code rules. Becaus
ity of the tubesheet rules, only the results for each step in the calculation producer is shown.

alculation Precision

Culation precisien\used in the example problems is intended for demonstration proposes 0

r implementation, rounding of calculations should only be done on the final results.

e shown
e of the

hly; any

precision isiot implied. In general, the calculation precision should be equivalent to that obtained by
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PART 3
MATERIALS REQUIREMENTS

Y 341
3.1 Commentary on Rules to Establish the Minimum Design Metal Temperature (MDMT) ........cccocceeeennes 3-1
3.2 Example E3.1 — Use of MDMT EXemMptions CUIVES .......coooi it e e e e 3-3
3.3 [ExampteESZ2=UseofMBMT ExemptiomCurveswittrStress Reductom———————""""—"—"1-....- 3-5
3.4 | Example E3.3 — Determine the MDMT for a Nozzle-to-Shell Welded Assembly ...........cccccc. @b 3-7

3.1 CGommentary on Rules to Establish the Minimum Design Metal Temperature (MDMT
Material|toughness requirements are provided in paragraph 3.11.

Paragraph 3.11.1.1 — Charpy V-notch impact tests shall be made for materials used for shells, heads, hozzles,
and othér pressure containing parts, as well as for the structural members essential to structural integrity of the
vessel, linless exempted by the rules of paragraph 3.11.

a) Todighness requirements for materials listed in Table 3-A.1 (carbon and low alloy steel materials| except
bolfing materials) are given in paragraph 3.11.2.

b) Toughness requirements for materials listed in Table 3-A.2(quenched and tempered steels with enhanced
tengile properties) are given in paragraph 3.11.3.

c) Todighness requirements for materials listed in Table 3-A.3 (high alloy steels except bolting materials) are
given in paragraph 3.11.4.

d) Todighness requirements for materials listéd'in Table 3-A.4 through 3-A.7 (nonferrous alloys) are giyen in
paragraph 3.11.5.

e) Toldighness requirements for all bolting materials are given in paragraph 3.11.6.
This commentary highlights the organization of paragraph 3.11.2, Carbon and Low Alloy Steels Except Balting.
a) Pargagraph 3.11.2.1 — Toughness Requirements for Carbon and Low Alloy Steels.

b) Patagraph 3.11.2:2'<"Required Impact Testing Based on the MDMT, Thickness, and Yield Strength.

c) Pagagraph 3.11:2.3 — Exemption from Impact Testing Based on the MDMT, Thickness, and Material
Spécification.

d) Paragraph 3.11.2.4 — Exemption from Impact Testing Based on Material Specification and Product Fprm.

e) Paragraph 3.11.2.5 — Exemption from Impact Testing Based on Design Stress Values.

f)  Paragraph 3.11.2.6 — Adjusting the MDMT for Impact Tested Materials.

g) Paragraph 3.11.2.7 — Vessel or Components Operating Below the MDMT.

h) Paragraph 3.11.2.8 — Establishment of the MDMT Using a Fracture Mechanics Methodology.

i)  Paragraph 3.11.2.9 — Postweld Heat Treatment Requirements for Materials in Low Temperature Service.

j)  Paragraph 3.11.2.10 — Impact Tests of Welding Procedures.

3-1
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There are significant changes to select paragraphs in the 2021 edition of VIII-2. A brief summary of these changes

follows.

1)

2)

3)

4)

5)

6)

Paragraph 3.11.2.4(a) — The requirement on material properties and heat treatment for ferritic flanges
produced to ASME B16.5 and ASME B16.47 standards has been changed to address the concern of Charpy
Impact Test energy values when subject to ambient and low temperature. The paragraph was modified to

coin

o

cide with the changes noted in Figure 3.7 (3.7M) and Figure 3.8 (3.8M).

Charpy Impact testing is not required for ferritic steel flanges when produced to fine grain practice and

ot traotad oo Barad baod ondt

Figu
in th
the

o

Vil
for

(3.8M) states fine grain practice is defined as the procedure necessary to obtain a fine austenitic g

as

Paragraph 3.11.2.5(a) — Provides specific.guidance for pressure vessel attachments that are exf

tens
an

o

Paragraph 3.11.2.5(c) — The optionto reduce the MDMT for a flange when the MDMT is establishe

on

Paragraph 3.11.2.5(e) —(Provides specific guidance that longitudinal stress in the vessel due to nef

ben
ves:s
con

Paragraph3711.2.6(a) — When adjusting the MDMT for impact tested materials, the same guid

proy

ET=V~\ . anditian-taakaalizad—marmalizad-andtam. PP TR PN
PO PTTC O e Tecara catc U CcormartaoTT (o anzZ e oo anzec U ara tCTipeTe U o ooty

after forging) when used at design temperatures no colder than —20°F.

used at temperatures no colder than O°F.

re 3.7 (3.7M) and Figure 3.8 (3.8M) — The material classifications (Impact Test Exemption Curve
e NOTES of the applicable figures are summarized as follows. The figures wére'modified to coin
Changes noted in paragraph 3.11.2.4(a).

Curve A applies to A/SA-105 forged flanges supplied in the as-forged:condition, and

tempered, or quenched and tempered after forging.

-2 does not provide specific guidance to the User as to what grain size constitutes a fine grain
an A/SA-105 forging specification. However, Genefal Note (d)(2) of Figure 3.7 (3.7M) and Fi

Hescribed in SA-20.

ile stresses from internal pressure (e.Q.,-hozzle reinforcement pads, horizontal vessel saddle attag
stiffening rings), the coincident ratio'shall be that of the shell or head to which each component is a

aragraph 3.11.2.4(a) was'removed (see 1) above).

ling that result in‘general primary membrane tensile stress (e.g., due to wind or earthquake in g
el, at mid-span-and in the plane of the saddles of a saddle supported horizontal vessel)
Sidered when-Calculating the coincident ratio in Figure 3.12 (3.12M) or Figure 3.13 (3.13M).

ided-in paragraph 3.11.2.5(a) is repeated here. For pressure vessel attachments that are exj

mpered

Charpy Impact testing is not required for ferritic steel flanges supplied in the as-forged conditipn when

s) found
ide with

Curve B applies to A/SA-105 flanges produced to fine grain gpractice and normalized, normaligzed and

practice
jure 3.8
ain size

osed to
hments,
ttached.

d based

-section
vertical
shall be

Ance as
osed to

ten

ile Stresses from mternal pressure (€.79., noZZIe remnforcement pads, norizontal veSSelr saddle attachments,

and stiffening rings), the coincident ratio shall be that of the shell or head to which each component is attached.
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3.2 Example E3.1 — Use of MDMT Exemptions Curves

Determine if impact testing is required for the proposed shell section using only the rules of paragraph 3.11.2.3.
The shell is cylindrical with all Category A joints made up of Type 1 butt welds which have been 100%
radiographically examined.

Vessel Data:

e Material = SA-516, Grade 70, Normalized
o Nominal Thickness = 1.8125in

e PWHT = Yes

e MDMT = —20°F

Paragraph 3.11 Material Toughness Requirements. The procedure that is used to<gestablish impac

exempti

Paragra
and oth{

Paragr

Paragra

DNns is shown below.

ph 3.11.1.1 — Charpy V-notch impact tests shall be made for materials-used for shells, heads,
br pressure containing parts, as well as for the structural members essential to structural integri

vessel, arjnless exempted by the rules of paragraph 3.11.

h 3.11.2. for Carbon and Low Alloy Steel Except Bolting.

ph 3.11.2.1 — Impact tests shall be performed on carbon™and low alloy materials listed in Table §

all combinations of materials and MDMTs except as exempted by paragraphs 3.11.2.3, 3.11.2.4, 3.1

3.11.2.8

Pai

Pal

Pai

Pal

agraph 3.11.2.3 — Exemption Based on the MDMT, Thickness, and Material Specification
agraph 3.11.2.4 — Exemption Based onMaterial Specification and Product Form
agraph 3.11.2.5 — Exemption Based.on Design Stress Values

agraph 3.11.2.8 — Establishment of the MDMT Using a Fracture Mechanics Methodology

Paragraph 3.11.2.3:

a) ST
est
Spe
the
tes

Fro

P 1 — The vessel-has been subject to PWHT; therefore, Figure 3.8 (or Table 3.15) shall be
Ablish impact testing exemptions based on the impact test exemption curve for the subject

testing

nozzles,
ty of the

-A.1 for
|.2.5, or

used to
material
Ation for

cification, MBMT, and governing thickness of a welded part. If an MDMT and thickness combin
subject material is on or above the applicable impact test exemption curve in Figure 3.8, the

impact

ing is_hotrequired except as required by paragraph 3.11.8 for weld metal and heat-affected zongs.

m the Notes of Figure 3.8, the appropriate impact test exemption curve for the material specificgtion SA-

516, Grade 70 Normalized is designated a Curve D material.

b) STEP 2 — The governing thickness, t,, of a welded part is determined from the criteria of paragraph
3.11.2.3.b. For a butt joint in a cylindrical shell, t,, is equal to the nominal thickness of the thickest weld joint.

In this example, the cylindrical shell is a welded part attached by a butt joint and the governing thickness is
equal to the nominal thickness of the thickest welded joint see Figure 3.9 Sketch (a).

t, =1.8125 in
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c) STEP 3 - The MDMT is part of the design basis of the vessel and is defined in paragraph 4.1.5.2(e). The
MDMT shall also be specified on the User’s Design Specification as noted in paragraph 2.2.3.1.(d)(3) and is
stated in the vessel data above.

d) STEP4-

MDMT =-20°F

Interpreting the value of MDMT from Figure 3.8 is performed as follows. Enter the figure along the

abscissa with a governing thickness of t;, = 1.8125 in and project upward until an intersection with the Curve

D material is achieved. Project this point left to the ordinate and interpret the MDMT. Another approach to

det
Lin

Since th
required
rules of

rminatha MBPMT wath moora concictanoy oan ha anhinvad vy picina tha tabhdar valiine forind 1n T o

ble 3.15.

HRe-thre-tvov—wWh-HRoere-€o1 TOTStCTICy Carr ot TCTc vy e ooy oomig o ic taBtha-varHesteouhReaH—Ta

bar interpolation between thicknesses shown in the table is permitted.

y=( . ](yz—yl)wl

X=X

1.8125-1.75
MDMT =| =222 20 15.8) (-20.2)]+(~20.2) =-19.1°F

e calculated {MDMT = —19.1°F} is warmer than the required {MDMT = —20°F}, impact t
using only the rules in paragraph 3.11.2.3. However, impact testing-may still be avoided by app
paragraph 3.11.2.5 and other noted impact test exemptions referenced in paragraph 3.11.2.1.

psting is
ying the
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3.3 Example E3.2 — Use of MDMT Exemption Curves with Stress Reduction

Determine if impact testing is required for the proposed shell section in E3.1 by applying the rules of paragraph
3.11.2.5. The shell is cylindrical with all Category A joints made up of Type 1 butt welds which have been 100%
radiographically examined.

may be

and the

an 450

ghness

Vessel Data:
e Material = SA-516, Grade 70, Normalized
« Desjgn Conditions = 356 psi @ 300°F
 Insigle Diameter = 150in
. NorIinaI Thickness = 1.8125in
e PWHT = Yes
e MDMT = -20°F
e Weld Joint Efficiency = 1.0
« Corfosion Allowance = 0125in
« Allopable Stress at Ambient Temperature = 25300 psi
o Allojvable Stress at Design Temperature = 22400 psi
e Yielfl Stress at Ambient Temperature = 38000:psi
Paragraph 3.11.2.5 — Exemption Based on Design Stress Values.
Paragraph 3.11.2.5(a) — A colder MDMT for a component than that derived from paragraph 3.11.2.3
determiped in accordance with the procedure Qutlined below.
a) STEP 1 - For the welded part under-consideration, determine the nominal thickness of the part, ¢,,,
required governing thickness of-the'part, t,, using paragraph 3.11.2.3(b).
t,=t, =1.8125 in
b) STEP 2 - Determinedhe applicable material toughness curve to be used in Figure 3.8 for parts s;tlbject to
PWHT. See paragraph 3.11.2.2(b) for materials having a specified minimum yield strength greater
MPa (65 ksi.
Frgm the Nates of Figure 3.8, the appropriate impact test exemption curve for the material specificgtion SA-
516, Grade 70 Normalized is designated a Curve D material.
c) STEP 3=Determine e MDMT from Figure 3.8 for parts subject o PWHT based onthe appiicabie 1o
curve and the governing thickness, t;. See Example E3.1.
MDMT =-19.1°F
d) STEP 4 - Based on the design loading conditions at the MDMT, determine the ratio, R;, using the thickness

basis from equation (3.1). Note that this ratio can be computed in terms of required design thickness and
nominal thickness, applied stress and allowable design stress, or applied pressure and maximum allowable
working pressure based on the design rules in this Division or ASME/ANSI pressure—temperature ratings.
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*

t.E
Rts_tn—CA

where, t, is the required thickness of the cylindrical shell at the specified {MDMT = —20°F}, using Part 4,
equation 4.3.1.

t _b exp{i}—l _ 15025 exp 330 —-1(=1.0646 in
2 SE 2 25300(1.0)

where,

D =150.0+2(Corrosion Allowance) =150.0+2(0.125)=150.25 in

and the variables E*, t,;, and CA are defined as follows:

E” =max[E, 0.80]=max[1.0,0.8]=1.0 — paragraph 3.17

t, =1.8125in
CA=0.125in
Therefore,

tE* 1.0646(1.0
o LE* _ L0GAG(L0)

- - —0.6309
t —CA 1.8125-0.125

e) STEP 5 - Determine the final value of the MDMT and gevaluate results. Since the computed value of[the ratio
R.{ > 0.24 from STEP 4, the specified minimum yigld strength, {S,, = 38 ksi} > 65 ksi, and the shell was
suljject to PWHT, then the reduction in MDMF based on available thickness t, is computed using Figure
3.1B (or Table 3.17). Interpreting the valueof the temperature reduction, T;., from Figure 3.13 is pgrformed
as follows. Enter the figure along the-ordinate with a value of R,; = 0.6309, project horizontally| until an
intgrsection with the provided curve is achieved. Project this point downward to the abscissa and |nterpret
T...| Another approach to determine the MDMT with more consistency can be achieved by using the tabular
valyles found in Table 3.17. Ling€ar interpolation between thicknesses shown in the table is permitted.

y=[ — ](yz—yl)wl

X, =X
0.6309-0.610
0.648-0.610

R =

j(36.5—42.2)+(42.2) =39.1°F

The finabadjusted value of the MDMT is determined as follows.

MDMT = MDM lgps — 13 =—19.1"F =39.17F = —00.27F

Since the final value of {MDMT = —58.2°F} is colder than the proposed {MDMT = —20°F}, impact testing is
not required. However, if the MDMT is colder than -55°F, impact testing is required.
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3.4 Example E3.3 — Determine the MDMT for a Nozzle-to-Shell Welded Assembly

Determine if impact testing is required for the proposed nozzle assembly comprised of a shell and integrally
reinforced nozzle using the rules of paragraph 3.11.2.3 and the rules of paragraph 3.11.2.5, as applicable. The
shell is cylindrical with all Category A joints made up of Type 1 butt welds which have been 100% radiographically

examined. The nozzle parameters used in the design procedure is shown in Figure E3.3.1.

Vessel Data:

e Materad

e Desjgn Conditions

SA—516Grade 70Normalzed——
356 psi @ 300°F

 Insigle Diameter = 150in

. NorIinaI Thickness = 1.8125in
o PWHT = Yes

e MDMT = —20°F

e Weld Joint Efficiency = 1.0

e Corfosion Allowance = 0125in

o Allojvable Stress at Ambient Temperature = 25300 psi
o Allojvable Stress at Design Temperature = 224000pSi
e Yielfl Stress at Ambient Temperature = 38000 psi

Nozzle:

e Matgrial =  SA-105, Normalized, Fine Grain
e Outside Diameter = 255in

e Thidkness = 475in

o Allojvable Stress at Ambjent Temperature = 24000 psi

o Allopvable Stress atDesign Temperature = 21200 psi

e Yielfl Stress at-Ambient Temperature = 36000 psi

The nozgle js“an integrally reinforced heavy barrel forging with flange dimensions in accordance with AME B16.5
Class 3Q0\inserted through the shell, i.e., set—in type nozzle.

Paragraph 3.11.2.3 Material Toughness Requirements. The procedure that is used to establish impact testing
exemptions is shown below.

a) STEP 1 — The vessel has been subject to PWHT; therefore, Figure 3.8 (or Table 3.15) shall be used to
establish impact testing exemptions based on the impact test exemption curve for the subject material
specification, MDMT, and governing thickness of a welded part. If an MDMT and thickness combination for
the subject material is on or above the applicable impact test exemption curve in Figure 3.8, then impact
testing is not required except as required by paragraph 3.11.8 for weld metal and heat-affected zones.
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From the Notes of Figure 3.8, the appropriate impact test exemption curve for the cylindrical shell material
specification SA-516, Grade 70 Normalized is designated a Curve D material. Similarly, the appropriate
impact test exemption curve for the integrally reinforced nozzle material specification SA-105 Normalized
with fine grain practice is designated a Curve B material.

STEP 2 — The governing thickness, t,, of a welded part is determined from the criteria of paragraph

3.11.2.3.b. However, per paragraph 3.11.2.3(c), components such as shells and nozzles shall be treated as
separate components. Each component shall be evaluated for impact test requirements base
individual material classification, governing thickness, and the MDMT. For welded assemblies comprised of

d on its

mo
per
wa
thig
Fig

ST
MD
sta

ST
Nnoj
ass
go
is g
the
intg

For

fe than two components (e.g., nozzle-to shell joint with reinforcing pad), the governing thickn
missible MDMT of each of the individual welded joints of the assembly shall be determined,
mest of the MDMT shall be used as the permissible MDMT of the welded assembly., The g

ure 3.11 Sketch (b) and Figure E3.3.1 of this example.

t, = Shell thickness, 1.8125 in
t. = Nozzle thickness, 4.75 in
t, =min[t,, t.]=min[1.8125, 4.75]=1.8125 in

EP 3 — The MDMT is part of the design basis of the vessel andis defined in paragraph 4.1.5.2
MT shall also be specified on the User’s Design Specification as noted in paragraph 2.2.3.1.(d)(
ed in the vessel data above.

MDMT =-20°F

EP 4 — Interpreting the value of MDMT from Figure 3.8 for the welded joint requires that both the 9

embly. The general procedure is performed as follows. Enter the figure along the absciss
erning thickness and project upward until an intersection with the appropriate impact test exempti
chieved. Project this point left to the ordinate and interpret the MDMT. Another approach to dg
MDMT with more consistericy, can be achieved by using the tabular values found in Table 3.15
rpolation between thicknesses shown in the table is permitted.

the cylindrical shell with a tg; = 1.8125 in, Curve D material.

y=| 2Ly, - v,)+ v,
35

Xg =%
~ (1.8125—1.75
urve D 2.0—1.75

MDMT,

Cl

i)z 202)=s02

pss and
and the
pverning

kness of the full penetration corner joint, ty4 for the welded joint under consideration;was determined per

le). The
B) and is

hell and

zle material be evaluated, and the warmest minimum design metal temperature shall be used for the

b with a
DN curve
btermine
Linear

For the nozzle forging with a tg; = 1.8125 in, Curve B material.

y{ — J(yz—yl)wl

Xz _X1
~ (1.8125—1.75
urve 8 2.0-1.75

MDMT,

Cl

)[(48.2)—(43.8)} +(43.8)=44.9°F
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Therefore, the nozzle assembly minimum design metal temperature is determined as follows.

MDMT

assembly curve D T curve B

—Warmest [{MDMT 191}, {MDMT,,., = 44.9}} — 44.9°F

Since the calculated {MDMT = 44.9°F} is warmer than the required {MDMT = —20°F}, impact testing is
required using only the rules in paragraph 3.11.2.3. However, impact testing may still be avoided by applying the
rules of paragraph 3.11.2.5 and other noted impact test exemptions referenced in paragraph 3.11.2.1.

Applying paragraph 3.11.2.5 — Exemption Based on Design Stress Values.

Paragr

a)
b)
c)

d)

ST

ST
ST

ST
bag
pre)
coi

Co
is g
wh
is g

wh
eqy

wh

and

a't)h 3.11.2.5(a): A colder MDMT for a component than that derived from paragraph 3.11.2:3
determiped in accordance with the procedure outlined below.

=P 1 -ty = 1.8125in.
EP 2 — Cylindrical Shell: Curve D material, Nozzle Forging: Curve B.

EP 3 - MDMT = 44.9°F.

is from equation (3.1). For pressure vessel attachments that are exposed to tensile stresses from
Ssure (e.g., nozzle reinforcement pads, horizontal vessel saddlelattachments, and stiffening rir
ncident ratio shall be that of the shell or head to which each component is attached.

mmentary: Although this nozzle-to-shell welded assembly-dees not contain a nozzle reinforceme
etermined appropriate to apply this same logic to desighate the coincident ratio to be that of the

onsistent with ASME Interpretation VIII-1-01-37(

tE
R = t, —CA

bre, t,. is the required thickness, of the cylindrical shell at the specified {MDMT = —20°F}, usin
ation 4.3.1.

t _b exp{i}—l _ 15025 exp 330 —-1|=1.0646 in
2 SE 2 25300(1.0)

Ere,

D =150.0+2(Corrosion Allowance) =150.0+2(0.125)=150.25 in

thelvariables E*, t,,, and CA are defined as follows:

may be

EP 4 — Based on the design loading conditions at the MDMT, determinethe’ratio, R;, using the tlickness

internal
gs), the

ht pad, it
shell to

ch the nozzle is attached. This example provides ene possible method of satisfying the requirenpent and

) Part 4,

E" =max|E, 0.80|=max[1.0,0.8]/=1.0 — paragraph 3.17

t, =1.8125in
CA=0.125in
Therefore,

*  1.0646(1.0
R =—E” _ (19 _ 4 6300
t —CA 1.8125-0.125
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e) STEP 5 - Determine the final value of the MDMT and evaluate results. Since the computed value of the ratio
R;s > 0.24 from STEP 4, the specified minimum yield strength, {Sy = 38 ksi} > 65 ksi, and the assembly
was subject to PWHT, then the reduction in MDMT based on available thickness t,, is computed using Figure
3.13 (or Table 3.17). Interpreting the value of the temperature reduction, T,., from Figure 3.13 is performed
as follows. Enter the figure along the ordinate with a value of R;; = 0.6309, project horizontally until an
intersection with the provided curve is achieved. Project this point downward to the abscissa and interpret
T.. Another approach to determine the MDMT with more consistency can be achieved by using the tabular
values found in Table 3.17. Linear interpolation between thicknesses shown in the table is permitted.

X_
y=[xz _ij(yz—yl)wl
(0.6309—0.610

R=

j(36.5—42.2)+(42.2) =39.1°F
0.648—0.610

The final adjusted value of the MDMT is determined as follows.

MDMT = MDMT;p, — Ty =44.9°F —39.1°F =5.8°F

Since the calculated {MDMT = 5.8°F} is warmer than the required {MDMT = —20°F}, impact testing is fequired
using the rules in paragraph 3.11.2.3 and paragraph 3.11.2.5. Howeveryan MDMT colder than the determined in
this example would be possible if the nozzle forging were fabricatedfrom a material specification that incljides the
provisiops of impact testing, such as SA-350. See paragraph 3.11.2.4(b).
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- 9.50 in.——

14.1875 in. A5

T

7.1875 in.
0.375in. 4.75 in.»«—8.00 in.

FlZ.?S in——

Figure E3,3.1 — Nozzle-Shell Detail
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PART 4
DESIGN BY RULE REQUIREMENTS

N 8 PSS 41
41 General REQUINEMENES ....ooi ittt e e e e e ettt e e e e e e e e e nneeeee e e e e e e s annneeneeaeaeaanns 4-1
T =1 o [ o B Lo | - T PSP PPTP P 4-9
4.3 nternal Desighn PreSSLIE rrrrrrrrrrrrrrrrrr Ty 4-17
4.4 | Shells Under External Pressure and Allowable Compressive StreSSes..........occcvvveeeeeeeeeeccegone b 4-63
4.5 [ Shells Openings in Shells and Heads. ..o e e ....4-129
A8 | FIat HEAAS. ...ttt e s e e ee e e e e ....4-149
4.7 | Spherically Dished Bolted COVEFS .........cccuiiiiiiiiiiiiiiee e o e ....4-161
4.8 | Quick-Actuating (Quick Opening) ClIOSUIES .........ccoiiuiiiiiiiiiieiiiiee e g e ....4-189
4.9 [ Braced and Stayed SUIMacCes ..........ocueiiiiiiiiiiiiieieeee e e e ....4-191
g O I I T =1 0 =Y o <P N S ....4-195
A1 | JACKETIEA VESSEIS ...t s e st e e e e e e e ....4-197
412 | NONCIICUIAI VESSEIS ...ttt e e e e e S e e e e e e e e ee e e e e e e e e s nnennneeeens ....4-203
g e T = Y=Y = AN T TS ....4-219
4.14 | Evaluation of Vessels Outside of Tolerance ... e ....4-227
4.15 | Supports and ATACHMENTS ........ooiiiiiicee e o e e ....4-243
L S LR I F= T Te =To N o] o £~ 4 PSPPSR ....4-261
o A O F-To g o =Te @7 ] o o 1= Tex 1 o] o - SRRSO ....4-281
4.18 | Tubesheets in Shell and Tube Heat EXChangers ... . e ....4-293
4.19 | Bellows EXPanSION JOINES .....ooviiiiiiiiiiiiiiiieieiees e 05 e et eeeeee e eeeeeeseeeeeeeeeeeseseeseeeeeeesseeesesseseeeesennneennenes ....4-385
4.20 | Design Rules for Flexible Shell Element EXpansion JOINtS ...........ccccviiiieeiiiiiiiiiieeee e ....4-403
4.21 | Tube-to-Tubesheet WEldS ... s e e ....4-405

41 General Requirements

411 [Example E4.1.1 — Review of-General Requirements for a Vessel Design

a) Geperal Requirements

An|engineer is tasked\with developing a design specification for a new pressure vessel that |s to be
constructed in accerdance with ASME B&PV Code, Section VIII, Division 2 (VIII-2). The VIII-2 [Code is
being considered because the vessel in question is to be constructed of carbon steel with a gpecified
corfosion alldwance and a design pressure and temperature of 1650 psig at 200°F. As part of dejeloping
theldesign specification, the following items need to be evaluated.

b) Scope

1) The vessel may be designed with either a Class 1 or Class 2 designation. The following differences
need to be considered when selecting the class designation of the vessel.
i) Class 1 Vessel — a vessel that is designed using the allowable stresses from Section II, Part D,

Subpart 1, Table 2A or Table 2B.

1. The User's Design Specification shall be certified by a Certifying Engineer meeting the
requirements described in Annex 2-A when the user provides the data required by

2.2.3.1(f)(1) and 2.2.3.1(f)(2) to perform a fatigue analysis.
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When design rules are not provided in Part 4 for a vessel or vessel part, the Manufacturer
shall either perform a stress analysis in accordance with Part 5 considering all of the loadings
specified in the User’s Design Specification, or, with acceptance by the Authorized Inspector,
use a recognized and accepted design-by-rule method that meets the applicable design
allowable stress criteria given in paragraph 4.1.6. If the design cannot be performed using
Part 5 or a design-by-rule method (e.g., creep-fatigue), a design method consistent with the
overall design philosophy of Class 1 and acceptable to the Authorized Inspector shall be
used.

Design-by-analysis methods of Part 5 shall not be used in lieu of the design-by-rules of Part

Mi

i

Ba
req

i)

1.

4.

Class 2 Vessel — a vessel that is designed using the allowable stresses from Section”1l} Part D,

Subpart 1, Table 5A or Table 5B.

2.

3.

The User's Design Specification shall be certified by a Certifying EAgineer meefing the
requirements described in Annex 2-A.

When design rules are not provided for a vessel or vessel paft; the Manufactuter shall
perform a stress analysis in accordance with Part 5 considering-all of the loadings spdcified in
the User’s Design Specification.

A design-by-analysis in accordance with Part 5 may be used to establish thg design
thicknessand/or configuration (i.e., nozzle reinforcement configuration) in lieu of the|design-
by-rules in Part 4 for any geometry or loading conditions.

Components of the same pressure vessel may be designed (thickness and configuration)
using a combination of Part 4 design-by-rules or any of the three methods of Part 5[ design-
by-analysis in 5.2.1.1.

The user of the vessel is responsible for defining all applicable loads and operating conditions|that the
vessel will be subject to. All loads and conditions must be specified on the User’'s| Design

Specification, see Part 2 paragraph 2.2.

A fatigue screening shall be applied-to all vessel part designed in accordance with this Diyision to

determine if a formal fatigue analysis is required, see Part 5 paragraph 5.5.2.
imum Thickness Requirements

bed on product form and¢process service, the parts of the vessel must meet the minimum thickness

uirements presented in(Part 4, paragraph 4.1.2.

Ma

erial Thickness Requirements

Falrication tolerances must be considered in the design of the vessel components, based on formihg, heat

treatment and\preduct form.

CofrosiontAllowance in Design Equations

The equations used in a design-by-rule procedure of Part 4 or the thicknesses used in a design-by{analysis

tative of

loss of metal due to corrosion, erosion, mechanical abrasion, or other environmental effects. The corrosion
allowance must be documented in the User’s Design Specification.

Design Basis

1)

The vessel may be designed with either a Class 1 or Class 2 designation. The following differences
need to be considered when selecting the class designation of the vessel.
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i) Class 1 Vessel. The design-by-rule methods of Part 4 shall be applied using the load and load

case combinations specified in paragraph 4.1.5.3.

i) Class 2 Vessel — The design-by-rule methods of Part 4 shall be applied using the load and load

case combinations specified in paragraph 4.1.5.3. Alternatively, the design thickness

may be

established using the design-by-analysis procedures and the load and load case combinations
specified in Part 5. The design thickness established using Part 5 may be less than that

established using Part 4.

The pressure used in the design of a vessel component together with the coincident design metal
temperature must be specified. Where applicable, the pressure resulting from static head and other

6)
De

static or dynamic loads shall be included in addition to the specified design pressure.

The specified design temperature shall not be less than the mean metal temperature’ g
coincidentally with the corresponding maximum pressure.

A minimum design metal temperature shall be determined and shall consider the, coldest o
temperature, operational upsets, auto refrigeration, atmospheric temperature, and<any other s
cooling.

All applicable loads and load case combinations shall be considered in.the design to detern
minimum required wall thickness for a vessel part. The loads and lead/case combinations t
be considered in the design shall include, but not be limited to, those shown in Part 4 Table 4
Table 4.1.2 or Part 5, Tables 5.1 through Table 5.5.

All applicable loads and load case combinations shall be included in the User’s Design Specifig

5ign Allowable Stress

Specifications for all materials of construction are previded in Part 3, Annex 3.A. Class 1 ves

deg
veq

igned using the allowable stresses from Section-ll, Part D, Subpart 1, Table 2A or Table 2B.

sels are designed using the allowable stresses from Section Il, Part D, Subpart 1, Table 5A or T

xpected

perating
burce of

nine the
nat shall
1.1 and

ation.

Kels are
Class 2
bble 5B.
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Example E4.1.2 — Required Wall Thickness of a Hemispherical Head

Determine the required thickness for a hemispherical head at the bottom of a vertical vessel considering the
following design conditions. All Category A joints are Type 1 butt welds and have been 100% radiographically

examined.

Vessel Data:

e Material = SA—-516, Grade 70
o Desjgn-Genditions = HoS0-—priofer 3004
e Ligdid Head = 60 ft

e Liguid Specific Gravity = 0.89

e Insigle Diameter = 96.0 in

e Corfosion Allowance = 0.125 in

e Allowable Stress = 22400 psi

e Weld Joint Efficiency = 1.0

The dedign pressure used to establish the wall thickness must be adjusted<for the liquid head in acg

with Par

In accor

el

The req

Deé

Deé

~
|

~
Il

t

t 4, paragraph 4.1.5.2.a.
sign Pressure = Specified Design Pressure+ yph
0.89(62.4)(60)

sign Pressure =1650 + =1673.140 psig

Hance with Part 4, paragraph 4.3.5, determine the‘required thickness of the bottom hemispherica

= 96.0 + Z(Corrosion Allowance) =96.0+ 2(0. 125) =96.25in

0.5(1673.14
96.25 (exp{g}—ll =1.8313 in

2 22400(1.0)
1.8313 + Corrosioni Allowance =1.8313+0.125=1.9563 in

lired thickness-of:the bottom head is 1.9563 in.

ordance

| head.
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Example E4.1.3 — Required Wall Thickness of a Hemispherical Head — Higher Strength Material

Determine the required thickness for a hemispherical head at the bottom of a vertical vessel in example E.4.1.2
considering the following design conditions. Note that a higher strength material is being used. All Category A
joints are Type 1 butt welds and have been 100% radiographically examined.

Vessel Data:

e Material = SA—-537, Class 1

o Desjgn-Genditions = H650-psie {3005

e Ligdid Head = 60 ft

e Liguid Specific Gravity = 0.89

e Insigle Diameter = 96.0 in

e Corfosion Allowance = 0.125 in

e Allowable Stress = 29000 psi

e Weld Joint Efficiency = 1.0

The dedign pressure used to establish the wall thickness must be adjusted<for the liquid head in accprdance

with Par

In accor

el

The req
ratio, S
approxif
achieve
2 will t}]pically result in a more efficient design when higher strength materials are used as showr

Deé

Deé

~
|

~
Il

t

t 4, paragraph 4.1.5.2.a
sign Pressure = Specified Design Pressure+ yph
0.89(62.4)(60)

sign Pressure =1650 + =1673.140 psig

Hance with Part 4, paragraph 4.3.5, determine the‘required thickness of the bottom hemispherica

= 96.0 + Z(Corrosion Allowance) =96.0+ 2(0. 125) =96.25in
0.5(1673.14

@ exp M —1|=1.4085 in

2 29000(1.0)

1.4085 + Corrosioni Allowance =1.4085+0.125=1.5335in

uired thickness, of the bottom head constructed with a material with a higher yield-to-tensile
/Suts = 50ksi/70 ksi = 0.71, is 1.5335in. This represents a savings in material {

hately 22%. Additional costs in welding and NDE are also expected. Similar cost savings
] by.Gsing a higher strength material for the cylinder shell. The design margins in Section VIII,

| head.

strength
osts of

can be
Division

in this

example. For many fluid service environments, higher strength materials may be prone to cracking. However, if
PWHT is specified for fluid service, as opposed to wall thickness requirements in accordance with Part 6, the
use of higher strength materials may be justified and result in significant cost savings.
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4.2 Welded Joints

4.21

Example E4.2.1 — Nondestructive Examination Requirement for Vessel Design

A notable change to VIII-2 is the introduction of rules for the examination of welded joints, which introduce
Examination Groups. These Examination Groups permit partial radiography and require surface examination as
he nondestructive examination (NDE) requirements. Part 7, paragraph 7.4.2, and Table 7.1 of VIII-2
define the different Examination Groups assigned to welded joints based on the manufacturing complexity of the
material group, the maximum thickness, the welding process, and the selected joint efficiency. Once the

part of t

Examination Group is selected, Table 7.2 provides the required NDE, joint category designation, joint-efficiency,

and acc

An engi
in accon
data prg
vessel d

Vessel |
o Mat
o Wel
o Wel
o Wel

The defjnitions of Weld Categories and Weld Joint\Types are provided in Part 4, Tables 4.2.1 an

respecti
are prov

Per Par
material

bptable joint types.

neer is tasked with developing a design specification for a new pressure vessel that iste be con
dance with ASME B&PV Code, Section VIII, Division 2 (VIII-2). Based on the anticipated fa
vided, the engineer compares the Examination Groups to aid in the decision for NDE requirem
esign as follows.

Data:

prial = SA—-516, Grade 70

Hing Process = SAW and “SMAW

H Categories = A, B, C) D

4 Joint Types = Dyped — Category A, B, and C

Type 7 — Category D

vely. Acceptable weld joints for main shellkhweld seams, formed heads, flange attachments, and
ided in Tables 4.2.4,4.2.5, 4.2.9, and.4.2.10, respectively.

t 7, Table 7.1, a comparison of-Examination Group 1b and Examination Group 3b for carb
SA — 516, Grade 70 is as follows.

structed
brication
ents for

d 4.2.2,
nozzles

bn steel

Examination Group
Parameter.
1b 3b

Permitted Material Groups 1.1, 1.2, 8.1, 11.1 Groups 1.1, 1.2, 8.1, 11.1

50 mm (2 in)

Maximum Thickness Unlimited Groups 1.1, 8.1, 11.1
30 mm (1.1875 in) Group 1.2
Welding Process Unrestricted Unrestricted
Design Basis Part 4 or Part 5 Part 4
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From the results of the comparison above, there are two parameters that will require a decision to be made by
the engineer prior to assigning an Examination Group, maximum thickness of the vessel components and
design basis. A preliminary check of the required wall thickness for the main cylinder and heads can be
performed in accordance with the rules of Part 4. However, if there is one or several components that may
require their design to be based on numerical analysis, i.e., finite element analysis per Part 5, only Examination
Group 1b would be permitted.

Per Part 7, Table 7.2, a comparison of the required NDE for Examination Group 1b and Examination Group 3b
for carbon steel material, SA — 516, Grade 70 is as follows.

Examination Group 1b 3b
Joint Efficiency 1.0 0.85
Joint Category Type of Weld Type of NDE Extent of NDE
Type 1: Full Penetration RT or UT 100% 10%
A
Longitudinal Seam MT or PT 10% 0%
Type 1: Full Penetration RT or'UT 10% 5%
B
Circumferential Seam MT-or PT 10% 0%
Type 1: Full Penetration RT or UT 10% 5%
C
Flange/Nozzle Attachment MT or PT 10% 10%
Type 7: Full Penetration
Corner doint, Nozzle RT or UT 10% 5%
d>150 mm(NPS 6)0r MT or PT 10% 10%
t>16 mm(0.625 z'n)
D
Type 7: Full Penetration
Corner Joint, Nozzle o o
MT or PT 10% 10%
d <150 mm(NPS 6)and
t <16 mm(0.625 in)

A review of the above table indicates that more inspection is required for Examination Group 1b when compared
to 3b. However, the increased costs for examination may be offset by the materials and fabrication savings.
Consider the following comparison for a cylindrical shell.

4-10
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prdance

Vessel Data:
e Material = SA—-516, Grade 70
e Design Conditions = 725 psig (@ 300°F
¢ Inside Diameter = 60.0 in
e Corrosion Allowance = 0.125 in
e Allowable Stress = 22400 psi
For examination Group 1b, consider the requirements for a Category A Type 1 weld. The required wall
thicknegds in accordance with Part 4, paragraph 4.3.3 is computed as shown below.
D P
tq4—| exp| — -1
2 SE
DE60.0+ 2(C0rrosi0n Allowance) =60.0+ 2(0.125) =60.25 in
1= @ exp L —-11=0.9910 in
2 22400(1.0)

t 40.9910+ Corrosion Allowance =0.9910+0.125=1.1160 in
Alternatjvely, for examination Group 3b, the required wall thickness fop a‘Category A Type 1 weld in acc
with Part 4, paragraph 4.3.3 is computed as shown below.

D P
tH—| exp| — |1
2 SE
DE60.0+ 2(C0rr0si0n Allowance) =60.0+ 2(0. 125) =60.25in
0023 ol T2 | = 14692 in
2 22400(0.85)
t 941.1692 + Corrosion Allowarice =1.1692+0.125=1.2942 in

Examination Group 1b when compared to 3b results in an approximate 14% reduction in wall thicknes
for this reduction in wall-thickness will include less material and less welding, and these reductipns may

savings

offset the increased examination costs. It should also be noted that many refining and petrog

compan
service.
already

es invoke addifienal examination requirements in their associated corporate standards based
Thereforef_in 'some cases the increased examination requirements for Examination Group
be requifed based on fluid service.

5. Cost

hemical
on fluid
1b may
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Example E4.2.2 — Nozzle Detail and Weld Sizing

Determine the required fillet weld size and inside corner radius of a set-in type of nozzle as shown in Table
4.2.10, Detail 4 (Figure E4.2.2). The vessel and nozzle were designed such that their nominal thicknesses were
established as follows.

Vessel Data:
e Cylinder Thickness = 0.625 in
e Nozgle-Diameter = APPSO
e Nozgle Thickness = Schedule XS — 0.500 in
e Corfosion Allowance = 0.125 in
Adjust variables for corrosion.
t 40.625 — Corrosion Allowance =0.625-0.125=0.500 in
.+ 0.500— Corrosion Allowance =0.500—-0.125=0.375 in
The minjmum fillet weld throat dimension, t., is calculated as follows.
t. ¥ min[0.7¢,, 0.25 in]
t, £0.375in
t, ¥ min[ 0.7(0.375),0.25 in |
t.%0.25in
The resplting fillet weld leg size is determined as, /0.7 = 0.357 in. Therefore, a fillet weld leg

0.375 in would be acceptable.

The min
0.1
t
0.1
0.

mum inside corner radius, 1y, is calculated as follows.
25t <r, <0.5t

0.500 in

25(0.500) <ip< 0.5(0.500)

625<7 <0.250 in

A
Y

2. [l

Figure E4.2.2 — Weld Details
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Example E4.2.3 — Nozzle Detail with Reinforcement Pad and Weld Sizing

Determine the required fillet weld sizes and inside corner radius of a set-in type of nozzle with added
reinforcement pad as shown in Table 4.2.11, Detail 2 (Figure E4.2.3). The vessel and nozzle were designed
such that their nominal thicknesses were established as follows.

Vessel Data:
e Cylinder Thickness = 0.625 in
e Nozgle-Diameter = APPSO
e Nozgle Thickness = Schedule XS — 0.500 in
e Reinforcement Pad Thickness = 0.625 in
e Corfosion Allowance = 0.125 in
Adjust vpriables for corrosion.
t 40.625— Corrosion Allowance =0.625-0.125=0.500 in
t, +0.500— Corrosion Allowance =0.500—-0.125=0.375 in
t, # 0.625— Corrosion Allowance =0.625—-0.0 =0.625 in
Note: [The corrosion allowance specified is for internal corrosion;) not external corrosion. Theref
corrosioh allowance of the reinforcement pad thickness is set equal\to zero.
The minjmum fillet weld throat dimension, t., is calculated as féllows.
t, ¥ min[ 0.7¢,,6 mm (0.25 in) ]
t, #0375 in
t, ¥ min[0.7(0.375),0.25 ]
t.%0.25in
The reslting fillet weld leg size is~determined as, t./0.7 = 0.357 in. Therefore, a fillet weld leg

0.375 in would be acceptable.

The min

mum fillet weld throat'dimension, t¢4, is calculated as follows.

,|>min[0.6¢,, 061
£0.625 in

0.500.97

bre, the

size of

> thin[ 0.6(0.625),0.6(0.500) |

tf 1

> 0.300 in
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The resulting fillet weld leg size is determined as, tf1/0.7 = 0.429 in. Therefore, a fillet weld leg size of
0.4375 in would be acceptable.
The minimum inside corner radius, 7, is calculated as follows.
0.125¢ <7 <0.5¢
t=0.500 in
0.125(0.500) <ip< 0.5(0.500)
0.0625<7 <0.250 in

— t |-
t

>/ c
t, A ¥y
A :
/<t :)vr

<>

1

<,

R S P o

Figure E4.2.3 — Weld Details
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4.3 Internal Design Pressure

431 Example E4.3.1 — Cylindrical Shell

Determine the required thickness for a cylindrical shell considering the following design conditions. All Category

A and B joints are Type 1 butt welds and have been 100% radiographically examined.

Vessel Data:

e Material = S4-516,_Grade 70_Normalized
. Deslgn Conditions = 356 psig (@300°F

e Insifle Diameter = 90.0 in

e Corfosion Allowance = 0.125in

e Allovable Stress = 22400 psi

e Weld Joint Efficiency = 1.0

Adjust for corrosion allowance.

DE90.0+ 2(Corrosi0n Allowance) =90.0+ 2(0. 125) =90.25in

Evaluat¢ per paragraph 4.3.3.

b exp £ -1 =% exp __ 36 —1|=077229 in
2 SE 2 22400(1.0)

0.7229 + Corrosion Allowance =0.7229+0125=0.8479 in

-~
Il

t

The reqtired thickness is 0.8479 in.

Combingd Loadings — cylindrical shells subject to internal pressure and other loadings shall safisfy the

requirements of paragraph 4.3.10. In this_example problem, the cylindrical shell is only subject to

pressurg.

4-17
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4.3.2 Example E4.3.2 — Conical Shell

Determine the required thickness for a conical shell considering the following design conditions. All Category A
and B joints are Type 1 butt welds and have been 100% radiographically examined.

Vessel Data:

e Material = SA—516, Grade 70, Normalized
e Design Conditions = 356 psig (@300°F

¢ Insige-Diameter{targe£ne) = 150-0-7

. InsiIe Diameter (Small End) = 90.0 in

e Length of Conical Section = 78.0 in

e Corfosion Allowance = 0.125 in

e Allowable Stress = 22400 psi

e Weld Joint Efficiency = 1.0

Adjust for corrosion allowance and determine the cone angle.
D) =150.0+2(Corrosion Allowance)=150.0+2(0.125)=150.25%n
D|=90.0+2(Corrosion Allowance)=150.0+2(0.125)=90:25 in
L|=78.0in

0.5(D,-D 0.5(150.25-90.25
—( L S)}=arctan[ ( )

=21.0375 deg
78.0

afF arctan[
C

Evaluat¢ per paragraph 4.3.4 using the large end diameter of the conical shell.

(4D exp[i}—ljz 15025 1 ool — 320 11 |212894 in
2cos[a] SE 2cos[21.0375] 22400(1.0)

1.2894 + Corrosion Allowance =1.2894+0.125=1.4144 in

t

The reqtired thickness is 1.4144 in!

Combingd Loadings — conical shells subject to internal pressure and other loadings shall satisfy the
requirements of paragraph#.3.10. In this example problem, the conical shell is only subject to internal pfessure.
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4.3.3 Example E4.3.3 — Spherical Shell

Determine the required thickness for a spherical shell considering the following design conditions. All Category
A joints are Type 1 butt welds and have been 100% radiographically examined.

Vessel Data:

e Material = SA—-542, Type D, Class 4a
e Design Conditions = 2080 psig @850°F

e Insige-Diametet = +H49-0-ir

e Corfosion Allowance = 0.0 in

e Allovable Stress = 28900 psi

e Weld Joint Efficiency = 1.0

Evaluat¢ per paragraph 4.3.5.

0.5(2080
e exp[o'ﬁ}—l :149'0 exp ( ) —1(=2.7298 in
2 SE 2 28900(1.0)

The reqtired thickness is 2.7298 in.

~
|

Combingd Loadings — spherical shells and hemispherical heads subject to internal pressure and other [oadings
shall safisfy the requirements of paragraph 4.3.10. In this example problem, the spherical shell is only suibject to
internal pressure.
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4.3.4 Example E4.3.4 — Torispherical Head

Determine the Maximum Allowable Working Pressure (MAWP) for the proposed seamless torispherical head.
The Category B joint joining the head to the shell is a Type 1 butt weld and has been 100% radiographically
examined.

Vessel Data:

e Material = SA—-387, Grade 11, Class 1
e Desjgn—Femperature = 650%F

. Insiclie Diameter = 72.0 in

e Croyn Radius = 72.0 in

e Knufkle Radius = 4.375 in

e Thigkness = 0.625 in

e Corfosion Allowance = 0.125in

e Allowable Stress = 18000 psi

e Weld Joint Efficiency = 1.0

e Modulus of Elasticity at Design Temperature = 26.55E +06 psi
¢ Yielfl Strength at Design Temperature = 26900~ psi

Evaluatg per paragraph 4.3.5.

a) STEP 1 — Determine, D, assume values for L, v and@ (known variables from above) and afljust for
corfosion.

D=720+ 2(C0rr0si0n Allowance) =72.0 2(0. 125) =72.25in
L =72.0+ Corrosion Allowance =72.0x%0.125=72.125 in
r=4.375+ Corrosion Allowance=4.375+0.125=4.5 in

t =0.625— Corrosion Allowance=0.625-0.125=0.5in

b) STEP 2 — Compute the head\.L)/D, r/D, and L/t ratios and determine if the following equatfons are

sat|sfied.
071 L 721357 9963l <1 True
D 7225
I AT 0062342006 True
D 205
aYhY (L 72'125 144 ’\C] [aYAYAYAY g al
Lu_lt 05 l"""".AJI_LUUU 17uUuc

c) STEP 3 - Calculate the geometric constants Sy, ®¢n, Ren-

SD— 0.5(72.25)-4.5
B, = arccos 05D-r = arccos ( ) =1.0842 rad
-r 72.125-4.5

J 4/72.125 0.5
G = Lt = 45( ) =1.3345 rad
r .
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Since ¢, = Pin, calculate Ry, as follows:

ST

R, =0.5D=0.5(72.25)=36.125 in

EP 4 — Compute the coefficients C; and C,.

Since r/D = 0.0623 < 0.08, calculate C; and C, as follows:

ST

ST

Sj

ST

Ca

nce the allowable stress at design temperature is\governed by time-independent properties, i
maferial yield strength at the design temperature,-or C3 = §,,.

C, =93 l(%j —-0.086=9.3 1(0.0623) —0.086 =0.4940

C, =125
EP 5 — Calculate the value of internal pressure expected to produce elastic buckling of the)knuck

5 2
_ CE,t _ (O.4940)(26.55E+06)(O.5) _ 5353.9445 psi

L
C,R, (R’h—rj 1.25(36.125)(36'125 —4.5)
2 2

o Cd

y Rt
Cthh (2: - J

26900(0.5)
36.125 _1]

2(4.5)

EP 7 — Calculate the value'ofl internal pressure expected to result in a buckling failure of the

P =

y

= 98.8274 psi

1.25(36.125)[

culate variable G:

oo P 53839445
P, [98.8274

|e, Peth-

EP 6 — Calculate the value of internal pressure that will result in a maximum stress in the knuckle equal
to the material yield strength, P,,.

b C3 the

knuckle,
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Since G > 1.0, calculate P, as follows:

h) ST
i) ST
j) ST
k) ST

pressure, then the design is complete. If the allowable internal pressure computed from STEP 1

tha
The MA

Combin

requirements of paragraph 4.3.10. In this calculation, the torispherical head shall be approximate
equivalgnt spherical shell with a radius ‘equal to L. In this example problem, the torispherical heag

subject

P 0.77508G —0.20354G* +0.019274G” (2)
“{1+0.19014G - 0.089534G” +0.0093965G" )\~

P 0.77508(54.1747) - 0.20354(54.1747)" +0.019274(54.1747 )’
© | 140.19014(54.1747) —0.089534(54.1747)" +0.0093965(54.1747)
P, =199.5671 psi

3J(98.8274)

EP 8 — Calculate the allowable pressure based on a buckling failure of the knuckle, Pg.
P 199.5671

P, = - T —133.0447 psi
1.5 1.5

EP 9 — Calculate the allowable pressure based on rupture of the crown, P,.

p - 2SE ~2(18000)(1.0)

f+0.5 72.125

=248.7047 psi
+0.5

EP 10 — Calculate the maximum allowable internal pressure, P4
P, =min[P,, P, |=min[133.0447, 248.7047]=133.0'psi

ak> ~ ac

EP 11 — If the allowable internal pressure computedfrem STEP 10 is greater than or equal to th

h the design pressure, then increase the head tttickness and repeat STEPs 2 through 10.
WP is 133.0 psi.

bd Loadings — torispherical heads-subject to internal pressure and other loadings shall sa

o internal pressure.

b design
) is less

isfy the
1 as an
is only
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Example E4.3.5 — Elliptical Head

Determine the Maximum Allowable Working Pressure (MAWP) for the proposed seamless 2:1 elliptical head.
The Category B joint joining the head to the shell is a Type 1 butt weld and has been 100% radiographically

examined.

Vessel Data:

e Material = SA—516, Grade 70, Norm.
o DesjgnFemperature = 300K

. Insitlie Diameter = 90.0 in

e Thigkness = 1.125 in

e Corfosion Allowance = 0.125 in

e Allowable Stress = 22400 psi

e Weld Joint Efficiency = 1.0

e Modulus of Elasticity at Design Temperature = 28.3E+06 psi
¢ Yielfl Strength at Design Temperature = 33600 psi

Evaluatg per paragraph 4.3.7, and paragraph 4.3.6.

Calculat

k -

Verify th
rules of

1.7
Determi
7=
L

Proceed

a) ST
cor

£ D(0.44k +0.02)£90.0(0.44(2.0)+0.02) =81.0 in

e k using the uncorroded inside diameter D and depth of head h
D 900
2h 2(22.5)

at the elliptical head diameter to height ratio, kis*within the established limits, permitting the us
\VIII-2, paragraph 4.3.7.

S{k:2}s2.2 True

he the variables r and L using the uncorroded inside diameter, D.

D(E - 0.08) = 90.0(E - 0.08) =153 1in
k 210

with the design-following the steps outlined in paragraph 4.3.6.

EP 1 — Determine, D, assume values for L, r and t (determined from paragraph 4.3.7) and 4
Fosion.

e of the

djust for

D=90.0+ 2(C0rr0sion Allowance) =90.0+ 2(0. 125) =90.25 in

L =81.0+ Corrosion Allowance=81.0+0.125=81.125 in
r =15.3+ Corrosion Allowance=15.3+0.125=15.425 in
t=1.125- Corrosion Allowance=1.125-0.125=1.0 in

b) STEP 2 — Compute the head L/D, r/D, and L/t ratios and determine if the following equations are
satisfied.
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0.7< £:81°125:0.8989 <1.0 True
D 90.25
A5 6170905 0.06 True
D 90.25
20< {L 81. 125—81.125}S2000 True
¢t 1.000
STEP 3 —=Calculate the geometric constanis B¢y, P¢n, Ren-
- 0.5(90.25)—-15.425
B, = arccos{O'SD r} = arccos ( ) =1.1017 rad
-r 81.125-15.425
«/81 125 10
P, = \/_ =0.5839 rad
r 15. 42
Since ¢n < Pin, calculate Ry, as follows:
SD - 0.5(90.25)—-15.425
R =007 (90.25) +15.425 = 496057 in
cos[ B, —¢,] cos[1.1017-0.5839]
STEP 4 — Compute the coefficients C; and C,.
Since % =0.1709 > 0.08, calculate C; and C, as follows:
C, =0.692 (%j +0.605 = O.692(O.1709)+ 0.605=0.7233
C, =146 —2.6[%} = 1.46—2.6(0.1709) =1.0157
STEP 5 — Calculate the value-of-internal pressure expected to produce elastic buckling of the knucKle, Pg;,.
2 0.7233)(28.3E +06)(1.0)°
, __ GEC 2 (07233) = 605)7( S 433216096 psi
CR, (R’zh rj 1.0157(49.6057)( : —15.425)
STEP 6 — Calculate the value of internal pressure that will result in a maximum stress in the knuck

to

he material yield strength, P,.

C.t
r =

7 R
C,R,| -1
(5]

le equal

Since the allowable stress at design temperature is governed by time-independent properties, is C3 the
material yield strength at the design temperature, or C3 = §,,.
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33600(1.0)

49.6057
T
2(15.425) j

P =

y

=1096.8927 psi
1.0157(49.6057)(

g) STEP 7 — Calculate the value of internal pressure expected to result in a buckling failure of the knuckle,

Pck
Cal

culate variable G:

42323291 _00L

Sin

h) ST
i) ST
j) ST

k) ST
pre
tha

The MA

D
_ Leh _

P 1096.8927

FOI0L1.UOU70

=39.4948

ce G > 1.0, calculate P as follows:

_ 0.77508G —0.20354G> +0.019274G> (P )
“ 1 140.19014G —0.089534G> +0.0093965G* |\ *

ck

[ 0.77508(39.4948) —0.20354(39.4948)" +0.019274 (39,4948)’
1+0.19014(39.4948) —0.089534(39.4948)’ +0.0093965(39.4948)’
P, =2206.1634 psi

J(1096.8927

EP 8 — Calculate the allowable pressure based on a buckling failure of the knuckle, P.
P 2206.1634
P, = “ =" "~ =1470.8 psi
1.5
EP 9 — Calculate the allowable pressure based‘on rupture of the crown, P,.
2SE  2(22400)(1.0
P, = 7 = él 75 )( ) =548.9 psi
—+0.5 ——+0.5
t
EP 10 — Calculate the maximum allowable internal pressure, P,.

P, =min[P,, P, |=min[1470.8, 548.9] =548.9 psi

ac

EP 11 — If the allowable internal pressure computed from STEP 10 is greater than or equal to th
ssure, then the. design is complete. If the allowable internal pressure computed from STEP 1
h the designpressure, then increase the head thickness and repeat STEPs 2 through 10.

WP,is:548.9 psi.

e design
) is less

Combin

requirements of paragraph 4.3.10.

bd | oadinas — ellinsoidal _heads subiect to _internal nressure and other loadinas shall _sa
~J Lol J Ll J

isfy the

In this calculation, the ellipsoidal head shall be approximated as an

equivalent spherical shell with a radius equal to L. In this example problem, the ellipsoidal head is only subject

to intern

al pressure.
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4.3.6 Example E4.3.6 — Combined Loadings and Allowable Stresses

Determine the maximum tensile stress of the proposed cylindrical shell section considering the following design
conditions and specified applied loadings. All Category A and B joints are Type 1 butt welds and have been
100% radiographically examined.

Vessel Data:

e Material = SA—516, Grade 70, Normalized
. Desf%&bﬂe%éé—pﬁ'g—@%@@%?—
¢ Insigle Diameter = 90.0 in

e Thigkness = 1.125 in

e Corfosion Allowance = 0.125 in

e Allovable Stress = 22400 psi

e Weld Joint Efficiency = 1.0

e Axidl Force = —66152.5 Ibs

e Net[Section Bending Moment = 5.08 '+ 06 in—Ibs

e Torgional Moment = 0.0 in—Ibs

Adjust variables for corrosion and determine outside dimensions.

DE90.0+ 2(C0rr0si0n Allowance) =90.0+ 2(0.125) =90.25 in

R :§:45.125 in

t41.125— Corrosion Allowance=1.125-0.125=1.0 in
D |=90.0+2(Uncorroded Thickness) =90:0 + 2(1 . 125) =92.251in

Evaluat¢ per paragraph 4.3.10.

The loafls transmitted to the cylindricalishell are given in the Table E4.3.6.3. Note that this table is |given in
terms of the load parameters shown.in Table 4.1.1, and Table 4.1.2 (Table E4.3.6.1 and Table E4.3.6 2 of this
examplg). The load factor, {ps~shown in in Table 4.1.2 is used to simulate the maximum anticipated operating
pressur¢ acting simultaneously with the occasional loads specified. For this example, problem, Qp =(0.9. As
shown in Table E4.3.6.2,\the acceptance criteria are that the general primary membrane stress for each load
case must be less than/or equal to the allowable stress at the specified design condition.

In accolfdance with paragraph 4.3.10.2, the following procedure shall be used to design cylindrical, spherical,
and corlfical_shells subjected to internal pressure plus supplemental loads of applied net section axial force,
bending| moment, and torsional moment. By inspection of the results shown in Table E4.3.6.3 and Table
E4.3.6.4, Design Load Combination 5 IS determined 10 be a potential governing load combination. The
pressure, net section axial force, and bending moment at the location of interest for Design Load Combination 5

are as follows.
Q,P+P. =09P+P =320.4 psi
F, =-66152.5 Ibs
M =3048000 in—1Ibs

Determine applicability of the rules of paragraph 4.3.10 based on satisfaction of the following requirements.
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The section of interest is at least 2.5v Rt away from any major structural discontinuity.

2.5VRr =2.5,[(45.125)(1.0) =16.7938 in

Shear force is not applicable.

The shell R/t ratio is greater than 3.0, or:

{R/t= 451'1025 =45.125}>3.0 True

a) STEP 1 — Calculate the membrane stress for the cylindrical shell. Note that the maximum bending stress
ocqurs at 8 = 0.0 deg.

Oy = D _ 320.4(90.25) =14458.05 psi
E(D,-D) 1.0(92.25-90.25)
1| PD? 4F 32MD, cos[6)]

O =% 12 >t 2 2 + 4 4
E\D;-D* z(D}-D’) z(D!-D*)

1| 3204(9025)°  4(-66152.5)  (32(3048000)(92.25)cos[0.0
LO| (92.25) ~(9025) 7| (9225) =(9023)] #|(92.25)' ~(90.25)" |

7149.8028+( -230. 7616)+471 1299 =7390.1711 psi
e 7149.8028+(—230.761 ) 471.1299=6447.9113 psi

sm

16M D, 16(0.0)(92.25) ,
T= . ~ = = =0.0 psi
7(D]=D')  x[(92.25) ~(90.25)' |
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STEP 2 — Calculate the principal stresses.

ST

Sj
ST

ST

sm

o, = 0.5(0‘0m to,, +\/(O'0m ~o,.) +472)

O.5(14458.05+739O.1711+\/(14458.05—7390.1711)2 +4(0.0)° ) =14458.05 psi

o, =

0.5(14458.05+6447.9113+\/(14458.05—6447.9113)2 +4(0.0)° ) = 14458.05 psi

=1

o, = O.S(ng +to,, —\/(O'gm -0, )2 +47? )

0.5(14458.05+7390.1711—\/(14458.05—7390.1711)2 +4(0.0)2)

o, =

0.5(14458.05+6447.9113—\/(14458.05—6447.91 13)’ +4(o.0)2)

_ [7390.1711 psi
 16447.9113 psi

0,

o,=0,=0.0 psi For stress on the outside surface

EP 3 — At any point on the shell, the following limit shall be ‘satisfied.

o, :%[(q —0'2)2 +(o, —0'3)2 +( o, _01)2}0.5 <S

1 [(14458.05-7390.1711) +(7390.1711-0.0)* | 125921 i
0 - 1 psi
2| +(0.0-14458.05)’

e —

0.5
1 | (14458.05-6447.9113)" +(6447.9113-0.0)°
— =12545.4 psi

V21 +(0.0-14458(05)’
{ag =12522.1 psi

< {S =22400 psi} True
o, =12545.4 psi

ce the equivalent stress is less than the acceptance criteria, the shell section is adequately desig

EP 4 —For cylindrical and conical shells, if the meridional stress, oy, is compressive, then g

.3.45).shall be satisfied where F,, is evaluated using VIII-2, paragraph 4.4.12.2 with A = 0.15.

ned.

Fquation

w1, I & I 1 lo bl HAH ok Ay H
LT 5 1S TTUTTICUTSodly TIT UTNS TAAITIPIT UTLAUST UTT TITTTTUTUTIAl StIToS, Ugy, 1S5 ITTISIIT.
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Table E4.3.6.1 — Design Loads from VIII-2

Table 4.1.1 — Design Loads

Design Load L.
Description
Parameter

P Internal of External Specified Design Pressure (see paragraph 4.1.5.2.a)

PS Sidi.lb ilUduI IrIUIlI ilqullj Ul 'uui'r\ IIIdiClidib (C.y., bdi.diyb'l)
Dead weight of the vessel, contents, and appurtenances at the logation|of
interest, including the following:
» Weight of vessel including internals, supports (e.g., skirts, lugs, saddles,
and legs), and appurtenances (e.g., platforms, ladders, eic.)
» Weight of vessel contents under design and test conditions
+ Refractory linings, insulation

D + Static reactions from the weight of attached equipmeént, such as motors,
machinery, other vessels, and piping
» Transportation loads (the static forces obtained as equivalent to the
dynamic loads experienced during normal operation of a transport vessgl
[see paragraph 1.2.1.3(b)]
» Appurtenance live loading

L « Effects of fluid flow, steady stateror transient
+ Loads resulting from waye-dction

E Earthquake loads [seeqparagraph 4.1.5.3(b)]

w Wind loads [see paragraph 4.1.5.3(b)]

Ss Snow loads

F Loads due to Deflagration
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Table E4.3.6.2 — Design Load Combinations from VIII-2

Table 4.1.2 — Design Load Combinations

General Primary Membrane

Design Load Combination [Note (1) and (2)] Allowable Stress [Note (3]

(LP+P;+D S
2)P+P;+D+L S
3)P+P;+D+S; S
(4) QP + P;+ D+ 0.75L + 0.75S5 S
(5) QP + P; + D + (0.6W or 0.7E) S
(6)QP + P; + D + 0.75(0.6W or 0.7E) + 0.75L + 0.75S, S
(7) 0.6D + (0.6W or 0.7E) (Note (4)) S
B8P +D+F See Annex 4-D
(9) Other load combinations as defined in the UDS S

Notes:

1)| The parameters used in the Design Load Combinatian column are defined in Table 4.1.1.
2)| See paragraph 4.1.5.3 for additional requirements:

3)| S is the allowable stress for the load case combination [see paragraph 4.1.5.3(c)].

4)| This load combination addresses an overturning condition for foundation design. It does pot
apply to design of anchorage (if any).to the foundation. Refer to ASCE/SEI 7, 2.4.1 Exception 2
for an additional reduction to W thatmay be applicable.
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Table E4.3.6.3 — Design Loads (Net-Section Axial Force and Bending Moment) at the

Location of Interest

Design Load L Magnitude of Pressure, Force
Description
Parameter and Moment
Int I Ext | Specified Desi
p nternal or xterna pecifie esign P = 356.0
Pressure (see paragraph 4.1.5.2.a)
Static head from liquid or bulk materials (e.g
28 P, =00
catalyst)
The dead weight of the vessel including skirt, Dy = —66152.5 lbs
D contents, and appurtenances at the location .
. Dy =0.0in — lbs
of interest
L Appurtenance live loading and effects of fluid | Lr = 0.0 lhs
flow Ly = 0:0un — lbs
EF — 00 le
E Earthquake loads )
Ey =0.0in—1bs
Wr = 0.0 lbs
w Wind Loads ,
Wy = 5.08E + 0.6 in — lbs
SrF=0.01bs
Ss Snow Loads .
Sy = 0.0in— lbs
Fr =0.0lbs
F Loads due to Deflagration .
Fyy = 0.0in — lbs
Basged on these loads, the shell is required to be designed for the design load combinations shown
E413.6.4. Note that this table istgiven in terms of the load combinations shown in Table 4.1.]
E413.6.2 of this example).
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Table E4.3.6.4 — Design Load Combination at the Location of Interest

General
] Primary
Load . L Magnitude of Pressure,
Design Load Combination Membrane
Case Force and Moment
Allowable
Stress
P+ P =356.0 psi
1 P+P+D F, =—66152.5 lbs S
M, =0.0in—Ibs
P+ P =356.0 psi
2 | P+P+D+L F, =—66152.5 Ibs S
M, =0.0 in—1Ibs
P+ P =356.0_psi
3 P+P +D+S5, F, =-66152.5Ibs S
M, =0:0Nn—Ibs
0.9P#+ P =320.4 psi
4 0.9P + P, + D + 0.75L + 0.75S; 19 =—-66152.5 Ibs S
M, =0.0in—-Ibs
09P+P =320.4 psi
5 0.9P 4+ P, + D + (0.6W or 0.7E) F; =-66152.5 Ibs S
M =3048000 in —Ibs
09P+P =320.4 psi
5 (0.9P + P, + D +.0.75(0.6W or 0.7E) + F, =—66152.5 Ibs s
0.75L + 0.75S;) )
M, =2286000 in—Ibs
F, =-39691.5 Ibs
7 0.6D £.(0.6W or 0.7E) M., = 3048000 in — lbs S
P =0.0 psi
8C\ P, +D+F F, =—66152.5 Ibs See
Annex 4-D
AL o0 i 1ha

IVl g™ Y. UITt TOJ
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4.3.7 Example E4.3.7 — Conical Transitions Without a Knuckle

Determine if the proposed large and small end cylinder-to-cone transitions are adequately designed considering
the following design conditions and applied forces and moments. Evaluate the stresses in the cylinder and cone
at both the large and small end junction.

Vessel Data:
e Material = SA—516, Grade 70, Normalized
. Desr%&bﬂs%éé—pﬁg@%@@%?—
¢ Insig¢le Radius (Large End) = 75.0 in
e Thigkness (Large End) = 1.8125 in
e Cylinder Length (Large End) = 60.0 in
¢ Insig¢le Radius (Small End) = 45.0 in
e Thigkness (Small End) = 1.125 in
e Cylipder Length (Small End) = 48.0 in
¢ Thigkness (Conical Section) = 1.9375 in
e Length of Conical Section = 78.0 in
e Corfosion Allowance = 0.125 in
e Allovable Stress = 22400 psi
e Weld Joint Efficiency = 1.0
e Ong-Half Apex Angle (See Figure E4.3.7) = 21.0375 deg
e Axigl Force (Large End) = <99167 Ibs
e Net[Section Bending Moment (Large End) = 5.406E +06 in— Ibs
e Axigl Force (Small End) = —78104 Ibs
e Net[Section Bending Moment (Small End) )= 4.301E+06 in— lbs
Adjust vpriables for corrosion.
R,|=75.0+ Corrosion Allowance="75.0+0.125=75.125 in
R|=45.0+ Corrosion Allowance=45.0+0.125=45.125 in
t, £1.8125 - Corrosion) Allowance =1.8125—-0.125=1.6875 in
tg £1.125—Corrosion Allowance=1.125-0.125=1.0 in
t- E1.9375=Corrosion Allowance=1.9375-0.125=1.8125 in
a +21.0375 deg
Evaluat(f per-paragraph 4.3.11.

Per paragraph 4.3.11.3, the length of the conical shell, measured parallel to the surface of the cone, shall be
equal to or greater than the following:

L C Rt t
cos cos

75. 125 1. 8125) 45.125(1.8125) _
{L =78.0 zn} 2.0 +14 =37.2624 in True

cos[21.0375] cos[21.0375]
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Evaluate the Large End cylinder-to-cone junction per paragraph 4.3.11.4.

a) STEP 1 — Compute the required thickness of the cylinder at the large end of the cone-to-cylinder junction
using paragraph 4.3.3., and select the nominal thickness, t; (as specified in design conditions).

t, =1.6875 in

b) STEP 2 — Determine the cone half-apex angle, a, compute the required thickness of the cone at the large
end of the cone-to-cylinder junction using paragraph 4.3.4., and select the nominal thickness, t. (as
specified in design conditions).

c) ST
equ
In t

d) ST

of
ang

e) ST
she
res

tra:Lsition (as specified in design conditions).,. The thrust load due to pressure shall not be includeq
e axial force, F;. Calculate the equivalent line load, X;, using the specified net section axial force, Fj,

a =21.0375 deg

EP 4 — Determine the net section axial force,“F;, and bending moment, M;, applied to the

bending moment, M; .
—9167 5406000 —948111”7—S
v _FoM 27(75.125)  z(75.125)° in
= +—=
L - 2 _
27R, 7R, 99167 5406000 —5149886”)—S
272(75.125)  z(75.125) in

EP 5 — Compute the junction transition design parameters (the normalized resultant moment, M
ar force,"Qp) for the internal pressure and equivalent line load per Table 4.3.3, and Tab
pectively. For calculated values of n other than those presented in Table 4.3.3 and Table 4.3.

Il these

t.=1.81251in
EP 3 — Proportion the cone geometry such that the following equations are satisfied. If g
ations are not satisfied, then the cylinder-to-cone junction shall be designed intfaccordance with Part 5.
he calculations, if 0 deg < a < 10 deg, then use @ = 10 deg.
20< &:75'125:44.5185 <500 True
t, 1.6875

1<le 18125 poplen T

t, 1.6875
{a =21.0375 deg} < {60 deg} True

conical
as part

(<, and
e 4.3.4,
A, linear

intg

rpelation of the equation coefficients, C;, is permitted.

n:%:18125

,75 125 66722
1.6875

= tan[2l 0375 =0.3846

=1.0741
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Linear interpolation of the equation coefficients, C; in Table 4.3.3 and Table 4.3.4 is required. The results
of the interpolation are summarized with the following values for C;.

VIII-2, Table 4.3.3 VIII-2, Table 4.3.4
Pressure Pressure . . . .
Equation . . Equivalent Line | Equivalent Line
Applied Applied ] .
Coefficients . . Load Junction Load Junction

Junction Junction Shear

~ a R Moment Shear Force
Resultant Resultant
Resultant Resultant
M Qn
My Qn N
1 -3.079751 -1.962370 -5.706141 ~4:878520
2 3.662099 2.375540 0.004705 0.006808
3 0.788301 0.582454 0.474988 -0.018569
4 -0.226515 -0.107299 -0.213112 -0.197037
5 -0.080019 -0.103635 2241065 2.033876
6 0.049314 0.151522 0.000025 -0.000085
7 0.026266 0.010704 0.002759 -0.000109
8 -0.015486 -0.018356 -0.001786 -0.004071
9 0.001773 0.006551 -0.214046 -0.208830
10 -0.007868 -0.021739 0.000065 -0.000781
11 - -0.106223 0.004724
For the applied pressure casé both Mgy and Qy are calculated using the following equation.
_ R 7
€, > C,In[H]+C,In[B]+C,(In[H]) +C,(In[B]) +
3 3
M .0, =—exp| C,In[H|In[B]+C, (In[H]) +C,(In[B]) +
2 2
G, ln[H](ln[B]) +C, (ln[H]) In[B]
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[-3.079751+3.662099-In[6.6722] + 0.788301- In[0.3846] + |

(-0.226515)(In[6.6722])" +(~0.080019)(In[0.3846])" +
0.049314-1n[6.6722]-In[0.3846] +

0.026266(1n[6.6722])" +(~0.015486)(In[0.3846]) +

2
0.001773.1nl6 67221.(1n 10 38461\ 4
r T T T/

=-10.6148

For

QN =—C&Xp

(~0.007868)(In[6.6722])" -1n[0.3846]

[ —1.962370+2.375540-In[6.6722]+0.582454 - In [0.3846] + |

(~0.107299) (In[6.6722]) +(~0.103635)(1n [0.3846])" +
0.151522-1n[6.6722]-In[0.3846] +

0.010704(1n[6.6722])" +(~0.018356) (In[0.3846]). +
0.006551-1n[6.6722]-(In[0.3846]) +

(~0.021739)(In[6.6722])" -1n [0.3846]

=-4.0925

the Equivalent Line Load case, Mgy and Qp are calculated using the following equation.
C +C ln[H2]+C5 Infe]+C, (ln[Hq)2 +
C, (In[a]) +C da] #? Jin[a

M .0y =—exp o(nfe]) G el Jinfe]

1+C, [ #+ C, n[a]+C, ([ H2]) +

I (O (ln[ac])2 +C, ln[HZJIn[a]
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This results in:
—5.706141+0.474988-In[ 6.6722” |+
2.241065-In[21.0375]+0.002759 (In [6.67222])2 +

(~0.214046) (In[21.0375])" +
(-0.106223)In[ 6.67227 |- In[21.0375]
T+0.004705 - Tn{ 6.6722° |+(-0213TT2)In[2ZT.0375]

=-0.4912

M, =—exp

0.000025(111[6.67222})2 +(~0.001786)(In[21.0375])" +
0.000065-In 6.6722° |-In[21.0375]

~4.878520+(~0.018569)In[ 6.6722° | +
2.033876~1n[21.0375]+(—0.000109)(1n[6.67222])2 +

(~0.208830)(In[21.0375])" +
0.004724-In[ 6.6722” |- In[21.0375]
1+0.006808 - In[ 6.6722° | +(~0.197037)In[21.0375] +

=-0.1845

QN =—CXp

(—O.OOOOSS)(ln[6.67222])2 '+ (~0.004071)(In[21.0375])" +
(~0.000781)In| 6.6722%]-1n[21.0375]

Summarizing, the normalized fesultant moment My, and shear force Qy for the internal presqure and
eqyivalent line load are as follows:

Internal Pressure M, =-10.6148, 0, =-4.0925
Equivalent Eine Load : M, =-0.4912, 0, =-0.1845
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STEP 6 — Compute the stresses in the cylinder and cone at the junction using the equations in Table 4.3.1
for the Large End Junction.

Evaluate the Cylinder at the Large End:

Stress Resultant Calculations:

M, =PPM,, =356(1.6875) (~10.6148) = ~10760.9194 "1
124)
94.8111(1.6875)(~0.4912) = ~78.5889 -2
Mg =X, t,M = m Ib
—~514.9886(1.6875)(~0.4912) = 426.8741 ———-
mn
_10760.9194 -+ (~78.5889) = ~10839.5083 "%
Ms:MsP+MsX: . llbn
~10760.9194 + 426.8741 = —10334.0453 L5
in
lbs
0, = P1,0, =356(1.6875)(—4.0925) = —2458.5694 —
mn
lbs
94.8111(=0.1845) = —17.4926 —
Oy =X,0y = ”;bs
—~514.9886(—0.1845) = 95.0154 —
mn
lbs
—2458.5694+(—17.4926) = ~2476.0620 —
0=0,+0, = e
24585694 +95:0154 = ~2363.5540 —
124]
0.25
3(1—1/2) 0.25 3(1_(0.3)2) |
B,=|—%7"1] = 5 - | =0.1142in"
R;1; (75.125)’ (1.6875)
356(75.125
R 356(75125) o4 8111 -13467.0611 25
N =Teyy o) 2 in
2 356(75.125) Ibs
2 2 L (-514.9886) = 12857.2614 —
124]

4-44


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

N, =PR +25,R,(-M.p, +0)
356(75.125)+2(0.1142)(75.125)(—(~10839.5083 ) (0.1142) +(—2476.0620) )
|356(75.125) +2(0.1142)(75.125)(~(~10334.0453)(0.1142) + (~2363.553))

5498.9524 1S
No = b

6438.9685 =

T 1142D)
K, =10

Stress Calculations:

Determine the meridional and circumferential membrane and bending stresses.

13467.0611
13467.9611 _ 56¢0.4807 psi
o N, _J 16875 g
o |12857.2014 5610 1179 psi
1.6875

6(~10839.5083)
6M | (1.6875)(1.0)

=-22838.7994 psi

P07 PK, | 6(~10334.0453) 217739995 osi
= — . Sl
(1.6875)" (1.0) g
5498.9524
T - 3258.6385 psi
oo N, _ | 1.6875 -
Om -
f 64389685 _ 44156850 psi
1.6875
6(0.3)(<10839.5083) _ 6851.6398 psi
_ )
o _ovM, (176875) (1.0)
eh_tzK - 3) (- .
K, 46(0.3)( 1032340453):_6532'1373 psi
(1.6875)"(1.0)
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Check Acceptance Criteria:

o, = 71980.4807 psi
S =1.5(22400) =33600 psi| True

o, =7619.1179 psi {
o,, +0,, =7980.4807 +(—22838.7994) =|-14858.3 psil
o, —0,, =7980.4807 — (—22838.7994) =30819.3 psi

<{S,, =67200 psi} T
o,, +0,, =7619.1179+(-21773.7909) =|-14154.7 psi| (Srs psi}  True

Sj
ten
cor

S

0, — 0y = 16191179~ (=2T773.7909) = 293929 psi
{agm =3258.6385 pSl}

IA

S =1.5(22400) =33600 psi| True
o, =3815.6850 psi

Oy + Ty, =3258.6385+(—6851.6398) =|-3593.0 psil

Com — Oy =3258.6385—(—-6851.6398) =10110.3 psi
(-6532.1373) =|-2716.5 psil
(- )

G, + 0, =3815.6850+
G, — Oy = 3815.6850— (—6532.1373) =10347.8 psi

m

< {SPS = 67200 psi} True

sile, the condition of local buckling need not be considered. Therefore, the cylinder at the cyl
e junction at the large end is adequately designed.

Evaluate the Cone at the Large End:

Str

bss Resultant Calculations — as determinedabove:

M, =M, =—10760.9194 1128
in
7858898 10s
MCSX =MsX = ”/;b
4268741 1108
in
107609194+ (~78.5889) = ~10839.5083 "1
Mcs:McsP+Mch: Zn
in—1bs

-10760.9194 +426.8741 = -10334.0453

in

OC— Ocoslale N cinlal
Zc L1 s L1

ce the longitudinal membrane stress, og,;, and the circumferential membranes stress, oy, @re both

nder-to-

((—2476.0620) cos[21.0375]+(13467.0611)sin[21.0375]) = 2523.3690 1bs

0, = n
((—2363.5540) cos[21.0375]+(12857.2614)sin[21.0375]) = 2409.4726 [bs

in
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Ro=—Re _ T g4 4000 in
cos[a] cos[21.0375]

B., =F(1_V2)r {( (-0 r —0.1064 in”'

Rt 80.4900)" (1.8125)’

N, =N, cos[a]-QOsin[a]

1bs )
\1340/ o6t 1)cos[41 UjIDJ \—44/0 UOAU)smlu UJ/DJ—IJ‘I-DZS 2770 —
in
NCS =
. Ibs

(12857.2614)c0s[21.0375]—(—2363.5540)sm[21.0375] 12848.7353 —
in

PR,

N, = 28 R (—-M —
co COS[Q]+ ﬂco ( csﬂc() Qc)
356(75.125) +2(0.1064)(80.4900)(~(~10839.5083) (0:7664) — 2523.3690)
N o cos[21.0375]
0
w+2(0.1064)(80.4900)(—(—10334.0453)(0.1064)—2409.4726)
cos[21.0375]
5187.9337 lb_S
NCH = llbn
6217.6021 =22
in
K =1.0

cpe
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Stress Calculations:

Determine the meridional and circumferential membrane and bending stresses.

13458.2772
SSOCL T 74252564 psi
_ N, _] 18125 -
ol 1288 S00e 9574 psi
1.8125
6(-10839.5083) . _
e, s T
YK, |6(-10334.0453) 18874.0708 psi
__ . Si
(1.8125)° (1.0) g
5187.9337
22722 2862.3082 psi
L _ Ny _) 18125 ~
om — -
fo | 82176021 _ 3430 4012 psi
1.8125
0(0-3)(=10839.5083) _ <035 1741 psi
o _6vM (1'8125)2(1'0)
UK |6(03)(-103340453) oo 5
__ ) S1
(1.8125)°(1.0) ’

C

=0

pck Acceptance Criteria:

o, = 14252564 psi
o, =7088.9574 psi

IN

S =15(22400) =33600 psi| True

o,, +0,, = 74252564 +(<19797.2470) =|-12371.9906 psi|
o, —0,, = 1425.2564=(<19797.2470) = 27222.5034 psi

' < {SPS =67200 psi} Trud
o,,+0,, =7088.9574 +(—18874.0708) =|-11785.1 psi|
o,, — 0, = 70889574 —(-18874.0708) = 25963.0 psi
O = 28623082 psi

o PP < (155 =1.5(22400) = 33600 psi] True
o, =3430.4012 psi

O+ 0y, = 2862.3082 +(—5939.1741) =|-3076.8659 psi|

0, — 0, = 2802.3082 —(—3333.1741) =8801T 4823 ps7
O g + 0, =3430.4012+(—5662.2213) = |-2231.8 psi|
Oy, =3430.4012 - (—5662.2213) = 9092.6 psi

< {SPS =67200 psi} True

Ogm —

m
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Since the longitudinal membrane stress, o, and the circumferential membranes stress, agy,, are both
tensile, the condition of local buckling need not be considered. Therefore, the cone at the cylinder-to-cone

junction at the large end is adequately designed.

STEP 7 — The stress acceptance criterion in STEP 6 is satisfied for both the cylinder and cone.

the design is complete.

Evaluate the Small End cylinder-to-cone junction per paragraph 4.3.11.5.

a)

b)

Therefore,

STEP T = Compute the required thickness of the cylinder at the small end of the cone-to-cylinder]junction

usipg paragraph 4.3.3., and select the nominal thickness, ts, (as specified in design conditions).

STEP 2 — Determine the cone half-apex angle, a, compute the required thickness of therconie at the small

end of the cone-to-cylinder junction using paragraph 4.3.4., t. (as specified in design_ conditions).

STEP 3 - Proportion the cone geometry such that the following equations aref satisfied.

If all these

equations are not satisfied, then the cylinder-to-cone junction shall be designed\inh accordance with Part 5.

In the calculations, if 0 deg < a < 10 deg, then use o = 10 deg.

20<| Bs B2 _ s 155 1< 500 True
(10
1<) e 18125 eins <o True
(. 10
{a =21.0375 deg} < {60 deg} True

STEP 4 — Calculate the equivalent line load, Xy, given the net section axial force, Fg, and bending moment,

M| applied at the conical transition.

-78104.2 N 4301000 —306.8622 Ib_S
F, M, 27[(45.125) 7z(45,125) in
= i_:
AR AR (| 781042 4301000 _ g, 0060 b
27 (45.125) 7;(45,125) in

STEP 5 — Compute the junction transition design parameters (the normalized resultant moment, My, and
shgar force, @y) for the internal pressure and equivalent line load per Table 4.3.5, and Table 4.3.6,
respectively/ ,For calculated values of n other than those presented in Table 4.3.5 and Table 4.3.6, linear

intgrpolation of the equation coefficients, C;, is permitted.

t 18125
C

n="C= =138125
tS 1.000

/45 125 67175
1.000

] = tan[21.0375] = 0.3846
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the interpolation is summarized with the following values for C;.

VIlI-2, Table 4.3.5 VIII-2, Table 4.3.6
: Pressure Pressure Equivalent Line | Equivalent Line
Equ.at_lon Applied Applied L0<|>ad Junction L0<|>ad Junction
Coefficients Junction Junction Shear

Moment Shear Force
C; Moment Force

Resultant Resultant

Resultant Resultant M 0
M.EN QN SN N

1 -15.144683 0.569891 0.006792 -0.408044
2 3.036812 -0.000027 0.000290 0.021200
3 6.460714 0.008431 -0.000928 -0.325518
4 -0.155909 0.002690 0.121611 -0.003988
5 -1.462862 -0.002884 0.010581 -0.111262
6 -0.369444 0.000000 -0.000011 0.002204
7 0.007742 -0.000005 -0.000008 0.000255
8 0.143191 -0.000117 0.005957 -0.014431
9 0.040944 -0.000087 0:001310 0.000820
10 0.007178 0.000001 0.000186 0.000106
11 - -0.003778 0.194433

For the applied pressure case Mgy is calculated usifig the following equation:

M, =exp

_Cl +Czln[H2]+C3ln [a]+C4 (ln [HZ })2 +C, (ln [a])2 +
Cyn [Hz]ln[a] + G5 (ln [H2])3 +C, (ln[oz])3 +

_Cg In [Hﬂ(ln[oc])2 +C,, (ln[H2 })2 In[c]
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This results in:

~15.144683+3.036812-In[ 6.7175” |+ 6.460714+In[ 21.0375] + |

(-0.155909)(1n[ 6.7175* ]} +(~1.462862) (In[21.0375])" +

(~0.369444)In[ 6.7175” |- In[21.0375] +
M, =exp =9.2135

0.007742(111[6.71752])3 +0.143191(1n[21.0375]) +

0.040944-1n[ 6.7175" |-(In[21.0375])" +

0.007178(In[ 6.7175" ]) - In[21.0375]

Forl the applied pressure case Qy is calculated using the following equation,

0. C,+CH’ +Caa+C,H*+Cya’ +C,\H’a
Y1+ H* +Cla+CH* +Cyo’ +C Ha

Thip results in:

4

(~0.000005)(6.7175)" +(~0.000087)(21.0375)" +

(~0.003778)(6.7175)" (21.0375)
Oy = > =-2.7333
1+(~0.000027)(6.7175)" +0.002690(21.0375) +

0.569891+0.00843 1(6.7175)2 + (—0.002884)(21.0375) +
)

0.000000(6.7175)" +(=0.000117)(21.0375)’ +

0.000001(6.7175)"(21.0375)

For the Equivalent Line Load caseg; M,y is calculated using the following equation,

_(C+CH+AB+C,H*+C,B’+C, HB
¥\ 1+C,H#CB+C,H* +C,B’ +C, HB
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s results in:
0.006792 + (—0.000928) (6.7175) +0.010581 (0.3846) +

(~0.000008)(6.7175)" +0.001310(0.3846)" +
0.194433(6.7175)(0.3846)

M, = —0.4828

1+0.000290(6.7175) +0.121611(0.3846) +
(=0.000011)(6.7175)" +0.005957(0.3846)" +

For

Thi

Summarizing, the normalized resultafit ymoment My, and shear force Qy for the internal press

equ

L0.000I86(6.7175)(0.3846)

the Equivalent Line Load case, Qy is calculated using the following equation,

C, (In[H]) +C, (In[B])' +C, n[H](In[ B]) +C,, (In[H])’ Inf5]

5 results in:

—0.408044 +0.021200-In [6.7175]+(—0.325518) I [0:3846 ] +
(~0.003988)(In[6.7175])" +(~0.111262)(1n[0;3846])" +

0, =| 0.002204-1n[6.7175]-1n [0.3846] +0.000255 -(In[6.7175]) +
(~0.014431)(1n[0.3846])" +0.000820 In[6.7175]-(In[0.3846]) +

0.000106(1n[6.7175])" - In[0.3846]

ivalent line load are as follows:

Internal Pressure : M, =9.2135, 0, =-2.7333
Equivalent Line Load : M, =0.4828, 0, =-0.1613

[cl+c2 In[H]+C, n[B]+C, (In[H])’ +C, (In[B])’ +C, In[H]In[B] +}

=-0.1613

ure and
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STEP 6 — Compute the stresses in the cylinder and cone at the junction using the equations in Table 4.3.2

for the Small End Junction.

Evaluate the Cylinder at the Small End:

Stress Resultant Calculations:

M., = PEM ,, =356(1.000)° (9.2135) = 3280.0060 in —Ibs
124]
396.8622(1.0000)(0.4828) = ~191.6051 5
My = XM, = .m b
—947.8060(1.0000) (0.4828) = —457.6007 ——
n
3280.0060 +(191.6051) = 3471.6111 =10
Ms:MsP+MsX: ln lb
3280.0060 + (~457.6007) = 2822.4053 T2
1
0, = P1,0, =356(1.0000)(~2.7333) = ~973.0548 25
mn
lbs
396.8622(-0.1613) = ~64.0139 —=
Oy = X0y = ZI’;JS
—947.8060(—0.1613) =152.8811 —~
mn
lbs
—973.0548 + (~64.0139) = ~1037.0687 —
0=0,+0; = b
973.0548 +152:8811=-820.1737 —
mn
5 0.25 2 0.25
- 3(1-(03
8 {3(125 )} L OBA=03)) 1 g1
Rt (45.1250)° (1.000)
356(45.125
356(45125) | 306.8622 84201122 1
N :PRS + X = 2 n
2% 7 |356(45.125) Ibs
T ) 1 (~947.8060) = 7084.4440 —~
124)
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N, = PR +2,Ri (M5, ~0Q)
356(45.125)+2(0.1914)(45.125)(—(3471.6111)(0.1914) —(-1037.0687))
356(45.125)+2(0.1914)(45.125)(—(2822.4053)(0.1914) —(—820.1737)

22500.7769 25
No = I

20900.5790 —~

T 17/(2)
K, =10

Stress Calculations:

Determine the meridional and circumferential membrane and bending stresses:

8429.1122
SR L 8429.1122 psi
_ _N._] 10000 g
fs 70834340 _ 5004 4440 psi
1.0000

6(3471.6111)

L _20829.6666 psi
6M | (1.0000)(1.0)

70T PK, | 6(2822.4053) .
—————-=16934.4318 psi
(1.0000)" (1.0)
22500.7769
Lo 07 _22500.7969 psi
o Ny _] 1.0000 P!
Om — -
fs | 209005790 _ 56900.5790 psi
1.0000
6(0.3)(3471.6111) _ 6248.8999 psi
oM, _ (1,0000)’ (1.0)
o 1K, 6(0.3)(2822.4053) 5080.3295 psi
= . Sl
(1.0000)’ (1.0) 3
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Check Acceptance Criteria:

IN

o, =8429.1122 psi
‘ {1.55 =1.5(22400) = 33600 psi| True

o, =7084.4440 psi
o, +0, =8429.1122+(20829.6666) = 29258.8 psi
o,, —0,, =8429.1122-(20829.6666) =|-12400.6 psi|

< {SPS =67200 psi} True
o,, +0, =7084.4440+(16934.4318) = 24018.9 psi

Sj
ten
cor

S

G,, — 0, = 0844440 —(16934.4318) =[-9850.0 psi|

{agm =22500.7769

<{1.55 =1.5(22400) = 33600 psi T
T =20900.5790} { ( ) psi} rue

Gy + Oy = 22500.7769 +(6248.8999) = 28749.7 psi

Gy — Ty = 22500.7769 — (6248.8999) =16251.9 psi (5., = 67200 psi) .
< = ST rue

Gy + Ty =20900.5790+(5080.3295) = 25981.0 psi| = b
(5080.3295) = 15820.2 psi

C,,, — 0g =20900.5790 -

m

sile, the condition of local buckling need not be considered: Therefore, the cylinder at the cyl
e junction at the small end is adequately designed.

Evaluate the Cone at the Small End:

Str

bss Resultant Calculations:

M, =M., =3280.0060 =05
l7’l
191.6051 AA=tbs
MCSX :MSX = ln Ib
45706007 =10s
ll’l
in—1bs
3280.0060+191.6051 =3471.6111
Mcs :MCSP +MCSX = ln
in—1bs

3280.0060 + (—457.6007) 2822.4053
in

OC— Ocaoslale N cinlal
Zc L1 s L1

—1037.0687 cos[21.0375]+8429.1122sin [21.0375] = 2057.9298 Ibs

0, = i
—820.1737 cos[21.0375]+7084.4440sin [21.0375] =1777.6603 [bs

in
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R __ 41250 _ =48.3476 in
cos[a] cos[21.0375]

ﬂw{ (1 )TS— ( ( 03)) 025:0.1373 in”!

Rt} 48.3476)’ (1.8125)°

R_

c

N, =N, cos[a]-QOsin[a]
Ibs |

\6449 1144005[41 UJ/DJ \ 1U5 7. UOZS/)SIH[LI Uj/DJ) 623Y9.00124 —

N = in

(7084.4440c0s[21.0375] - (~820.1737)sin[21.0375]) = 6906.6602 2=

in

Nc‘é: PR +2ﬁcoRc( Mcsﬂc0+Qc)
cos[a]

356(45.125) 125)

cos[21. 0375]

2(0.1373)(48.3476)(~(3471.6111)(0.1373)+2057.9298)

Nc@ =
w 2(0.1373)(48.3476)(—(2822.4053)(0.1373) +1777.6603)
cos[21. 0375]
38205.1749 125
NEH = lll:l
35667.6380 =22
in
K, =10

»
P=3

Tss Calculations
Determine the meridional and circumferential membrane and bending stresses:

82395612
SRS 4545.9648 psi
o Ncs — 18125 p
fe 48066602 _ 30105711 psi
1.8125
6(3471.6111) -
) 63405406 psi
6 |(1.8125)°(1.0)
0' — CS =
UK, | 6(28224053) '
AT~ 5154.8330 psi
(1.8125) (1.0)
382051789 _ 510787172 psi
o N _] 18125
om — T
fe |35667.6380 _ 4 e 6068 psi
1.8125
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6(0.3)(3471.6111)

6vM.. (1.8125)° (1.0)

12K, | 6(0.3)(2822.4053)
(1.8125)° (1.0)

Ogp =

Check Acceptable Criteria:

=1902.1622 psi

=1546.4499 psi

Sj
ten
jun

S

g) ST
the

ction at the small end is adequately. designed.

design is complete.

0, = A5459648 D] _ 1 o\ <innin0y 33600 e Tre
., =3810.5711 psi| ! J
o, +0, =4545.9648 +(6340.5406) = 10886.5 psi
o, — 0, =4545.9648 —(6340.5406) = |-1794.6 psi .
<{S,s = 67200 psi} True
o, +0, =3810.5711+(5154.8330) =8965.4 psi
o,, —0,, =3810.5711-(5154.8330) =|-1344.3 psil
oy =21078.7172 ‘
<{1.58 =1.5(22400) = 33600 psi| True
o =19678.6968
O T gy =21078.7172+(1902.1622) = 22980.9 psi
Oy — Ty = 21078.7172—(1902.1622) =19176.6 psi (5, =67200 psi .
< = Si rue
o + gy =19678.6968 +(1546.4499) = 212251 Psi " g
Oy — T gy = 19678.6968 —(1546.4499) = 18132.2 psi

EP 7 — The stress acceptancexcriterion in STEP 6 is satisfied for both the cylinder and cone. TH
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1.125in. |i _ 90in. L.D.
— i

21.0375°
1.9375 in. 4 o,

78 in.

——»{le———150in. 1.D.—»

1.8125in.

A N

Figure E4.3.7 — Conical Transition
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4.3.8 Example E4.3.8 — Conical Transitions with a Knuckle

Determine if the proposed design for the large end of a cylinder-to-cone junction with a knuckle is adequately
designed considering the following design conditions and applied forces and moments, see Figure E4.3.8 for
details.

Vessel Data:

e Material = SA—516, Grade 70, Normalized
e Des . . o
¢ Insigle Diameter (Large End) = 120.0 in

¢ Insig¢le Radius (Large End) = 60.0 in

e Knugkle Radius = 10.0 in

e Large End Thickness = 1.0 in

e Cone Thickness = 1.0 in

e Knufkle Thickness = 1.0 in

e Corfosion Allowance = 0.0 in

e Allovable Stress = 22400 psi

e Weld Joint Efficiency = 1.0

e Ond-Half Apex Angle = 30.0 deg

e Axigl Force (Large End) = —10000-Ibs

e Net[Section Bending Moment (Large End) = 2.0E406 in— lbs

Evaluat¢ per paragraph 4.3.12.

a) STEP 1 — Compute the required thickness of the cylinder at the large end of the cone-to-cylinder|junction
usipg paragraph 4.3.3., and select the nomihal thickness, t; (as specified in design conditions).

6 =Dl exp| L |1 |2 12090 6| 2800 11 )_0.7547 in
2 SE 2 22400.0

As ppecified in the design conditions,
t, =1.01in

Since the required_thickness is less than the design thickness, the cylinder is adequately designed for
intgrnal pressure.

b) STEP 2 -« Determine the cone half-apex angle, a, compute the required thickness of the cone at the large
end ofthe cone-to-cylinder junction using paragraph 4.3.4., and select the nominal thickness, t..

a=300deg

- D exp[i}—l _ 1200 exp[ 280.0 }_1 — 0.8520 in
2cos[a] SE 2¢0s[30.0] 22400.0

As specified in the design conditions,

t-=1.01n

Since the required thickness is less than the design thickness, the cone is adequately designed for internal

4-59


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

pressure.

STEP 3 — Proportion the transition geometry by assuming a value for the knuckle radius, 73, and knuckle

thickness, t, such that the following equations are satisfied.

cylinder-to-cone junction shall be designed in accordance with Part 5.

{t —IOZn} {t —lOm} True
{rk =10.0 in} > {3tk =3.0 in} True
r, 10.0
+ =" =0.1667 >{0.03} True
R, 60.0
{0{ =30 deg} < {60 deg} True
STEP 4 — Determine the net section axial force, F;, and bending moment, M, > applied to the
tramsition at the location of the knuckle. The thrust load due to pressure shallsnot be included as p3
axial force, F.

ST
De

wh

F, =—10000 /bs
M, =2.0E+06 in—Ibs

ermine if the knuckle is compact or non-compact.

05 0.5
ar, <2K, ({Rk (0[1 tan[a]) +rk}tk)

{0.5236(10.0)} = {2(0.7)({50.0((0.5236)1 tan[o.5236])°'5 +10}1J0'5}
{

5.2360 m} {11 0683 m} True

Bre,
K, =0.7

a= wﬂ' =0.5236 rad
180

R, =R, <1, =60.0-10.0=50.0 in

Therefore, analyze the knuckle junction as a compact knuckle.

EP 5 — Compute the stresses in the knuckle at the junction-using the equations in Table 4.3.7.

Stress Calculations:

Determine the hoop and axial membrane stresses at the knuckle:

PK,, (R \[Rt, + L \[Ltc )+ a(PLr, ~05PLY )

O-Hm =
K, (tL JR., +te|Lite ) +at,r,
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o - FL,
21,
1 0.5 1l 0.5 .
Ly =R, (e tan[a])" +7, =50.0((0.5236) tan[0.5236]) " +10.0=62.5038 i
[=—Re o300 i60-67.7351in
cos[ ] cos[0.5236]
P =P+ £y + M,
[94 [94
rL;, cos’® [2} rL;, cos’ [2}
_ 2(2.0E +06
280+ 10000.0_0 5236 | ( ()) 5236 ]
7(62.5038)’ cos? | — : 7(62.5038)’ cos® | — )
P = - - - -
‘ - 2(2.0E +06
280+ 10000.0_0 5236 ( 3 5236
7(62.5038)’ cos? | — 5 7(62.5038)’ cds?)| 5

refore,

p _[2849125 psi
©1273.3410 psi

}

280(0.7)(60.04 [60.0(1.0) +,67.7351,/67.7351(1.0 )+

0.5236(280(62.5038)(10.0)—0.5(284.9125 )(62.5038) 2)

0.7(1.04/60.0(1.031.0,/67.7351(1.0) | +0.5236(1.0)(
280(0.7)(60.0,/60.0(1.0) + 67.7351,[67.7351(1.0) ) +

0.5236{280(62.5038)(10.0) - 0.5(273.3410) 62.5038)’

10.0)

07(1 01/600 10 +104[67 7351 1.0 )+O 5236 10

]

10.0)

=35.8767 psi

=756.6825 psi

lk _

PL

273.3410(62.5038)

2,

2(1.0)

8904.0570 psi

=8542.4256 psi

4-61



https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

f)

Check Acceptable Criteria:
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{Ugm =756.7 psi
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} < {S =22400 psi} True

} < {S =22400 psi} True

Since the longitudinal membrane stress, oy, and the circumferential membranes stress, gy, in the

knu
the

ST
cor

Tkte are bothrtersite;thecomnditiorrof tocat-bucktimgreed ot beconsidered— T herefore; thekr

cylinder-to-cone junction at the large end is adequately designed.

EP 6 — The stress acceptance criterion in STEP 5 is satisfied for the knuckle. Therefore; the g

nplete.

1.00 in.

60.00 in.

Rs

ts

Figure E4.3.8 — Knuckle Detail
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4.4 Shells Under External Pressure and Allowable Compressive Stresses
441 Example E4.4.1 - Cylindrical Shell

Determine the Maximum Allowable External Pressure (MAEP) for a cylindrical shell considering the following
design conditions.

Vessel Data:

e Materal = S4—516_Grade 70,_Normalized
. Deslgn Temperature = 300°F

e Insidle Diameter = 90.0 in

e Thigkness = 1.125 in

e Corfosion Allowance = 0.125 in

e Unsppported Length = 636.0 in

e Mod of Elasticity at Design Temp = 28.3E+06 psi

e Yielfl Strength = 33600 psi

Evaluat¢ per paragraph 4.4.5.

a) STEP 1 - Assume an initial thickness, t, and unsupported length,/ L’
t =t —Corrosion Allowance =1.125-0.125=1.0 in
L =636.0in

b) STEP 2 - Calculate the predicted elastic buckling stress, Fp,.
3 1.6C,E ¢ 3 1.6(0.00919142)(28.3E+06)(l.0)

he D 92.25

o

=4511.5189 psi

where,

D, = D+ 2(Uncorroded Thickness)=90.0+2 (1 . 125) =92.25in

M = L = va =93.6459

Rt
] \/(92.25)1.0
2

0:94 0.94
2[&j :2(%j =140.6366

L 1.0

. 4.9 A4 PV~ 0.94 . . o P
Since 13 < My, < Z\Ug/ L) , talCUldle Ly d5 TOlII0OWS.

-1.058

C, =1.12M " =1.12(93.6459) "™ = 0.00919142

c) STEP 3 — Calculate the predicted inelastic buckling stress, Fj., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic buckling stress and
predicted inelastic buckling stress. The predicted elastic buckling stress, Fj,, is determined based on the
geometry of the component and the loading under consideration as provided in subsequent applicable
paragraphs. The predicted inelastic buckling stress, Fj., is determined using the following procedure.
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STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fj,.

F,,=4511.5189 psi (as determined in paragraph 4.4.5, STEP 2)

STEP 3.2 — Calculate the elastic buckling ratio factor, A,.

g = Lo _BILSIS ) 6015042
E  283E+06

STEP 3.3 — Solve for the predicted inelastic buckling stress, Fj., through the determination of the

. - ) . . .
material’'s tangent moduliis F'L based on the stress-strain curve maodel at the dpqlgn temper

ture per

paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such that the f
relationship is satisfied (see Table 4.4.2).

E_y
E

t

Commentary:

The model used to develop the stress-strain curve is in paragraph 3-D-3. Though outside th

pllowing

e scope

of this example problem, the user is encouraged to develop the stress-strain curve for the material of

interest at the design temperature. Several of the design pafameters and supplemental
used in the development of the stress-strain curve are also uSed in the determination of the
modulus.

Per paragraph 3-D.3: Stress-Strain Curve Model /[ Fangent Modulus Parameters

e Engineering Ultimate Tensile Stress at Temperature o, = 70000 psi
e Engineering Yield Stress at Temperature o, = 33600 psi
e 0.2% Engineering Offset Strain &, =0.002

e Stress-Strain Curve Fitting Parameter, see Table 3-D.1 £, = 0.00002
e Modulus of Elasticity at Temperature E, =28.3E+06 psi

Engineering yield to engineering tensile ratio,

% 33600 4300
70000

(o

uts

Curve fitting/exponent for the stress-strain curve,

¢ [n[R]+(z,-&,)] _[in[0.48]+(0.00002-0.002)] _ 0 15084367

ariables
tangent

~ [m[ite,]] [ In[1+0.00002] |

1
1
T

n 4ln|:1+5ys} i ln[1+0.002] |

Curve fitting constant for the elastic region of the stress-strain curve,

1
i o, (1+¢,) _ 33600(1+0.002) 909263215

(n[1+6,])"  (m[t+0.002])"™"

Curve fitting exponent for the stress-strain curve, see Table 3-D.1,
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m, =0.6(1.00— R) = 0.6(1.00—0.4800) = 0.3120

Curve fitting constant for the plastic region of the stress-strain curve,

4, = TSPl ] 70000-exp[03120] )0 7
m," (0.3120)"

Material parameter for stress-strain curve model,

—15(RV° _0s(pV> _(R)Y?
F=—21F) S G A

K =1.5(0.4800)"" —0.5(0.4800)"" —(0.4800)"" =0.34239735

Stress-Strain curve fitting parameter,

. 2(at —(ays +K (o, —ays))) ) 2(70000-(33600+0.3424(70000 -33600)))
- K(o,-0,) - 0.3424(70000 ~33600)

H =3.84116670

Per paragraph 3-D.5.1: Tangent Modulus Parameters.

e Tangent Modulus, E;.
e Coefficient used in Tangent Modulus, D4, D,, D3, Dy.

Tangent Modulus:

t

-1
E :[EL+D1 +D, + D, +D4]

y

Coefficients:

L

b= ;J .{Gt[mll [ﬁ]@_taﬂhz (] Lol ]tanh[H]}

m,

b= ;] .(Gt[%l [ﬁ}l_mz #)s Lol mh[H]}

m,
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An example of an iterative solution to determine Fj. is shown in Table 4.4.2. When using the
procedure of paragraph 3-D.5.1, the value of F;. is substituted for o;, which is the value of true stress
at which true strain will be evaluated.

The suggested algorithm is an interval-halving approach to “guess” at a value of F;., and determine
the corresponding value of E;. The relationship, F;./E; = A, is checked and based upon the proximity
of the ratio F;./E; to the value of A,, an adjustment is made to the next “guess” of F;.. The iteration
continues until the relationship F;./E; = A, is satisfied within a specified tolerance, at which point the
iteration process is stopped and the final value of F;,. is reported.

Table 4.4.2 — Algorithm for Computation of Predicted Inelastic buckling Stress, Fj,.
Read (F,,E)

e

4=t
E

F,, =MSTS
=0.0

F;'c[ow
TOLA,,, =0.00000001
A

L =1.0

Do While A,, >TOLA,,

F :0.5(F +F

icg icup iclow )

-1
E :(%+D1 +D, +D3+D4)

g

END IF

Ay =‘Adijj"
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A tabulated summary of the iterative procedure is shown below.

Iteration A ir Ficup F iciow Ficq E,

1 1.000000000 70000.0000 0.0000 35000.0000 1.6780582E+06
2 0.020698024 35000.0000 0.0000 17500.0000 2.1133306E+07
3 0.000668659 17500.0000 0.0000 8750.0000 2.8052001E+07
4 0.000152503 8750.0000 0.0000 4375.0000 2.8293447E+07
5 0.000004788 8750.0000 4375.0000 6562.5000 2.8244947E+07
6 0.000072925 6562.5000 4375.0000 5468.7500 2.8278853E+07
7 0.000033969 5468.7500 4375.0000 4921.8750 2.8287838E+07
8 0.000014575 4921.8750 4375.0000 4648.4375 2.8290991E+07
¢ 0.000004590 4648.43/9 43575.0000 4511.7/188 2.6292298E+0/(
10 0.000000050 4511.7188 4375.0000 4443.3594 2.8292892E+Q7
11 0.000002369 4511.7188 4443.3594 4477.5391 2.8292600E+07
12 0.000001159 4511.7188 4477.5391 4494.6289 2.8292450E+07
13 0.000000554 4511.7188 4494.6289 4503.1738 2.8292375E+07
14 0.000000252 4511.7188 4503.1738 4507.4463 2.8292336E+07
15 0.000000101 4511.7188 4507.4463 4509.5825 2.8292317E+07
16 0.000000025 4511.7188 4509.5825 4510.6506 2.8292308E+07
17 0.000000013 4510.6506 4509.5825 4510.1166 2.8292313E+07
18 0.000000006

F,=4510.1166 psi

EP 4 — Calculate the value of design factor, F'S, per paragraph4.4.2.
O.55Sy = 0.55(33600.0) =18480.0 psi

F§S=2.0

ce Fj. < 0.555,, calculate FS as follows:

EP 5 — Calculate the allowable external pressure, P,.

P =2F, | L |=2(2255.0583) 0 V489 psi
] 92.25
F :
F, =2 - BIOII66 25955 0583 psi
FS 2.0

EP 6 — If the allowaple external pressure, P,, is less than the design external pressure, incrg
Il thickness orreduce the unsupported length of the shell (i.e., by the addition of a stiffening rir

ign external pressure.

wable external pressure is P, = 48.9 psi.

ase the
gs) and

to STEP 2.( Repeat this process until the allowable external pressure is equal to or greater than the

ed Loadings — cylindrical shells subject 10 external pressure and other loadings shall sa

pressure.
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44.2 Example E4.4.2 — Conical Shell

Determine the Maximum Allowable External Pressure (MAEP) for a conical shell considering the following
design conditions.

Vessel Data:

Evaluatg per paragraph 4.4.6. and 4.4.5.

Material = SA—516, Grade 70, Normalized

= 300°F

= }150-0-i#

= 1.8125 in
Insigle Diameter (Small End) = 90.0 in
Thidkness (Small End) = 1.125 in
Thidkness (Conical Section) = 1.9375 in
Axigl Cone Length = 78.0 in
Ong-Half Apex Angle = 21.0375 deg
Corfosion Allowance = 0.125 in
Mod. of Elasticity at Design Temp. = 28.3E+06 psi
Yielfl Strength = 33600 psi

The reqpired thickness of a conical shell subjected to externalpressure loading shall be determined using the

equations for a cylinder by making the following substitutions:

a)

The value of ¢, is substituted for t in the equations“in paragraph 4.4.5.

t. =t =1.9375—Corrosion Allowance =1.9375—-0.125=1.8125 in

Fon offset cones, the cone angle, a, shall'satisfy the requirements of paragraph 4.3.4.

The conical shell in this examplesproblem is not of the offset type. Therefore, no additional requirements
are| necessary.

The value of 0.5(D;, + Ps)/ cos[a] is substituted for D, in the equations in paragraph 4.4.5, (cqncentric
corje design with comimon center line per Figure 4.4.7 Sketch (a)).

0.5(PseD,)  0.5[(150.0+2(1.9375))+(90.0+2(1.9375)) |
B cos[a ] - cos[21.0375]

The value of L../cos[a] is substituted for L in the equations in paragraph 4.4.5 where L, is determined as
shIwa—be&ew—Feékelehe&-éa—)—aad—(e-}-m—Fog&reA—A—?—. - 4

=L

L. 78.0 =83.5703 in

cos[a] - cos[21.0375]

=132.7215in

LC@
L=

Note that the half-apex angle of a conical transition can be computed knowing the shell geometry with the
following equations. These equations were developed with the assumption that the conical transition
contains a cone section, knuckle, or flare. If the transition does not contain a knuckle or flare, the radii of
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these components should be set to zero when computing the half-apex angle (see Figure 4.4.7).

If (R,—1r)z(Rs+r;)
a=L+¢=0.3672-0=0.3672 rad =21.0375 deg

B = arctan[(RL _rk)_(RS i rf)] = arctan{(%'o_0)_(45'O+0)} =0.3672 rad

L, 78.0
[ (r,+7)cos[]] [(0.0+0.0)cos[0.3672]]
@ = arcsin =arcsin = = =0.07ad
1 T me
Proceed with the design following the steps outlined in paragraph 4.4.5.
a) STEP 1 - Assume an initial thickness, t, and unsupported length, L (see VIII-2, Figures'4.4.1 and 4
t=1.8125in
L =83.5703 in
b) STEP 2 — Calculate the predicted elastic buckling stress, Fp,.
1.6ChEyt 1.6(0.1306633)(28.3E+06)(1.8125) .
e = = £80796.7762 psi
D, 132.7215
where,

Sin

_ 83.5703 —7.6200

M. = z
JR 132.7215) o155
2.0

0.94 0.94
2 D, =2 132.7215 =113.1914
t 1.8125

ce 1.5 < M, < 13, calculate C}, as follows:

0.92 = 0.92 =0.1306633

"7 (M, —0.5710) (7.6200-0.579)

EP 3 — Calculate the predicted inelastic buckling stress, Fj., per paragraph 4.4.3.

¢ equations for the allowable compressive stress consider both the predicted elastic buckling str

4.2).

ess and
 on the

applicable

paragraphs. The predicted inelastic buckling stress, Fj., is determined using the following procedure.

1)

2)

STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fj,.

F,, =80796.7762 psi (as determined in paragraph 4.4.5, STEP 2)

STEP 3.2 — Calculate the elastic buckling ratio factor, A,.

A = i = w =0.00285501

° E 283E+06
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f)

STEP 3.3 — Solve for the predicted inelastic buckling stress, Fj., through the determination of the
material’s tangent modulus, E;, based on the stress-strain curve model at the design temperature per
paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such that the following
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relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.

A tabulated summary of the iterative procedure is shown below.

ST

Sj

n

ST

Iteration A s Ficup F iciow Ficg E,

1 1.000000000 70000.0000 0.0000 35000.0000 1.6780582E+06
2 0.018002431 35000.0000 0.0000 17500.0000 2.1133306E+Q7,
3 0.002026933 35000.0000 17500.0000 26250.0000 7.1896405E+06
4 0.000796077 26250.0000 17500.0000 21875.0000 1.3450426E+07
5 0.001228667 26250.0000 21875.0000 24062.5000 9.979564 1E+06
6 0.000443832 26250.0000 24062.5000 25156.2500 84945724E+06
7 0.000106440 25156.2500 24062.5000 24609.3750 9.2145856E+06
8 0.000184312 25156.2500 24609.3750 24882.8125 8.8489245E+06
9 0.000043051 25156.2500 24882.8125 25019.5318 8.6703335E+06
10 0.000030638 25019.5313 24882.8125 24951 A719 8.7592753E+06
11 0.000006467 25019.5313 24951.1719 24985,3516 8.7147160E+06
12 0.000012020 24985.3516 24951.1719 24968.2617 8.7369735E+06
13 0.000002760 24968.2617 24951.1719 24959.7168 8.7481189E+06
14 0.000001857 24968.2617 24959.7168 24963.9893 8.7425448E+06
15 0.000000450 24963.9893 24959.7168 24961.8530 8.7453315E+06
16 0.000000704 24963.9893 24961.8530 24962.9211 8.7439381E+06
17 0.000000127 24963.9893 24962.9211 24963.4552 8.7432415E+06
18 0.000000162 24963.4552 2496219211 24963.1882 8.7435898E+06
19 0.000000018 24963.1882 24962.9211 24963.0547 8.7435898E+06
20 0.000000055 24963.1882 24963.0547 24963.1214 8.7436769E+06
21 0.000000018 24963.1882 24963.1214 24963.1548 8.7436333E+06
22 0.000000000

F,.=24963.1548 psi

EP 4 — Calculate the value of design factor, FS, per VIII-2, paragraph 4.4.2.
0.55Sy = 0.55(33600.0) £18480.0 psi

ce 0.555, < Fi; < S,.\calculate FS as follows:

FS =2.407-0:741 S—"’

F

y

=2.407 - 0.741(

24963.1548
33600.0

j= 1.8565

STEP 6 — If the allowable external pressure, P,, is less than the design external pressure, increase the
shell thickness or reduce the unsupported length of the shell (i.e., by the addition of a stiffening rings) and
go to STEP 2. Repeat this process until the allowable external pressure is equal to or greater than the

EP 5 —Calculate the allowable external pressure, P, .
P=0F_ (i\ =2(13446 2522\(ﬁ\ =367 3 psi
D ) "(132.7215)

F, 24963.1548
1.8565

Fo=—¢
FS

design external pressure.

= 13446.3533 psi
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The maximum allowable external pressure P, = 367.3 psi.

Combined Loadings — conical shells subject to external pressure and other loadings shall satisfy the

requirements of paragraph 4.4.12. In this example problem, the conical shell is only subject to external
pressure.
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Example E4.4.3 — Spherical Shell and Hemispherical Head

Determine the Maximum Allowable External Pressure (MAEP) for a hemispherical head considering the
following design conditions.

Vessel Data:

Evaluatg per paragraph 4.4.7.

a)

Material = SA—-542, Type D, Class 4a
Design Temperature = 350°F

Insige-Biameter = 149-0-in

Thigkness = 2.8125in

Corfosion Allowance = 0.0 in

Modulus of Elasticity at Design Temperature = 29.1E+06 psi

Yielfl Strength = 58000 psi

ST

ST

ST

The equations for the allowable compressive.siress consider both the predicted elastic buckling st

pre
geq
par

1)

EP 1 — Assume an initial thickness, t for the spherical shell.
t=2.81251in
EP 2 — Calculate the predicted elastic buckling stress, Fj,,.

F,, =0.075E, (Ri

4

=0.075(29.1E +06) 2812 1059395.7154 psi
77.3125
EP 3 — Calculate the predicted inelastic bucklingzstress, F;., per paragraph 4.4.3.

dicted inelastic buckling stress. The_predicted elastic buckling stress, Fj,, is determined base
metry of the component and the(loading under consideration as provided in subsequent af

STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fj,.

F,,=79395.7154 psi (as determined in paragraph 4.4.7, STEP 2)

STEP 3.2 — Calculate the elastic buckling ratio factor, A4,.
B 79395.7154

5 = =0.00272838
E  29.1E+06

SFEP 3.3 — Solve for the predicted inelastic buckling stress, Fj., through the determinatio

agraphs. The predicted inelastic buckling stress, Fj., is determined using the following procedure.

ess and
 on the
plicable

h of the

material’s tangent modulus, E;, based on the stress-strain curve model at the design tempers

ture per

paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such that the f
relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.

A tabulated summary of the iterative procedure is shown below.
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d) ST

Sin
e) ST
fy ST
she
gre
The ma

Iteration A gis Ficup F iciow Ficq E,
1 1.000000000 85000.0000 0.0000 42500.0000 2.0983586E+07
2 0.000702983 85000.0000 42500.0000 63750.0000 6.1671934E+05
3 0.100641174 63750.0000 42500.0000 53125.0000 5.1280086E+06
4 0.007631397 53125.0000 42500.0000 47812.5000 1.2010241E+07
5 0.001252603 47812.5000 42500.0000 45156.2500 1.6580360E+07
6 0.000004897 47812.5000 45156.2500 46484.3750 1.4259656E+07
7 0.000531477 46484.3750 45156.2500 45820.3125 1.5417952E+07
8 0.000243505 45820.3125 45156.2500 45488.2813 1.5999552E+07
9 0.000114722 45488.2813 45156.2500 45322.2656 1.6290170E+07
10 0.000053810 45322.2656 45156.2500 45239.2578 1.6435333E+07
11 0.000024186 45239.2578 45156.2500 45197.7539 1.6507865E+07,
12 0.000009578 45197.7539 45156.2500 45177.0020 1.6544117E+07
13 0.000002324 45177.0020 45156.2500 45166.6260 1.6562240E+00
14 0.000001291 45177.0020 45166.6260 45171.8140 1.6553179E+07
15 0.000000515 45171.8140 45166.6260 45169.2200 1.6657709E+07
16 0.000000388 45171.8140 45169.2200 45170.5170 1.6655444E+07
17 0.000000064 45170.5170 45169.2200 45169.8685 1.6556577E+07
18 0.000000162 45170.5170 45169.8685 45170.1927 1.6556011E+07
19 0.000000049 45170.5170 45170.1927 45170.3548 1.6555727E+07
20 0.000000007

F, =45170.3548 psi

EP 4 — Calculate the value of design margin, FS, per VIII-2, paragraph 4.4.2.
O.SSSy = 0.55(58000.0) =31900.0 psi

ce 0.555, < F; < §,, calculate the FS as follows:

45170.3548

FS =2.407-0.741 L =2.407-0.741
S 58000.0

y

J= 1.8299

EP 5 — Calculate the allowable external pressure, P,.

P =2F,| L |=2(246846) 2212 1 21796.0 psi
R 773125

4

F 451703543 .
F, =—e = 2 5970 _24684.6 psi

FS 118299
EP 6 — If themallowable external pressure, P,, is less than the design external pressure, incrg
Il thickneSs*and go to STEP 2. Repeat this process until the allowable external pressure is eq

ater than'the design external pressure.

imtm allowable external pressure P, = 1796.0 psi.

ase the
hal to or

Combined Loadings — spherical shells and hemispherical heads subject to external pressure and other loadings

shall satisfy the requirements of paragraph 4.4.12.

subject to external pressure.
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Example E4.4.4 — Torispherical Head

Determine the Maximum Allowable External Pressure (MAEP) for a torispherical head considering the following
design conditions.

Vessel Data:

e Material = SA—387, Grade 11, Class 1
e Design Temperature = 650°F

e Insige-Diameter = F2-0-i#

e Croywn Radius = 72.0 in

e Knugkle Radius = 4.375 in

e Thidkness = 0.625 in

e Corfosion Allowance = 0.125 in

e Modulus of Elasticity at Design Temperature = 26.55E+06 psi

e Yielfl Strength at Design Temperature = 26900 psi

Evaluat¢ per paragraph 4.4.8 and 4.4.7.

The req

the equations for a spherical shell in paragraph 4.4.7 by substituting the outside crown radius for R,,.

R

Restricti

|=72.0+0.625=72.625 in

pns on Torispherical Head Geometry — the restriction of paragraph 4.3.6 shall apply. See p3

4.3.6.1 1 and STEP 2 of E4.3.4.

Torisph
designe

Proceecd

a) ST

b) ST

rical heads With Different Dome and)'Knuckle Thickness — heads with this configuration
d in accordance with Part 5. In thissexample problem, the dome and knuckle thickness are the s

with the design following'the steps outlined in paragraph 4.4.7.

EP 1 — Assume an initial thickness, t for the torispherical head.
t =0.625— Corrosion Allowance = 0.625—0.125=0.500 in

Lired thickness of a torispherical head subjected to external.pressure loading shall be determingd using

ragraph

shall be
Bme.

EP 2 — Calculate the predicted elastic buckling stress, Fp,,.
F,=0.075E i = 0.075(26.55E+06) 0.500 =13709.1222 psi
"\ R 72.625

c) STEP 3 — Calculate the predicted inelastic buckling stress, Fj., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic buckling stress and
predicted inelastic buckling stress. The predicted elastic buckling stress, Fj,, is determined based on the
geometry of the component and the loading under consideration as provided in subsequent applicable
paragraphs. The predicted inelastic buckling stress, Fj., is determined using the following procedure.
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STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fj,.

F,, =13709.1222 psi (as determined in paragraph 4.4.7, STEP 2)

2) STEP 3.2 — Calculate the elastic buckling ratio factor, 4,.
F, 13709.1222
=t = — " =(.00051635
E  2655E+06
3) STEP 3.3 — Solve for the predicted inelastic buckling stress, Fj., through the determination of the

material’s tangent modulus E. based on the stress-strain curve model at the design tempers
Y £ S {

ture per

A tabulated summary of the iterative procedure is shown below.

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.

paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such that the f
relationship is satisfied (see Table 4.4.2).

pllowing

Iteration A s Ficup F iciow Ficq E,

1 1.000000000 60000.0000 0.0000 30000:0000 9.9279405E+04
2 0.029701396 30000.0000 0.0000 15000.0000 1.5506005E+07
3 0.000451016 15000.0000 0.0000 7500.0000 2.5857734E+07
4 0.000226303 15000.0000 7500.0000 11250.0000 2.2459426E+07
5 0.000015448 15000.0000 11250.0000 13125.0000 1.9267796E+07
6 0.000164837 13125.0000 11250.0000 12187.5000 2.0970842E+07
7 0.000064813 12187.5000 11250.0000 11718.7500 2.1745287E+01
8 0.000022559 11718.7500 11250.0000 11484.3750 2.2110214E+07
9 0.000003064 11484.3750 14250.0000 11367.1875 2.2286818E+07
10 0.000006310 11484.3750 11367.1875 11425.7813 2.2199012E+07
11 0.000001653 11484.3750 11425.7813 11455.0781 2.2154736E+07
12 0.000000698 11455.0781 11425.7813 11440.4297 2.2176905E+07
13 0.000000480 11455.0781 11440.4297 11447.7539 2.2165828E+07
14 0.000000108 114477539 11440.4297 11444.0918 2.2171369E+01
15 0.000000186 114477539 11444.0918 11445.9229 2.2168599E+01
16 0.000000039 11447.7539 11445.9229 11446.8384 2.2167214E+07
17 0.000000035 11446.8384 11445.9229 11446.3806 2.2167906E+07
18 0.000000002

d) STEP 4 — Calculate the value of design margin,

0.55§, = 0.55(26900.0) =14795.0 psi

Sj

=1

F§=2.0

F,.=11446.3806" psi

ce Fj. £A0.55S,, calculate the FS as follows:

FS, per paragraph 4.4.2.

e) STEP 5 — Calculate the allowable external pressure, P,.

L, =2Fha{
R

F =
ha FS

F, 114463806

=5723.1903 psi

j = 2(5723.1903)(%j =78.8 psi
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f) STEP 6 - If the allowable external pressure, P, is less than the design external pressure, increase the
shell thickness and go to STEP 2. Repeat this process until the allowable external pressure is equal to or
greater than the design external pressure.

The maximum allowable external pressure P, = 78.8 psi.

Combined Loadings — torispherical heads subject to external pressure and other loadings shall satisfy the

requirements of paragraph 4.4.12. In this example problem, the torispherical head is only subject to external
pressure.
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Example E4.4.5 — Elliptical Head

Determine the maximum allowable external pressure (MAEP) for a 2:1 elliptical head considering the following
design conditions.

Vessel Data:

e Material = SA—516, Grade 70, Norm.
e Design Temperature = 300°F

e Insige-Diameter = 90-0-in

e Thigkness = 1.125 in

e Corfosion Allowance = 0.125 in

e Modulus of Elasticity at Design Temperature = 28.3E+06 psi

e Yielfl Strength = 33600 psi

Evaluate per paragraph 4.4.9 and 4.4.7.

The req
equatior

equation.

K

)

therefor

R

(4

ired thickness of an elliptical head subjected to external pressure loading shall be determined U
s for a spherical shell in paragraph 4.4.7 by substituting K,D <{for'R, where K, is given by the f

2 3
=0.25346+0.13995 D, +0.12238 D, - 0:015297 D,
2h 2h 2h

o o o

92.25

2
0.25346+0.13995) === | «(12238) 2 _ |
2(23.0625) 2(23.0625)
) = 0.900504

3
0015207 — 22
2(23.0625)

=90.0+2(1.125)=92,25 in

= (&j = 222393 0625 in
4 4

1%

=KD = 0.9005040(92.25) =83.0715 in

sing the
pllowing

Proceed with the design following the steps outlined in paragraph 4.4.7.

a) STEP 1 — Assume an initial thickness, t for the elliptical head.

t =1.125—Corrosion Allowance=1.125—-0.125=1.0in

b) STEP 2 — Calculate the predicted elastic buckling stress, Fj,,.

1.0
83.0715

F,, =0.075E, [Ri

o

] = 0.075(28.3E + 06)( j =25550.2790 psi
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STEP 3 - Calculate the predicted inelastic buckling stress, F;. see paragraph 4.4.2.

The equations for the allowable compressive stress consider both the predicted elastic buckling stress and
predicted inelastic buckling stress. The predicted elastic buckling stress, Fj,, is determined based on the

geometry of the component and the loading under consideration as provided in subsequent applicable
paragraphs. The predicted inelastic buckling stress, F;., is determined using the following procedure.

1)

2) | STEP 3.2 — Calculate the elastic buckling ratio factor, A,.
F 25550.2790
A = —he = = 2~ —0.00090284
E 28.3E+06
3) | STEP 3.3 — Solve for the predicted inelastic buckling stress, F;., through the determinatio

STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fj,.

b

e

=25550.2790 psi (as determined in paragraph 4.4.7, STEP 2)

material’s tangent modulus, E;, based on the stress-strain curve model atttie design tempers
paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such that the f

relationship is satisfied (see Table 4.4.2).

A tabulated summary of the iterative procedure is shown bglow.

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.

n of the
ture per
pllowing

Iteration A g Ficup F ijew Ficq E,

1 1.000000000 70000.0000 00000 35000.0000 1.6780582E+06
2 0.019954604 35000.0000 0.0000 17500.0000 1.6780582E+07
3 0.000074760 35000.0000 17500.0000 26250.0000 7.1896405E+04
4 0.002748250 26250.0000 17500.0000 21875.0000 1.3450426E+07
5 0.000723506 21875.0000 17500.0000 19687.5000 1.7344726E+07
6 0.000232234 19687.5000 17500.0000 18593.7500 1.9291520E+07
7 0.000060993 18598:7500 17500.0000 18046.8750 2.0230363E+07
8 0.000010768 18593.7500 18046.8750 18320.3125 1.9764850E+07
9 0.000024077 18320.3125 18046.8750 18183.5938 1.9998658E+07
10 0.000006404 18183.5938 18046.8750 18115.2344 2.0114783E+07
11 0.000002244 18183.5938 18115.2344 18149.4141 2.0056787E+07
12 0.000002065 18149.4141 18115.2344 18132.3242 2.0085802E+07
13 0.000000093 18149.4141 18132.3242 18140.8691 2.0071299E+07
14 0.000000985 18140.8691 18132.3242 18136.5967 2.0078551E+07
15 0.000000445 18136.5967 18132.3242 18134.4604 2.0082177E+07
16 0.000000176 18134.4604 18132.3242 18133.3923 2.0083989E+07
17 0.000000041 18133.3923 18132.3242 18132.8583 2.0084896E+07
18 0.000000026 18133.3923 18132.8583 18133.1253 2.0084442E+07
19 0.000000008

F. =18133.1253 psi

STEP 4 — Calculate the value of design margin,

0.55§, = 0.55(33600.0) =18480.0 psi

Since Fj; < 0.55S,, calculate the FS as follows:

FS=20

FS, per paragraph 4.4.2.

4-80


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

e) STEP 5 - Calculate the allowable external pressure, P,.

J: 2(9066.5627)(%

g:zﬂa(% j=218.3 psi

o

F, _18133.1253

=9066.5627 psi
FS 2.0

b, =

f) STEP 6 - If the allowable external pressure, P, is less than the design external pressure, increase the

h ot ol <l 4+ ST ND 19 =} 4 bl al tlo Ll al 4 1 + I t
S I UICNIICoo arid HU W OoTLT 4. TATPTdALl o PTULTOOS UTIUT T dlfUWAUIT TALTTTIAI PJITOoOoUTT 1o Ty Ja O Or

grejter than the design external pressure.
The maximum allowable external pressure P, = 218.3 psi.

Combingd Loadings — ellipsoidal heads subject to external pressure and other loadings shall safisfy the
requirements of paragraph 4.4.12. In this example problem, the ellipsoidal head is“a@nly subject to fexternal
pressure.

4-81


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

[Intentionally Left Blank]

4-82



https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

44.6 Example E4.4.6 — Combined Loadings and Allowable Compressive Stresses

Determine the allowable compressive stresses of the proposed cylindrical shell section considering the following
design conditions and specified applied loadings. All Category A and B joints are Type 1 butt welds and have
been 100% radiographically examined.

Vessel Data:

e Material = SA—516, Grade 70, Norm.
. Deng«-Geﬁdil-iees———Mﬁ—mtg—@—")QO%F—
¢ Insigle Diameter = 90.0 in

e Thigkness = 1.125 in

e Corfosion Allowance = 0.125 in

e Unsupported Length = 636.0 in

e Modulus of Elasticity at Design Temperature = 28.3E+06 psi

e Yielfl Strength = 33600 psi

e Applied Axial Force = —66152.5 [b§

e Applied Net Section Bending Moment = 5.08E + 06&in —Ibs

e Applied Shear Force = 18762:6[bs

Adjust variables for corrosion and determine outside dimensions,

D =90.0+2(Corrosion Allowance) =90.0+2 (0. 125) =90.25in

R =2=%=45.125 in
2 2

t 41.125—Corosion Allowance =1.125+-0.125=1.0 in
D|=90.0+2(Uncorroded Thickness)=90.0+ 2(1 . 125) =92.251in

RI=2-22B 46125
2 2
Evaluat¢ per paragraph 4.4-12:2.

The loafls transmitted-to~the cylindrical shell are given in the Table E4.4.6.3. Note that this table is |given in
terms of the load parameters shown in Table 4.1.1, and Table 4.1.2. (Table E4.4.6.1 and Table E4.4.6]2 of this
examplg). As shown in Table E4.4.6.2, the acceptance criteria are that the general primary membrane stress
for each|load €ase must be less than or equal to the allowable stress at the specified design condition.

In accordance—with paragrnph A_A_’I’)_")7 tho 'Fr\lln\nllng prnr\nr’hlra shall ha used to determine the lowable

compressive stresses for cylindrical shells that are based on loading conditions. By inspection of the results
shown in Table E4.4.6.3 and Table E4.4.6.4, Load Case 5 is determined to be a potential governing load case.
The pressure, net section axial force, bending moment, and radial shear force at the location of interest for Load
Case 5 are as follows. Note, the load factor, (),,, shown in Table 4.1.2 is used to simulate the maximum
anticipated operating pressure acting simultaneously with the occasional loads specified. For this example,
problem, (,, = 1.0.
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QP+P, =(1.0)P+P. =—14.7 psi

g

=-66152.5 [bs

M =3048000 in —[bs

Vs

Common parameters used in each of the loading conditions are given in paragraph 4.4.12.2 k.

Per paragraph 4.4.12.2.k:

A

S

S

Ja

s

Note: ¢

Te

M

The valy

=11257.6 lbs

z(D}-D}) (9225 -90.25)

g = =286.6703 in’
4 4
z(D,'-D}) x(92.25'-90.25) .
= = 6469.5531 in
32D, 32(92.25)

_PD, 14.7(92.25)

= 678.0375 psi
2 2(10) P
M _3O0B8EH06 _ 471 1299 psi
S 6469.5531
_F_ 661525 230.7616 psi
A 286.6703
Vsin[¢] 11257.6sin[90.0] s
= = =39.2702 psi
A 286.6703

L 0.25D.2+ D] = 0.25\/(92.252 +90.25%) =32.2637 in
636:0

L
“JR: J(a6125)10

=93.6459

is defined as the angle measured around the circumference from the direction of the applied shq
to the pgint under consideration. For this.example, problem, ¢ = 90 deg to maximize the shear force.

e of the slenderness factor for column buckling, A is calculated in paragraph 4.4.12.2.b.

ar force

Per paragraph 4.4.12.2:
a) ExtEV_P—A_I_N_(—WIh_N_m_h—ema ressure_Acting _Alone, (paragrap A 1Z.Za) — the allowable hoop compressive membrane

stress of a cylinder subject to external pressure acting alone, Fj,, is computed using the equations in VIII-

2, paragraph 4.4.5.

From Example E4.4.1,

F,, =2255.0583 psi

b) Axial Compressive Stress Acting Alone, (paragraph 4.4.12.2.b) — the allowable axial compressive

membrane stress of a cylinder subject to an axial compressive load acting alone, F,,, is computed using
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the following equations:

For 1. < 0.15 (Local Buckling):

1)

STEP 1 — Calculate the predicted elastic buckling stress, F,.
F oo CxEyt _ 0.8499(28.3E+06)(1.0)

=260728.1301 psi

e Do 92.25
where,
DO _ 92.25 — 9275
t

oo L 6360
©JRE (J46.125(1.0)

Since D, /t < 1247, calculate C, as follows:

=93.6459

c 409(1.0
C. =min L%D, 0.9 | = min %, 0.94=0.8499
389+ 389+ ——
‘ 1.0

Since M, > 15, calculate ¢ as follows:
c=10
STEP 2 — Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic bucklin
and predicted inelastic buckling stress! The predicted elastic buckling stress, F,,, is determing
on the geometry of the component and the loading under consideration as provided in sub
applicable paragraphs. The_ predicted inelastic buckling stress, F;. , is determined using the f
procedure.

i) STEP 2.1 - CalcUlate the predicted elastic buckling stress, Fy,.
F_=260728.1301 psi (as determined in STEP 1 above)

i) STEP-22—= Calculate the elastic buckling ratio factor, A4,.
*F,  260728.1301

) 28.3E+06

=0.00921301

g stress
d based
sequent
pllowing

i) STEP 2.3 — Solve for the predicted inelastic buckling stress, F;., through the determinatic

n of the

material’s tangent modulus, E;, based on the stress-strain curve model at the design temperature

per paragraph 3-D.5.1. The value of Fj. is solved for using an iterative procedure such
following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.
F, =30967.6147 psi

STEP 3 — Calculate the value of design factor, F'S per paragraph 4.4.2.
Since 0.558,, < Fj; < S, calculate FS as follows:
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30967.6147

FS =2.407-0.741 £ =2.407-0.741
S 33600

y

j=l.7241

STEP 4 - Calculate the allowable axial compressive membrane stress as follows:

_ F, _30967.6147
“ FS 1.7241
For A > 0.15 and K, L, /1; < 200, (Column Buckling).

=17961.6117 psi

With F,, calculated, determine the value of A, from paragraph 4.4.12.2.k. For a cylinder,
conditions with one end free and the other end fixed, K,, = 2.1.

{KuLu _ 2.1(636.0)

= 41.3964 { <{200} True
o 32.2637

kL (F,-Fs)  21(636.0) (17961.6117(1.7241))"
2 =KL E, _ £0.4359
wr, | E 7(322637) 28.3E+06

y
F,=F,[1-0.74( -0.15)]"
F, =17961.6117[1-0.74(0.4359-0.15) ]~ =16725.3381 psi

mpressive Bending Stress, (paragraph 4.4.12.2.c) — ke allowable axial compressive membran

of

computed using the procedure in paragraph® 4.4.12.2.b. For this example, problem,

0.15<{4. =04359}<12, F, =F,,.

As

b cylindrical shell subject to a bending moment.acting across the full circular cross section

shown, F,, = F, =16725.3381 psi

ca

vith end

e stress
Fba= is
since

d) Shear Stress, (paragraph 4.4.12.2:d)'— the allowable shear stress of a cylindrical shell, E,;, is computed

usi

1)

ng the following equations:

STEP 1 — Calculate the,predicted elastic buckling stress, F,,.

1.0

t
|2 0.8(0.1542) (28 3E +06)| — 2 | =37843.7724 psi
J ( (2838 + {92.25) P

E/’é’ = aVCVEy (
D

o

where;
D, 9225 o .
(10
M=t 0300 g35459
JR \[46.125(1.0)

4.347(1?" j =4.347(92.25) =401.0108

Since 26 < {M,, = 93.6459} < {4.347(D, /t)}, calculate C, as follows:
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1492 1492

e =0.1542
ToMY (93.6459)"

Since {D,/t = 92.25} < 500, calculate a,, as follows:
a,=0.8

2) STEP 2 — Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic buckling stress
and predicted inelastic buckling stress. The predicted elastic buckling stress, F,,, is determingd based
on the geometry of the component and the loading under consideration as provided in! subsequent
applicable paragraphs. The predicted inelastic buckling stress, F;., is determined usihg the following
procedure.

i) STEP 2.1 — Calculate the predicted elastic buckling stress, F,,.
F,=37843.7724 psi (as determined in STEP 1 above)

i) STEP 2.2 — Calculate the elastic buckling ratio factor, A4,.

A, = £, 378437724 =0.00133724

* E  283E+06

i) STEP 2.3 — Solve for the predicted inelastic buckling:stress, F;., through the determinatign of the
material’s tangent modulus, E;, based on the streSs=strain curve model at the design temperature
per paragraph 3-D.5.1. The value of Fj. is solved for using an iterative procedure such(that the
following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.
F, =20714.3593 psi

3) | STEP 3 — Calculate the value of design factor, F'S per paragraph 4.4.2.
Since 0.558,, < Fj; < S, calculate FS as follows:

20714.3593

=1.9502
33600 J

FS =2.407 —0.741(%J =2.407 —0.741(

y

4) | STEP 4 — Calculate the allowable compressive shear stress as follows:

F = 207143593

=10621.7984 psi
FS 1.9502

Axipl:Compressive Stress and Hoop Compression, (paragraph 4.4.12.2.e) — the allowable compressive
stress Tor the combination of uniform axial compression and hoop compression, Fyp,, 1S computed using
the following equations:

1) For A, = 0.15, F,, is computed using the following equation with F,, and F,, evaluated using the
equations in paragraphs 4.4.12.2.a and 4.4.12.2.b.1, respectively.
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r 0.5
o L F;ci CZF)CGF;RI CZZFZz

r 4-0.5
N S
(17961.6117)’
F, = 0.0559 )+ =1853.8375 psi
0.8241(17961.6117)(2255.0583)
1
(0.8241)° (2255.0583)"

where,
o _(Fu FS+F,-FS) | 17961.6117(1.7241)+2255.0583(20)
b S, o 33600 '
C, =0.0559
o o 5587957 _ ooy

P f, 678.0375
f.=f,+f, =230.7616 +328.0341 = 558.795 psi

Note: this step is not required since A, > 0.15;

For 0.15 < A, £ 1.2, F, 4, is computed from the following equation with F,1 = Fyp, evaluat
the equations in paragraph 4.4.12.2.e(, and F,,, using the following procedure. The valu

bd using
e of F,

used in the calculation for F,;, is-evaluated using the equation in paragraph 4.4.12.2.b.2 with E,, =

F,nq as determined in paragraph*4.4.12.2.e.1. As noted, the load on the end of a cylinde
external pressure does not centribute to column buckling and therefore F,;4 is compared with |
than f,. The stress due to-the pressure load does, however, lower the effective yield stress
quantity in (1 — f,/S,) acCounts for this reduction.

 due to
[, rather
and the

F,, =min[#, F,,]=min[1853.8375, 1709.3873] =1709.3873 psi
F,, =4, =1853.8375 psi
o, = I, e =1726.2404(1—Mj =1709.3873 psi
S, 33600
where,

F,=F,[1-0.74(2 -0.15)]"
F,, =1853.8375[1-0.74(0.4359-0.15) | =1726.2404 psi

For A, < 0.15, the allowable hoop compressive membrane stress, Fp,q, is given by the following

equation.
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B 18538375 5549 5208 psi

TC, 0.8241

Note: this step is not required since 1, > 0.15.

For A, = 1.2, the rules of paragraph 4.4.12.2.e do not apply.

Compressive Bending Stress and Hoop Compression, (paragraph 4.4.12.2.f) — the allowable compressive

stress for the combination of axial compression due to a bending moment and hoop compression, Fjj, is
computed using the following equations.

1)

An iterative solution procedure is utilized to solve these equations for C3 with Fp, and Fg; e

aluated

using the equations in paragraphs 4.4.12.2.a and 4.4.12.2.c, respectively. For this example, problem,

since 0.15 < {1, = 0.4359} < 1.2, F,, = Fp,.
F,,, =C,C,F, =(0.9926)(0.0937)(16725.3381) =1555.5672 psi

where,

F, : :
C, - S|l B :(471 1299)( 2255.0583 j:0.0937
1 J\F,, 678.0375 )\ 16725.3381

C; (C;+0.6C,)+Cy" ~1=0

_4F,FS __4(2255.0583)(20) o
S 33600

y

n=>5

A tabulated summary of the iterative procedure to solve for C5 is shown below.

Iteration A g C3, C3 0w C3, Equation
1 1.000000000 1.000000000 0.000000000 0.500000000 -9.81697352E-01
2 0.981697352 1.000000000 0.500000000 0.750000000 -8.86747671E-01
3 0.886747671 1.000000000 0.750000000 0.875000000 -6.46606859E-01
4 0.646606859 1:000000000 0.875000000 0.937500000 -3.80785061E-01
5 0.380785061 1.000000000 0.937500000 0.968750000 -1.85787513E-01
6 0.185787513 1.000000000 0.968750000 0.984375000 -6.81664050E-02
7 0.068166405 1.000000000 0.984375000 0.992187500 -3.63864700E-03
8 0.003638647 1.000000000 0.992187500 0.996093750 3.01482310E-02
9 0.030448231 0.996093750 0.992187500 0.994140625 1.31249790E-02
10 0.013124979 0.994140625 0.992187500 0.993164063 4.71093300E-03
11 0.004710933 0.993164063 0.992187500 0.992675781 5.28112000E-04
12 0.000528112 0.992675781 0.992187500 0.992431641 -1.55727200E-03
13 0.001557272 0.992675781 0.992431641 0.992553711 -5.15082000E-04
14 0.000515082 0.992675781 0.992553711 0.992614746 6.38970000E-06
15 0.000006390 0.992614746 0.992553711 0.992584229 -2.54377000E-04
1& n_nnno:4'1_77 n_nnoa1474n n_nno:n4220 n_nno:nn4n7 1_24!‘\{\’)!’\!‘\{\5 n4
17 0.000124002 0.992614746 0.992599487 0.992607117 -5.88079000E-05
18 0.000058808 0.992614746 0.992607117 0.992610931 -2.62096000E-05
19 0.000026210 0.992614746 0.992610931 0.992612839 -9.91008000E-06
20 0.000009910 0.992614746 0.992612839 0.992613792 -1.76022000E-06
21 0.000001760 0.992614746 0.992613792 0.992614269 2.31473000E-06
22 0.000002315 0.992614269 0.992613792 0.992614031 2.77253000E-07
23 0.000000277 0.992614031 0.992613792
C, =0.9926
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2) The allowable hoop compressive membrane stress, Fjj,. is given by the following equation.
Fipa = Fopa Ll 1555.5672(MJ =2238.7305 psi
I 471.1299

Shear Stress and Hoop Compression, (paragraph 4.4.12.2.q) — the allowable compressive stress for the
combination of shear, F,,;,,, and hoop compression is computed using the following equations.

Note: This load combination is only applicable for shear stress and hoop compression, in the absence of

aXial-compressive—stiress—and-—compressive—bending-stress It is—shown—in-this—example—problem for
Lid Lid I L Lid ~

infgrmational purposes only. The effect of shear is accounted for in the interaction equations ofpafagraphs
4.4]112.2.h and 4.4.12.2.i through the variable K.

1) | The allowable shear stress is given by the following equation with F,, and F,, evaluated using the
equations in VIII-2, paragraphs 4.4.12.2.and 4.4.12.2.d, respectively.

0.5

Y F?
Fa=|| 5| +R2 | -2
2CsF, 2CsF,

0.5

2
+(10621.7984)’ (10621.7984)

1 2(0.0579)(2255.0583)

o (10621.7984)’
11 2(0.0579)(2255.0583)

F,, =130.5482 psi

where,

c, =L 2392702 _ 6579
f,  678.0375

2) | The allowable hoop compressive membrane stress, Fp,,,,, is given by the following equation.

F .
F, =t 1305482 ) o) 7185 psi
C.  0.0579

Axipl Compressive Stress, Compressive Bending Stress, Shear Stress, and Hoop Comgression,
(paragraph 4.4.12.2.h) — the allowable compressive stress for the combination of uniform axial
compression, axial” compression due to a bending moment, and shear in the presence ¢f hoop
compressionsisscomputed using the following interaction equations.

1) | Thesshear coefficient is determined using the following equation with F,, from paragraph 4.4.12.2.d.

) (3092702 \?

=0.9999

va

(A
KS:I.O—LF J =1'0_LMJ

2) For A, < 0.15, the acceptability of a member subject to compressive axial and bending stresses, f,
and f},, respectively, is determined using the following interaction equation with F,,, and Fy,
evaluated using the equations in paragraphs 4.4.12.2.e.1 and 4.4.12.2.f.1, respectively.
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1.7
Jo + Js <1.0
Ks xha KSF;Jha

1.7
230.7616 [ 4711299 033100 <1.0 e
0.9999(1853.8375) 0.9999(1555.5672)

Note: this step is not required since 1, > 0.15.

3) For0185 < )L < 12 the acceptability of a member subject to compressive axial and hending s

tresses,
fa and f}, respectively, is determined using the following interaction equation with Fyu, land Fyp,

evaluated using the equations in paragraphs 4.4.12.2.e.2 and 4.4.12.2.f.1, respectively.
£, 2307616
K F,, 0.9999(1709.3873)

=0.1350

Since f,;/KsFyna < 0.2, the following equation shall be used:

/o + &, <1.0
2K‘YF;cha KvE)ha

{ 230.7616 ] [ 1.0024(471.1299)

+ =0.3711 S{I.O} True
0.9999(1555.5672)

2(0.9999)(1709.3873)
where,
A= 0 ~1.0024
([ foFS) | _(230.7616(17241)
r, 162990.2785

©’E 7* (28.3E+06) .
F, = L= +=162990.2785 psi

“(kr) (246360
r, 32.2637

Note: C,,, = 1.0%for unbraced skirt supported vessels, see paragraph 4.4.15.

i) Axigl Compressive-Stress, Compressive Bending Stress, and Shear Stress, (paragraph 4.4.12.20i) — the
alldqwable compressive stress for the combination of uniform axial compression, axial compression fHue to a

bending mément, and shear in the absence of hoop compression is computed using the fpllowing
intgraction equations.

1) ~The shear coetiicient Is_determined using the equation in_paragraph 4.4.12.2Znh. 1T with F,, from
paragraph 4.4.12.2.d.

2 2
K =10~ S =1.0- _39.2702 =0.9999
10621.7984

va

2) For A, < 0.15 the acceptability of a member subject to compressive axial and bending stresses, f, and
fp, respectively, is determined using the following interaction equation with F., and F,, evaluated
using the equations in paragraphs 4.4.12.2.b.1 and 4.4.12.2.c, respectively.

4-91


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

(Ps

PTB-3-2022

1.7
Ja + Ji <1.0
KSFX(I KSE)(J

230.7616 v . 471.1299
0.9999(17961.6117) 0.9999(16725.3381)

]:0.0288 <1.0 True

Note: this step is not required since 1, > 0.15.

fo and f;, respectively, is determined using the following interaction equation with F,
evaluated using the equations in paragraphs 4.4.12.2.b.2 and 4.4.12.2.c, respectively. ~Jhe’cq
A is evaluated using the equations in paragraph 4.4.12.2.h.3.

f, 2307616
K,F, 0.9999(16725.3381)

s ca

=0.0138

Since f, /K F,q < 0.2, the following equation shall be used:

Ja + A <1.0
2KSF:,’G KSF;)H

1.0024(471.1299
{( 230.7616 ]{ ( ))J=0.0351}31.0 True

2(0.9999)(16725.3381) ) ' ( 0.9999(16725,3381

ragraph 4.4.12.2.j) — The maximum deviation, ej‘may exceed the value e, given in VIII-2, pg

4.4

tha
bud

is d

Frg

4.2 if the maximum axial stress is less than Ky, for shells designed for axial compression only

nd Fba
efficient

ragraph
or less

N F,,, for shells designed for combinations_of axial compression and external pressure. The clange in

kling stress, F',,, is given by Equation'(4.4.114). The reduced allowable buckling stress, Frad]

educed)’

etermined using Equation (4.4.115),where e is the new maximum deviation, F,, is determingd using
Equation 4.4.61, and FS,, is the value of the stress reduction factor used to determine E,.

m paraqraph 4.4.4.1:

Wh

e =min[e,, 21] = nfin[ 1.3007, {2(1.0) = 2.0} | =1.3007 in

ere, e, is valid for the following range:

{0.11 =01°0) = 0.1 in} <e, <{0.0282R, =0.0282(46.125) =1.3007 in|

1.069 1.069
eL:00165t(L+3 25) =0.0165(1 0)(ﬂ+3 251 =2.1920 in
JR ) | \/46.125(1.0)

From paragraph 4.4.4.2:

e, =0.002R, =0.002(45.625)=0.0913 in

where,
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(D,+D,) (92.25+90.25)

R = =45.625 in
4 4

For axial compression only,

i+ /i) <F,

{230.7616 +471.1299 =701.8915 psi} <16725.3381 psi True
For axial compression and external pressure,

Uit fot [} SF,,

{230.7616 +471.1299+328.0341=1029.9256 psi} <1709.3873 psi True

Sj

nice, both criteria are satisfied,

F.,=]0.944-/0.2861log

xe

e

X

'o.ooosﬂ

&

[0.0005(1.3007) | |( (28.3E +06)(1.0)
(0.0913) }( 46.125

F. =10.944-/0.2861log

xe

j =202388.986 psi

Therefore, the reduced allowable bucking stress is determined as follows.

F_ -FS_-F,
F , — _xa xa xe
xa(reduced) FS

xa

17961.6117(1.7241) - (202388.986)
xa(reduced) ~— 1.7241

=-99426.5827 psi

A summary of the allowable compréssive stresses are as follows:

Paragra

£y

Paragra
r,
F,

Paragra

ph 4.4.12.2.a, External Pressure Acting Alone
=2255.0583 psi

ph 4.4.12.2.b,/Axial Compressive Stress Acting Alone
=17961.6117 psi

= 16725.3381 psi

pir 4412727, Compressive Bending Stress

F,, =16725.3381 psi

Paragra

ph 4.4.12.2.d, Shear Stress

F,=10621.7984 psi
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Paragraph 4.4.12.2.e, Axial Compressive Stress and Hoop Compression

F, =1709.3873 psi

xha

Paragraph 4.4.12.2.f, Compressive Bending Stress and Hoop Compression

F,,, =1555.5672 psi
F,,, =2238.7305 psi

Paragraph 44 12 2 g Shear Stress and Hoaop anprneeinn

F ) =130.5482 psi

F,|, =2254.7185 psi
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Table E4.4.6.1 — Design Loads from VIII-2

Table 4.1.1 — Design Loads

Design Load L.
Description
Parameter

P Internal of External Specified Design Pressure (see paragraph 4.1.5.2.a)

PS Sidi.lb ilUduI IrIUIlI ilqullj Ul 'uui'r\ IIIdiClidib (C.y., bdi.diyb'l)
Dead weight of the vessel, contents, and appurtenances at the logation|of
interest, including the following:
» Weight of vessel including internals, supports (e.g., skirts, lugs, saddles,
and legs), and appurtenances (e.g., platforms, ladders, eic.)
» Weight of vessel contents under design and test conditions
+ Refractory linings, insulation

D + Static reactions from the weight of attached equipment, such as motofs,
machinery, other vessels, and piping
» Transportation loads (the static forces obtained as equivalent to the
dynamic loads experienced during normal operation of a transport vessgl
[see paragraph 1.2.1.3(b)]
» Appurtenance live loading

L + Effects of fluid flow, steady stateror transient
+ Loads resulting from waye-dction

E Earthquake loads [seeqparagraph 4.1.5.3(b)]

w Wind loads [see paragraph 4.1.5.3(b)]

Ss Snow loads

F Loads due to Deflagration
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Table E4.4.6.2 — Design Load Combinations from VIII-2

Table 4.1.2 — Design Load Combinations

Design Load Combination [Note (1) and (2)]

General Primary Membrane
Allowable Stress [Note (3)]

(1) P+P +D S
2y PPt Dl 5
B) P+P+D+S, S
4) QP+ P +D+0.75L+0.75S, S
(5) QP+ P, +D+(0.6W or0.7E) S
(6) QP+ P, +D+0.75(0.6W 0r0.7E)+0.75L+0.75S, S
(7) 0.6D+(0.6W or0.7E) [Note(4)] S

8) P+D+F

See Annex 4-D

(9) Other load combinations as defined in the-UDS

S

Notes:

1)
2)
3)
4)

The parameters used in the Design Load Combination column are defined in Table 4.1.1.
See 4.1.5.3 for additional requirements.
S is the allowable stress for theload case combination [see paragraph 4.1.5.3(c)].
This load combination addresses an overturning condition for foundation design. It does pot
apply to design of anchorage (if any) to the foundation. Refer to ASCE/SEI 7, 2.4.1 Exceptiop 2
for an additional reduction to W that may be applicable.
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at the Location of Interest

Design Load L Magnitude of Pressure, Force
Description
Parameter and Moment
p Internal or External Specified Design P=—14.7 psi
Pressure (see paragraph 4.1.5.2.a)
P, Static head from liquid or bulk materials (e.g., P =0.0 psi
catalyst)
5 Thetdetad we(;ght ofrtthe vessel |r:ctl:d|r|19 s:m, D, =—66152.5 Ibs
co.n ents, and appurtenances at the location D,, =0.0 in—{bs
of interest
Appurtenance live loading and effects of fluid Ly =0.0.bs
L .
flow L, =0:0 in—Ibs
E.=0.0 lbs
E Earthquake | .
arthquake loads E, =0.0 in—Ibs
W,.=0.0 lbs
W, =18762.6 Ibs
S, =0.0 lbs
S .
s Snow Loads S, =0.0 in—lbs
F, =0.0Ilbs
F i .
Loads due to Deflagration F, =0.0 in—Ibs
Baged on these loads, the shell is required to be designed for the load case combinations shown jn Table
E4/4.6.4. Note that this table is given in terms of the load combinations shown in Table 4.1.2 (Table
E414.6.2 of this example).
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Table E4.4.6.4 — Load Case Combination at the Location of Interest

General
] Primary
Load . L Magnitude of Pressure,
Design Load Combination Membrane
Case Force and Moment
Allowable
Stress
PP =147 pst
1 P+P+D F, =-66152.5 Ibs S
M, =0.0 in—Ibs
P+P =-14.7 psi
2 P+P+D+L F, =—66152.5 Ibs S
M, =0.0 in—1Ibs
P+P =-14.Fpsi
3 P+P +D+S, F, =—-66152.5 lbs S
M, =00 in—Ibs
QP¥ P =-14.7 psi
4 QP+P +D+0.75L+0.75S, F, =-66152.5 [bs S
M, =0.0 in—1Ibs
QP+ P =-14.7 psi
F, =—66152.5 Ibs
5 QP+ P, +D+(0.6W or 07E) _ S
’ M =3048000 in—Ibs
V. =11257.6 Ibs
QP+ P =-14.7 psi
QP+ P, +DF0.75(0.6W or 0.7E) + F, =—66152.5 Ibs
® | 075010755 M, =2286000 in—Ibs S
V, =8443.0 [bs
F, =-39691.5 Ibs
7 0.6D+(0.6W0r O.7E) ) S
M, =3048000 in—1Ibs
F =0.0 psi
8 | P+D+F F, =—66152.5 Ibs See4A;”eX
M, =0.0 in—1Ibs ]
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447 Example E4.4.7 — Conical Transitions without a Knuckle

Determine if the proposed large and small end cylinder-to-cone transitions are adequately designed considering
the following design conditions and applied forces and moments.

Vessel Data:

e Material =

SA—516, Grade 70, Norm.

e Design Conditions = —14.7 psig @300°F
¢ InsigeRadius{targeEnth = I5-0-+1

e Thidkness (Large End) = 1.8125 in
 Insidle Radius (Small End) = 45.0 in

e Thidkness (Small End) = 1.125 in

e Thigkness (Conical Section) = 1.9375 in

e Length of Conical Section = 78.0 in

e Unsupported Length of Large Cylinder = 732.0in

e Unsupported Length of Small Cylinder = 636.0 in

e Corfosion Allowance = 0.125 in

e Allopyable Stress = 22400 psi

e Yielfl Strength = 33600 psi

e Modulus of Elasticity at Design Temperature = 28.3E+06 psi
e Weld Joint Efficiency = 1.0

e Ong-Half Apex Angle (See E4.3.2) = 21.0375 deg

e Axidl Force (Large End) = -99167 lbs

Net
AXis

Section Bending Moment (Large End)
| Force (Small End)

5.406E +06 in— lbs

—78104 Ibs

e Net[Section Bending Moment (Small End) = 4301E+06 in— lbs

Adjust variables for corrosion and determine outside dimensions.

t, £1.8125—Corrosion Allowance =1.8125-0.125 =1.6875 in
s £1.125—Corrosion-Allowance =1.125-0.125=1.0 in
« E1.9375 - Corrosion Allowance=1.9375-0.125=1.8125 in

~N ~

R,|=75.0 +Uncorroded Thickness =75.0+1.9375=76.8125 in
| = 45.0+Uncorroded Thickness =45.0+1.9375=46.125 in

=

D|=2R, =2(76.8125) =153.625 in
Dg =2Ry =2(46.125)=92.25 in

Evaluate per paragraphs 4.4.13 and 4.3.11.

The design rules in paragraph 4.3.11 shall be satisfied. In these calculations, a negative value of pressure shall
be used in all applicable equations.

Per paragraph 4.3.11.3, the length of the conical shell, measured parallel to the surface of the cone, shall be
equal to or greater than the following:
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R t
cos cos

{L.=78.0} > True

cos[21.0375] cos[21.0375]

75. 125(1 8125) 45.125(1.8125) ,
2.0 ) 14 =37.2624 in

Evaluate the Large End cylinder-to-cone junction per VIlI-2, paragraph 4.3.11.4.

a) STEP 1T — Compute the Targe end cylinder thickness, t;, using paragraph 4.3.3., (as specified.if design
corjditions)
t, =1.6875 in
b) STEP 2 — Determine the cone half-apex angle, a, and compute the cone thicknessy. t., at the Igrge end
using paragraph 4.3.4., (as specified in design conditions)
a =21.0375 deg
t.=1.81251in
c) STEP 3 — Proportion the cone geometry such that the following‘equations are satisfied. If Il these

equ

d) STE

of

tra:Lsition (as specified in design conditions). The thrust load due to pressure shall not be includeg

20< B _ 3125 45165l < 500 T
;16875
1<)fe L8125 oonles True
:, 1.6875
{a =21.0375 deg} <60 deg True

EP 4 — Determine the net section axial force, F;, and bending moment, M;, applied to the

-99167 _|_5.406E+O6_94 8llllb—s
oA s M, 27r(75.125) ﬁ(75,125) in
7 = ~ _—2: _
27R, 7R, /99167 _ 5.406E + 06 0 514.9886 lb_s
LZ/L 5125 J) 7[\/3,143) mJ

ations are not satisfied, then the cylinder-to-cone junction shall be designed in accordance with Part 5.
In the calculations if 0 deg < a < 10 deg, then use o = 10.dey.

conical
as part

e axial force, Fj . Calculate the equivalent line load, X}, using the specified net section axial fprce, F,
and bending moment,"M; .

e) STEP 5 - Compute the junction transition design parameters (the normalized resultant moment, M.y, and
shear force, Q) for the internal pressure and equivalent line load per Table 4.3.3 and VIII-2, Table 4.3.4,
respectively. For calculated values of n other than those presented in Table 4.3.3 and Table 4.3.4, linear
interpolation of the equation coefficients, C;, is permitted.
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n=te 18Iy g7gy
t, 16875

,75 125 66722
1.6875

= tan ]— tan[21 0375] 0.3846

Linear interpolation of the equation coefficients, C; in Table 4.3.3 and Table 4.3.4 is required. The results

of the interpolation are summarized with the fnllnwing values for (“L- (QPP paragraph 4 3 11 4 and ST

E4

Forl the applied pressure case both M, and Qy are calculated using the following equation.

Thi

For

Thi

Summarizing, the normalized resultant moment My, and shear force Qy for the internal press

equ

3.7).

€ +C,n[H]+C n[B]+C, (n[H])' +C, (In[B]) +
M,,0, =—exp| C,In[H]|In[B]+C, (n[H]) +C,(In[B]) +

C, n[H](In[B])" +C,, (In[H]) In[B]
5 results in the following (see paragraph 4.3.11.4 and STEP 5 of €4.3.7):

M, =-10.6148
0, =—4.0925

the Equivalent Line Load case, M,y and Q are calculated using the following equation.

C +C, ln[H2]+C5 ln[oz]+C7(1n[]—[2D2 "

C, (n[a])’ +C ] #* Jin[a]

M,.,0,=-
T 1+C2ln[H2]+C4ln[a]+C6(ln[Hz])z+

C, (ln [a])2 +C,,In [Hz]ln [a]

5 results in the following (see paragraph 4.3.11.4 and STEP 5 of E4.3.7):
M, =-0.49]12
0, =-0.1845

ivalent line load are as follows:

Internal Pressure: M, =-10.6148, 0, =-4.0925
Equivalent Line Load : M, =-0.4912, 0, =-0.1845

EP 5 of

ure and

STEP 6 — Compute the stresses in the cylinder and cone at the junction using the equations in Table 4.3.1
for the Large End Junction.
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Evaluate the Cylinder at the Large End:

Stress Resultant Calculations:

M, =PiM,, =—14.7(1.6875) (~10.6148) = 444.3413 = —bs
mn
94.8111(1.6875)(~0.4912) = ~78.5889 7108
M, =Xt,M, = m b
[SSTHOsSOt I8 TS (=091 2y =268 741 =
mn
444.3413 +(~78.5889) = 365.7524 110
MS:MSP+MSX: . lZ/l
444.3413+426.8741=871.2154 L—2°
124
lbs
0, = P1,0, =—14.7(1.6875)(—4.0925) =101.5196 —~
114
94.8111(~0.1845) = ~17.4926 ‘25
Oy =X,0y = lrllbs
—514.9886(-0.1845) =95.0154 —=~
0
lbs
101.5196+(—17.4926) =84:0270 ——
0=0,+0, = lbsm
101.5196+95.0154 5196.5350 —
mn
5. 025 2 0.25
- 30-(0.3
g 20D SO 1,
Rt; (75.125) (1.6875)
=14.7(75.125
. ( ) 0481112457357 1bs
N, =—L+¥X,= 2 m
2 —14.7(75.125) Ibs
+(~514.9886) = —1067.1574 —
2 in
Nz=Z PR, +2B,R,(-M B, +0)

N ~14.7(75.125)+2(0.1142)(75.125)(—(365.7524) (0.1142) + 84.0270)
" |-14.7(75.125) +2(0.1142)(75.125)(~(871.2154)(0.1142) +196.5350)

-379.2502 lb_s
N, = in

560.7660 lb_s

124]
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K =1.0

pc

Stress Calculations:

Determine the axial and hoop membrane and bending stresses.

—457.3577
— = —_271.0268 psi
o N _] 16875 P
U6 [ Z1067.1574 62 3005 p
C 1.6875 iy
6(365.7524) _
— 2 =770.6388 psi
oM, |(1.6875) (1.0)
sb = tzK = )
b M:1835.6472 psi
(1.6875) (1.0)
-379.2502
LT —224.7409 psi
LN, resTs P
om — -
L 3807660 _ 535 3058 psi
1.6875
6(0.3)(365.7524) 2311916 358
__ovm, | (1L6875)'(10)
TGk |6(03)(871. 2154) = 55016942 psi
(1.6875)(1.0)
Check Acceptance Criteria:

o, =—632.3895 psi
o, +o,=-271.0268+770.6388 =499.6 psi

o,, —0,, = 2110268 —770.6388 =|-1041.7| psi
o, +0,=-632.3895+1835.6472=1203.3 psi
0,, ©0¢ =—632.3895-1835.6472 =|-2468.0| psi

o, =—271.0268 psi
< {1.5S , hot applicable due to compressive stress}

<{S,s =67200 psi} True

Gy = —224.74091 - JI.SS , not applicable due to compressive stressl

True
[0, =332.3058 ] [1.58 =1.5(22400) = 33600 psi ]
Gy + 0y =—224.7409+231.1916 = 6.5 psi
Gy — Oy = —224.7409 —231.1916 =|-455.9| psi
o | 7 < {8, = 67200 psi} True

Oy + Ty =332.3058+550.6942 = 883.0 psi
Oym — Oy =332.3058—550.6942 =|-218.4| psi

Since the hoop membrane stress, gy, and the axial membrane stress, oy, are compressive, the condition
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of local buckling shall be considered. Local buckling is not a concern if the following limits are satisfied.

O-Gm < F}'ta

O-sm S FX{Z

Fy, is evaluated using paragraph 4.4.5.1 but substituting Fj,, with the following equation.

4)

0.4E,t
he — D

o

is evaluated using paragraph 4.4.12.2.b with A = 0.15.
ccordance with paragraph 4.4.5.1, the value of Fy,, is calculated as follows.

STEP 1 — Assume an initial thickness, t and unsupported length, L.
t=1.6875 in
L — Not required, as the equation for F,, is independent of L

STEP 2 — Calculate the predicted elastic buckling stress, Fp,.

_04Et  0.4(28.3E+06)(1.6875)
e p o 153.625

o

=124344.9959 psi

STEP 3 — Calculate the predicted inelastic buckling stress; F;., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic bucklin

g stress

and predicted inelastic buckling stress. The_predicted elastic buckling stress, Fp,, is defermined

based on the geometry of the component‘and the loading under consideration as pro

ided in

subsequent applicable paragraphs. Thecpredicted inelastic buckling stress, F;., is determingd using

the following procedure.

i) STEP 3.1 — Calculate the prédijcted elastic buckling stress due to external pressure, Fp,.

F,, =124344.9959 psi. (as determined in STEP 2 above)

i) STEP 3.2 — Calculate the elastic buckling ratio factor, A,.
_F,, 1243449959

) 28.3E+06

i) STER-3:3 — Solve for the predicted inelastic buckling stress, Fj., through the determinatic
material’s tangent modulus, E;, based on the stress-strain curve model at the design tem
per‘paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such
following relationship is satisfied (see Table 4.4.2).

=0.00439382

n of the
berature
that the

F, =27206.0299 psi

STEP 4 — Calculate the value of design factor, FS per paragraph 4.4.2.
Since 0.558,, < Fj; < S, calculate FS as follows:

FS:2.407—0.741(%}:2.407—0.741( =1.8070

y

27206.0299)
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STEP 5 - Calculate the allowable hoop compressive membrane stress as follows:

F, 27206.0299

=il =15055.9103 psi
FS  1.8070

STEP 6 — Compare the calculated hoop compressive membrane stress, gg,, to the allowable hoop

compressive membrane stress, Fy, per following criteria.

{0, =224.7 psi} <{F,, =15055.9 psi} True

STEP 1 — Calculate the predicted elastic buckling stress, Fy,.
C.Et 0.8520(28.3E+06)(1.6875)
F p—y -_—

=264854.8413 psi

Xe D, 153.625
where,
% = % =91.0370
M, = L 7320 =64.2944

YRt ([J768125(1.6875)

Since D, /t < 1247, calculate C, as follows:

= 409(1.0
¢ —min| —29%€ 09| =thin #, 0.9 |=0.8520
’ 389 + 2o 389 4 123:623
‘ 1.6875

Since M, > 15, calculate'C as follows:
c=1.0
STEP 2 — Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.

The equatiofhs-for the allowable compressive stress consider both the predicted elastic bucklin
and predicted inelastic buckling stress. The predicted elastic buckling stress, F,,, is determine
on thédgeometry of the component and the loading under consideration as provided in sub
applicable paragraphs. The predicted inelastic buckling stress, F;., is determined using the f

g stress
d based
sequent
pllowing

procedure.

i) STEP 2.1 — Calculate the predicted elastic buckling stress, F,.
F,=264854.8413 psi (as determined in STEP 1 above)

i) STEP 2.2 — Calculate the elastic buckling ratio factor, A,.
_F, 264854.8413

xe

=0.00935883

‘ E 283E+06
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i) STEP 2.3 — Solve for the predicted inelastic buckling stress, F;., through the determination of the
material’s tangent modulus, E;, based on the stress-strain curve model at the design temperature

per paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such
following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.
F, =31046.7970 psi

STEP 3 - Calculate the value of design factor, F'S per paragraph 4.4.2.

that the

Since U.555, < Iy <5, calculate 5 as tollows:

31046.7970

=1.7223
33600 J

y

FS =2.407 —0.741(%J =2.407 —0.741(

STEP 4 — Calculate the allowable axial compressive membrane stress as follows:

=t VOO0 _ 16096 3584 psi
FS 17223

STEP 5 — Compare the calculated axial compressive membranéJstress, gy, to the allowa
compressive membrane stress, F,, per following criteria.

{0' =632.4 psi} < {F;a =18026.4 psi} True

sm

Therefore, local buckling due to axial compressive membrane stress is not a concern.

Evaluate the Cone at the Large End:

Str

pss Resultant Calculations, as determined-above.
M., =M, — 4443413 10
mn
78,5839 1165
Mch =MSX = . ”/;b
426.8741 L5
mn
in—1bs
444.3413+(-78.5889) =365.7524 —
M cs M csP +M csX = . lZ/l
444.3413+426.8741=871.2154 L2
mn

ple axial

0. =Qcos[a]+ N, sin[c]

84.0270(cos[21.0375]) +(—457.3577)sin[21.0375] = —85.7555 l{’—s
Qc _ mn
196.5350(cos[21.0375])+(~1067.1574)sin[21.0375] = ~199.6519 1bs

124)
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R.= R __ 75125 =80.4900 in

- cos[a] B cos[21.0375]

%:[M] :L 30-(03)) } ~0.1064 in”

R, 80.4900)’ (1.8125)°

N, =N, cos[a]-QOsin[a]

—43/.j3//(cos[u.Uj/3])—54.uz/usm[u.Uj/3]:—43/.Ujozsl.b—s ]
NCS _ n
~1067.1574(cos[21.0375]) —196.5350sin[21.0375] = —1066.5786 Ibs
mn
PR
cl = L +2ﬂcoRC (_Mcsﬁco _Qc)
cos[a]
—14.7(75.125)
+2(0.1064)(80.4900)(—(365.7524)(0.1064 ) —(—85.7555
0 =
~14.7(75.125)
+2(0.1064)(80.4900)(—(871.21k54(0.1064) —(—199.6519
—-380.9244 lb—S
648.7441 =22
mn
K, =10
Stress Calculations:
Detfermine the axial and hoop'membrane and bending stresses.
—457-0368
————=-252.1582 psi
LN ) @i P
o JETU00T80 _ 508 4572 pi
1.8125
6(365.7524) ,
—————=668.0091 psi
6M (1.8125)’(1.0)
T TEK, | 6(871.2154)
e | 2 =1591.1853 psi
(1.8125)"(1.0)
M:—MO.MSZ psi
o N _] 18125
™t | 648.7441

=357.9278 psi
1.8125
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6(0.3)(365.7524)
Cevm,, | (1.8125)°(1.0)
K, ]6(0.3)(871.2154)
(1.8125)° (1.0)

=200.4027 psi

=477.3556 psi

f)  STEP 6 — Check Acceptance Criteria:
o, =—252.1582 psi)
o, =—588.4572 psi]
o, +0, =-252.1582+668.0091=415.6 psi

o,, —0,, =—252.1582-668.0091=|-920.2 psi
o, +0,=-588.4572+1591.1853=1002.7 psi

sm

o,, — 0, =—588.4572-1591.1853 =|-2179.6| psi

{ ot apnlicabla dia to conineacaig ateacel
— lL.Ju rnor MIJIJLL[./MULL/ ¥ 224> A v UUIII«IJI COoOOrve Oour L/L)LJJ

< {SPS =67200 psi} True

c,, =—210.1652 - 1.5S, not applicable due to compressive stress T
< rue
o,, =357.9278 1.58 = 1.5(22400) =33600 psi
Oy + 0, =—210.1652+200.4027 = |—9.7| psi
o, —0, =—210.1652-200.4027 =|-410.6| psi
om0 | v {85 = 67200 psi} True

G, + 0, =357.9278+477.3556 = 835.3 psi
Oym — Oy =357.9278—477.3556 = |-119.4| psi

Since the hoop membrane stress, gy, and theaxial membrane stress, o, are compressive, the dondition
of Ipcal buckling shall be considered. Localibuckling is not a concern if the following limits are satisfied.

S

O-Gm < F}'ta
O-sm < an

F{4 is evaluated using paragraph 4.4.5.1 but substituting Fj,, with the following equation.

0.4Et
B =—
D

0

where,

t=t, =1.8125in

0.5(D,+D,) 0.5(153.875+93.875)
cos[a] cos[21.0375]

n

E =

=132.7215-in

E,, is evaluated using paragraph 4.4.12.2.b with A = 0.15 and the following substitutions.
t=t,=1.8125in

D, =132.7215 in
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Le—be L B0 ersa03m
cos[a] cos[a] cos[21.0375]

Using the procedure shown above for the large end cylindrical shell and the above noted substitutions, the
allowable compressive hoop membrane and axial membrane stresses, F, and E,,, respectively, are as
follows.

Co

Therefore, local buckling due to hoop and axial compressive membrane stress is not a concern.

ST

Therefore, the design is complete.

F,, =15888.9 psi
F_ =19150.9 psi

{04, =210.2 psi} <{F, =15888.9 psi} True
{asm =588.5 psi} < {Fm =19150.9 psi} True

EP 7 — The stress acceptance criterion in STEP 6 is satisfied for both the cylinder an

mpare the calculated hoop compressive membrane stress, oy, and axial compressiyé mlmbrane
strgss, oy, to the allowable hoop compressive membrane stress, Fj, and axial compressijye me
strgss, F,, per following criteria.

mbrane

d cone.

STEP 1 — Compute the small end cylinder thickness, ts, using paragraph 4.3.3., (as specified in design
corlditions).

t;=1.0in
STEP 2 — Determine the cone half-apex-angle, a, and compute the cone thickness, t., at the sinall end

usi

ST

equ

Int

g paragraph 4.3.4., (as specified’'in design conditions)
a =21.0375 deg
1. =1.8125 in

EP 3 — Proportion_the cone geometry such that the following equations are satisfied. If g

Il these

ations are nofrsatisfied, then the cylinder-to-cone junction shall be designed in accordance with Part 5.

he calculations, if 0 deg < a < 10 deg, then use a = 10 deg.
20< &:45'125245.125 <500 True
tg 1.0
1<|fe 18125 ) gias]<n True
ts 1.0
{0{ =21.0375 deg} <60 deg True

STEP 4 — Determine the net section axial force, Fs, and bending moment, Mg, applied to the conical
transition (as specified in design conditions). The thrust load due to pressure shall not be included as part
of the axial force, Fg. Calculate the equivalent line load, Xs, using the specified net section axial force, Fs,
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and bending moment, Ms.

2 _741851(1)35 GAB0IER06 3 ccrg 16
_ R M, _|2r(45125)  7(45.125) in
Y 27R zRS | 78104 4301E+06 _ oo Ibs

27(45.125)  7(45.125)’ ' in

STEP 5 — Compute the junction transition design parameters (the normalized resultant moment, M4y, and

shg —ON i ' i 3 e 4.3.6,
respectively. For calculated values of n other than those presented in Table 4.3.5 and Table(4.3'B, linear
intgrpolation of the equation coefficients, C;, is permitted.

pole J18125 L gins
tS

1.0
= B /45'125:6.7175
f 1.0

B=tan[a]=tan[21.0375]=0.3846

Lingar interpolation of the equation coefficients, C; in Table 4:3.5 and Table 4.3.6 is required. Thé¢ results
of the interpolation are summarized with the following values.for C; (see paragraph 4.3.11.5 and STEP 5 of
E4]3.7).

For the applied pressure case M,y is calculated using the following equation:

o Cn[ H ] Cn[a] €5 (in[ #2])" +C, (in[e]) o

M, =exp| Cn[ #* |in[a]+ a;{in] #2]) +C, (In[a]) +
¢, [ 72 (infl)" +C, ([ #2]) In[a]

Thip results in the following-(see paragraph 4.3.11.5 and STEP 5 of E4.3.7).
M, =9.2135

Forl the applied\pressure case Qy is calculated using the following equation:

0. C/+C,H +Caa+C,H +Cya’ +C, H
M 1+CH +Ca+CH +Cyo’ +C \Ha

This results in the following (see paragraph 4.3.11.5 and STEP 5 of E4.3.7).
0, =-2.7333

For the Equivalent Line Load case, M,y is calculated using the following equation:

_(C+CH+CB+C,H* +C,B°+C, HB
™ \ 1+C,H+C,B+C,H*+C,B’ +C,,HB
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This results in the following (see paragraph 4.3.11.5 and STEP 5 of E4.3.7).
M, =0.4828

For the Equivalent Line Load case, Qy is calculated using the following equation:
C+C, In[H]+C, In[B]+C, (In[H]) +C; (In[ B]) +C, In[H ]| In[ B] +

QN 3 3 2 2
C,(In[H]) +C;(In[B]) +C, In[H](In[B]) +C,, (In[H]) In[B]

Thip results in the following (see paragraph 4.3.11.5 and STEP 5 of E4.3.7).
0, =-0.1613

Summarizing, the normalized resultant moment My, and shear force Qp for the internal press

equivalent line load are as follows:

Internal Pressure: M, =9.2135, O, =-2.7333
Equivalent Line Load : M, =0.4828, 0, =-0.1613

STEP 6 — Compute the stresses in the cylinder and cone at the junction.using the equations in Tab)

for the Small End Junction.

Evaluate the Cylinder at the Small End.

Stréss Resultant Calculations.

in—Ibs

mn

in—Ibs

in
in—Ibs

M, = Pi2M,, =—14.7(1.0)’ (9.2135) = —135.4385

396.8629(1.0)(0.4828) =191.6054
M, =X M, =
—947.8053(1 .0)(0.4828) =-457.6004

ure and

e4.3.2.

124)
$135.4385+ (191.6054) = 56.1669 "1
MSZMSP+MSX: Zn. lb
—135.4385+(—457.6004) = —593.0389 T
124]
Ibs
0, =P1,0, =—14.7(1.0)(-2.7333) = 40.1795 =~
in
lbs
396.8629(~0.1613) = ~64.0140 —
Oy = X0y = "
lbs

—947.8053(—0. 1613) =152.8810 —
in

4-111


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

40.1795+ (—64.0140) =-23.8345 lb_s

124)

40.1795+152.8810 =193.0605 lb_s

124)

B. =[3(1—v2)] {( 31-(0.3)") )2} =0.1914 in™

0=0,+0y =

Rz 45.1250)" (1.000
—14.7(45.125
PR ( ) +396.8620 — 65.1942 Ibs
NY _ S +XS _ 2 mn
Y2 —14.7(45.125) Ibs
. +(-947.8053) = ~1279.4741 —
mn

N, = PR +2ﬂcyRS (_Msﬂcy _Q)
N —14.7(45.125)+2(0.1914)(45.125)(—(56.1669)(0.1914)—(—23.8345))
- —14.7(45.125)+2(0.1914)(45.125)(—(—593.0389)(0.1914)—193.0605)

4373238 18
No= ”;b
~2037.5216 ==
mn
K, =10

»
P=3

Tss Calculations:
Determine the axial and hoop membraneé and bending stresses:

65.1942

—651942 psi

fs | ZI2T2374 1299 4741 psi
[6(56.1669)

") 2337.0014 psi
6M (1.0)"(1.0)

TORK,. | 6(-593.0389) '
— = =-3558.2334 psi
(T0) (1.0)
373238 4373038 psi
N,
o-em -~

tg | 220375216 _ 0305516 psi
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6(0.3)(56.1669) .
. =101.1004 psi
__6vm, | (10)(10)
o~ 2 -
K 3)(—593.
(5K, | 6(0.3)( 2593 0389):—1067.4700 psi
(1.0) (1.0)

PTB-3-2022

Check Acceptance Criteria:

(0, =65.1942 psi | [1.55=1.5(22400)=33600 psi

3

Sj

S

Fha

an

In 4

IO'Sm =-1279.4741 pSif - II.SS, not applicable due to compressive stressf

ce the hoop membrane stress gy, and axial membrane stress oy, are compressive, the con
local buckling shall be considered. Local buckling is not a concern if the following limits are satisfiedl.

N
\
N
q

o, +0, =651942+337.0014 = 402.2 psi
o,, — 0, =65.1942-337.0014 = |-271.8] psi
o,, +0,, =—1279.4741+(-3558.2334) =|-4837.7| psi
o, —0,, =—1279.4741—(-3558.2334) = 2278.8 psi
o,, =—437.3238
{ng =-2037.5216
o + 0, =—437.3238+101.1004 = |-336.2| psi
— g, =—437.3238-101.1004 = |-538.4| psi .
1<{Sps =67200 psi}  True
Oy + 0y, =—2037.5216+(-1067.4700) =|-3105:0| psi
—0,, =—2037.5216—(-1067.4700) ==970.1 psi

< {SPS =67200 psi} True

}S {I.SS, not applicable due to compressjve stress}

Oy

Oy

m

Uﬁm < F;la
O-sm S Fm
is evaluated using paragraph 4.4.5.1 but substituting Fj,, with the following equation.

0.4E 1
Fhe =
D

o

is evaluated using paragraph 4.4.12.2.b with A = 0.15.

ccardance with paragraph 4.4.5.1, the value of Fj,, is calculated as follows.

1)

2)

SrEpg—rt e : ; -
t=1.0in
L — Not required, as the equation for F,, is independent of L

STEP 2 — Calculate the predicted elastic buckling stress, Fp,.

_04E¢ 0.4(283E+06)(1.0)
“ D, 92.25

o

=122710.0271 psi
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STEP 3 - Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic bucklin

g stress

and predicted inelastic buckling stress. The predicted elastic buckling stress, Fj,, is determined
based on the geometry of the component and the loading under consideration as provided in
subsequent applicable paragraphs. The predicted inelastic buckling stress, Fj., is determined using

the following procedure.
i) STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fj,.

F'h72 =122710.0271 Invi (as determined in STEP 2 ahove)

i) STEP 3.2 — Calculate the elastic buckling ratio factor, A4,.

A, = Lo 122TI0.027L_ 10433604
E  283E+06

i) STEP 3.3 — Solve for the predicted inelastic buckling stress, F;., through the determinatic
material’s tangent modulus, E;, based on the stress-strain curve madel'at the design tem
per paragraph 3-D.5.1. The value of Fj. is solved for using an iterative procedure such
following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVERROCEDURE.
F, =27137.9709 psi

STEP 4 — Calculate the value of design factor, FS per,paragraph 4.4.2.

Since 0.55S5,, < F;c < S, calculate FS as follows:

2.407 - 0.741(%} =2.407- 0.741(

y

27137.9709

=1.8085
33600

STEP 5 - Calculate the allowable hoop compressive membrane stress as follows:

F. 27137.9709

ic __

s T 1.8083

=15005.8 psi

STEP 6 — Compare.thé calculated hoop compressive membrane stress, gg,, to the allowal
compressive membrane stress, F, per following criteria.

{O'gm =2037.5 psi} < {F,m =15005.8 psi} True

Therefore, local buckling due to hoop compressive membrane stress is not a concern.

ccardance with paragraph 4.4.12.2.b, the value of F, is calculated as follows, with 1 = 0.15.

n of the
berature
that the

le hoop

—STEPt—Catcutate the preditted etastic bucking Siress; .-

& _CEt_0.8499(283E+06)(1.0)

=260728.1301 psi

“ D 92.25
where,
D, _ 92.25 — 9295
t 1.0
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oo L 6360
©JRp (J46.125(1.0)

Since D, /t < 1247, calculate C, as follows:

=93.6459

c 409(1.0
C. = min L%D, 0.9 | = min %, 0.9 |=0.8499
(389+ } 389+ >
L L

Since M, = 15, calculate ¢ as follows:
c=10
2) | STEP 2 — Calculate the predicted inelastic buckling stress, F;., per paragraph 44.3"

The equations for the allowable compressive stress consider both the predieted elastic buckling stress
and predicted inelastic buckling stress. The predicted elastic buckling stress, F,,, is determined
based on the geometry of the component and the loading under consideration as proyided in
subsequent applicable paragraphs. The predicted inelastic buckling stress, F;., is determingd using
the following procedure.

i) STEP 2.1 — Calculate the predicted elastic buckling stress, E,,.
F,=260728.1301 psi (as determined in STEP 1 above)

i) STEP 2.2 — Calculate the elastic buckling ratio factor, 4,.
_i ~260728.1301

° E 28.3E+06

iii) STEP 2.3 — Solve for the predicted inelastic buckling stress, F;., through the determinatign of the
material’s tangent modulus, E7, based on the stress-strain curve model at the design temperature
per paragraph 3-D.5.1... The value of F,. is solved for using an iterative procedure such|that the
following relationshiplissatisfied (see Table 4.4.2).

=0.00921301

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.
F, =30967.6147 psi

3) | STEP 3 — ECalculate the value of design factor, FS per paragraph 4.4.2.

Since/0.55S,, < F;. < S,, calculate FS as follows:

FS =2.407 —0.741(]::;" w =2.407 —0.741(%}
5,7 T 330600

=1.7241

4) STEP 4 — Calculate the allowable axial compressive membrane stress as follows:

_F,.  30967.6147

c

=17961.6117 psi

“TES 17241

5) STEP 5 — Compare the calculated axial compressive membrane stress, o, to the allowable axial
compressive membrane stress, F,, per following criteria.
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{o,,=632.4 psi} <{F, =17961.6 psi} True
Therefore, local buckling due to axial compressive membrane stress is not a concern.

Evaluate the Cone at the Small End.

Stress Resultant Calculations as determined above.

M_, =M, ——1354385 =10
mn
1916054 =103
Mch :MSX = .Zn lb
—457.6004 21—
124}

—135.4385+191.6054 = 56.1669 2 flbs

M_=M_,+M,_, = n

cs csP csX in _le
—135.4385+(—457.6004) =-593.0389 —=—
in
Q. =Qcos[a]+ N, sin[a]
Ibs

(—23.8345)cos[21.0375]+65.19425in[21.0375] =1.1575 —
Qc — mn

193.0605 cos[21.0375] + (~1279.474Fsin[21.0375] = 279.1120 25
mn
R =R 4120 o6 in
cos[a] cos[21.0375]
0.2
3(1-)] [ B(-3y) |7 |
Bo=|—737"| = 5 - | =0.1373in
R7t, (48.3476)" (1.8125)
N, =N, cos[a]=0Osin[a]
651942 cos [21.0375]—(—23.8345)Sin [21.0375] =69.4048 lb_s
N - in
Ko Ibs

(—1279.4741) cos [21.0375] —193.0605sin [21.0375] =-1263.4963 —

1A
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NCH = PRS + 2ﬂcoRc (_McsIBco +Qc)
cos[a]
—14.7(45.125)
2(0.1373)(48.3476)(—(56.1669)(0.1373)+1.1575
v cos[21.0375] +2( I )( ( I )+ )
0 =
—14.7(45.125)
2(0.1373)(48.3476)(—(—593.0389)(0.1373)+(—279.1120
oxaiogrs] +2(01373)(483476) (— )(0.1373) +( )
lbs
—797.7248 —
N = in
cl
—3335.2619?’—51
124
K, =10
Stress Calculations:
Determine the axial and hoop membrane and bending stresses:
69.4048
=38.2923 psi
__N._ |18 o
Tt | 212034963 | cor 1014 psi
1.8125
6(56.1669) 1025835090
— Q= . psi
oM |(1.8125)(1.0)
O-S — CS —
" Ky | 6(-593.0389) =1083.1246 psi
(1.8125)° (1.0)
—797.7248
——=-440.1240 psi
LN, 181z P
om — -
fo |28 1540 1445 psi
178125
6(0.3)(56.1669) _ 307749 psi
6vnr | (1.8125)(1.0)
Oy = - =
TOK,, 6(0.3)(-593.0389) oy

(1.8125)°(1.0)
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Check Acceptable Criteria:
o, =38.2923 psi

{Gsm =-697.1014 psz}

o, +0, =38.2923+102.5831=140.9 psi

o,, —0,, =38.2923-102.5831=-64.3 psi

o,, +0,, =—697.1014+(-1083.1246) =|-1780.2| psi

c,, — 0, =—097.1014—(—1083.1246 )= 386.0 psi

o, =—440.1240

{agm =—1840.1445

Oy + Oy, = —440.1240+30.7749 =|-409.3| psi

Ty — Oy =—440.1240-30.7749 =|-470.9| psi

O + 0, =—1840.1445+(-324.9374) =|-2164.9| psi

Oym — Oy =—1840.1445—(-324.9374) = |-1515.1| psi

<

{I.SS = 1.5(22400) =33600 psi }
True

1.5S, not applicable due to compressive stress

<{S,s = 67200 psi} True

}S {1.5S , hot applicable due to compressive Stress}

< {8, = 67200 psi} True

Since the hoop membrane stress, gy, and the axial membrane{stress, o, are compressive, the qondition
of Ipcal buckling shall be considered. Local buckling is not a concern if the following limits are satisfied.

S

O-Hm < F;la

O-sm S F)Cd

Fyd is evaluated using VIII-2, paragraph 4.4.5.1, but substituting F,, with the following equation.
_04E
he D

o

where,
t=t =1.8125in
_0.5(D, +D,)) 0.5(153.875+93.875)

=132.7215 in
cos[e] cos[21.0375]

E, 4| is evaluated-using paragraph 4.4.12.2.b with A = 0.15 and the following substitutions.
t=t,=V8125 in
Dy=132.7215 in

L L 78.0

L= e — c = =83.5703 ;
cos[a] cos[a] cos[21.0375] "

Using the procedure shown above for the large end cylindrical shell and the above noted substitutions, the
allowable compressive hoop membrane and axial membrane stresses, F, and E,,, respectively, are as
follows.
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Compare the calculated hoop compressive membrane stress, gy, and axial compressive membrane
stress, oy, to the allowable hoop compressive membrane stress, Fj, and axial compressive membrane

stress, F,, per following criteria.

o, =6097.1 psi; <1F, =15888.9 psi True
{ Om } { ha }

{rrw =1840.1 pvi} < {FM =19150.9 pw'} True

Therefore, local buckling due to hoop and axial compressive membrane stress is not a concern.

ST
the

design is complete.

1.9375 in.

18125 in.

1.125in. |{  90in. |.D.
o

EP 7 — The stress acceptance criterion in STEP 6 is satisfied for both the cylinder and cone. TH

«——150in. 1.D.—»

e

erefore,

Figure E4.4./ — Conical Transition
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44.8 Example E4.4.8 — Conical Transitions with a Knuckle

Determine if the proposed design for the large end of a cylinder-to-cone junction with a knuckle is adequately
designed considering the following design conditions and applied forces and moments.

Vessel Data:

e Material = SA—516, Grade 70, Norm.

e Design Conditions = —14.7 psig @300°F

¢ Insige-Biameter{targe-End) = 120-0-i7

e Large End Thickness = 1.0 in

e Insigle Diameter (Small End) = 33.0in

. SmIII End Thickness = 1.0 in

e Knufkle Radius = 10.0 in

e Cone Thickness = 1.0 in

e Knugkle Thickness = 1.0 in

e Length of Conical Section = 73.0 in

e Unsupported Length of Large Cylinder = 240.0 in

e Unsupported Length of Small Cylinder = 360.0 in

e Corfosion Allowance = 0:0'in

e Allovable Stress = 22400 psi

e Yielfl Strength = 33600 psi

e Modulus of Elasticity at Design Temperature 2 28.3E+06 psi

e Weld Joint Efficiency = 1.0

e Ond-Half Apex Angle = 30.0 deg

e Axigl Force (Large End) = —10000 [bs

e Net[Section Bending Moment (Large End) = 2.0E+06 in— lbs

Evaluat¢ per paragraphs 4.4.14 and4.3.12.

The desjign rules in paragraph 4-3.12 shall be satisfied. In these calculations, a negative value of pressiire shall

be used|in all applicable equations.

a) STEP 1 — Compute-the large end cylinder thickness, t;, using paragraph 4.4.5, (as specified in design
corditions)

t, =1.04n

b) STER.2-~ Determine the cone half-apex angle, a, and compute the cone thickness, t., at the Igrge end

using paragraph 4.4-5, (as specified tm design conditions).

a =30 deg
t-=1.01in

c) STEP 3 — Proportion the transition geometry by assuming a value for the knuckle radius, 1%, and knuckle
thickness, t, such that the following equations are satisfied. If all these equations cannot be satisfied, the
cylinder-to-cone junction shall be designed in accordance with Part 5.
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{t —IOZn} {t —lOm} True

{rk =10.0 in} > {3tk =3.0 in} True

{’"—k 100y, 1667} >{0.03} True
R, 60.0

{0{ =30 deg} < {60 deg} True

STEP 4 — Determine the net section axial force, F;, and bending moment, M;, applied to the
transition at the location of the knuckle. The thrust load due to pressure shall not be included-as p3
axial force, Fj.

F, =-10000 /bs
M, =2.0E+06 in—Ibs

STEP 5 — Compute the stresses in the knuckle at the junction using the equations in Table 4.3.7.

Determine if the knuckle is considered to be compact or non-compact.

05 0.5
ar, <2K, ({Rk (a"l tan[a]) +rk}tk)

{0.5236(10.0)} < {2(0-7)({50-0((0.5236)‘1-tan[0.5236])0'5+1o}1j0'5}
{

5.2360 m} {11 0683 ln} True
where,
K, =0.7
a =Mﬂ' 0.5236 rad
180
R, =R, —1, =60.0-10:0=50.0 in

Therefore, analyze the-kKnuckle junction as a compact knuckle.

Sths Calculations
Determine the.hoop and axial membrane stresses at the knuckle:

) PK, (RRt, + L[Lc )+ a(PL7 ~0.5RL,)

K, (rL VR, +ic Lt )atkrk

PL
Jsm __e 1k
2t,

where,
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_ 0.5 O 0.5 .
Ly =R, (e tan[a])"” +1, =50.0((0.5236) " tan[0.5236]) *+10.0 = 62.5038 in
R, 50.0

L = +r, = +10.0 = 67.7351 in
cos[c] cos[0.5236]
pops_ b L 2M,
[94 (94
rL;, cos’® [2} rL;, cos’ {2}
— 2(2.0+06
AT 10000'O‘o 5236 ( f) 5236 ]
7(62.5038)" -cos? | — : 7(62.5038)’ - cos® | — :
P= - - - -
¢ - 2(2.0E+06
4T 10000'0‘0 5236 ( ‘1) 52367
7(62.5038)" -cos? | — : 7(62.5038) - cos®| ~ ;

P -9.7875 psi
©1=21.3590 psi

thefefore,
(~14.7)(0.7)(60.0,/60.0(1.0) +67.7351,[67.7351(1.0) ) +
0.5236((~14.7)(62.5038)(10.0) - 0.8(~9.7875)(62.5038)’
0.7(1.0,/60.0(1.0) +1.0,/67.735T(1.0) | +0.5236(1.0) (10.0)

(—14.7)(0.7)(60.om+ 67.7351\/m)+

0.5236((~14.7)(62:5038)(10.0) —0.5(~21.3590) (62.5038)"

0.7(1.0\/60.0(1.0) + 1.0\/67.7351(1.0))+ 0.5236(1.0)(10.0)

ang,

Rl -9.7875(62.5038) oo i

2, 2(1.0)
o =
" -21.3590(62.5038
FLy _ ( ):—667.5093 psi
2, 2(L0) |

=-323.9558 psi

=396.8501 psi

Check Acceptable Criteria:

{aem =-324.0 psz} - {S , not applicable due to compressive stress}

c,, =396.9 psi | 20000 True

{asm =-305.9 psi

<18, not applicable due to compressive stress
o, =—0667.5 psz} { wp v }
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Since the hoop membrane stress ogg,, and axial membrane stress g, are compressive, the condition of
local buckling shall be considered. Local buckling is not a concern if the following limits are satisfied.

Uﬁm < F;la
O-Sm S Fm
Fy,, is evaluated using VIII-2, paragraph 4.4.5.1, but substituting F;, with the following equation.

0.4E 1
Fo=—""
e D

o

E,. | is evaluated using VIII-2, paragraph 4.4.12.2.b with 1 = 0.15.

In gccordance with VIII-2, paragraph 4.4.5.1, the value of F;, is calculated as follows.
1) | STEP 1 — Assume an initial thickness, t and unsupported length, L.

t=1.0in

L — Not required, as the equation for F,, is independent of-L

2) | STEP 2 — Calculate the predicted elastic buckling stress, Fj,.

_04E¢ 0.4(283E+06)(1.0)
“ D 122.0

o

=92786.8853 psi

3) | STEP 3 — Calculate the predicted inelastic buckling‘stress, F;., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic buckling stress
and predicted inelastic buckling stress. The predicted elastic buckling stress, Fy,, is determined
based on the geometry of the component and the loading under consideration as proyided in
subsequent applicable paragraphs;:. (The predicted inelastic buckling stress, F;., is determing¢d using
the following procedure.

i) STEP 3.1 — Calculate the predicted elastic buckling stress due to external pressure, Fp,.

F,, =92786.8853 )psi  (as determined in STEP 2 above)

i) STEP 3.2 — Calculate the elastic buckling ratio factor, A4,.
_ i ~792786.8853

‘CYE 283E+06

i) STEP 3.3 — Solve for the predicted inelastic buckling stress, F;., through the determinatign of the
material’s tangent modulus, E;, based on the stress-strain curve model at the design temperature
per paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such|that the
fotfowing Tetationship s satisfied (see Tabte 44227

=0.00327869

SEE EXAMPLE PROBLEM E4.4.2 FOR THE ITERATIVE PROCEDURE.
F,=25689.9738 psi

4) STEP 4 - Calculate the value of design factor, F'S per paragraph 4.4.2.

Since 0.55S,, < F;, < S,, calculate FS as follows:
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25689.9738

FS =2.407-0.741 £ =2.407-0.741
S 33600

y

j= 1.8404

STEP 5 — Calculate the allowable hoop compressive membrane stress as follows:

5 _F. 256899738
T FS 1.8404

=13958.9077 psi

STEP 6 — Compare the calculated hoop compressive membrane stress, oy, to the allowable hoop

e

q

{0 =324.0 psi} <{F,, =13958.9 psi} True

ccordance with paragraph 4.4.12.2.b, the value of F,, is calculated as follows, with*A = 0.15.
STEP 1 — Calculate the predicted elastic buckling stress, E,,.
C.Et O.8004(28.3E+ 06)(1.0)
F = =

= 185666.5574 psi

xe D, 122.0
where,
% = % =122.0
M = L 240.0 =30.7289

JR( J61.0(1.0)

Since D,/t < 1247, calculate C, asfollows:

c 409(1.0
P9 | <min| U
389+ %2 (389+')

[ t j 1.0

Since M, > 15} calculate c as follows:

c=1.0

C. =min , 0.9 1=0.8004

STEP<2 > Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.

The)equations for the allowable compressive stress consider both the predicted elastic bucklin

g stress

d based

and predicted inelastic buckling stress. The predicted elastic buckling stress, .. is determine
on the geometry of the component and the loading under consideration as provided in sub

sequent

applicable paragraphs. The predicted inelastic buckling stress, F;., is determined using the following

procedure.

i) STEP 2.1 — Calculate the predicted elastic buckling stress, F,.
F_=185666.5574 psi (as determined in STEP 1 above)

i) STEP 2.2 — Calculate the elastic buckling ratio factor, A4,.
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_F, 185666.5574

) 28.3E+06

=0.00656066

i) STEP 2.3 — Solve for the predicted inelastic buckling stress, F;., through the determination of the
material’s tangent modulus, E;, based on the stress-strain curve model at the design temperature

per paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure such
following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.

E_—20252 60 ng7
ic ° Pl

that the

STEP 3 - Calculate the value of design factor, FS per paragraph 4.4.2.

Since 0.55S, < F] < S, calculate FS as follows:

29252.6889
33600

FS=2407- 0.741[?” ] =2.407 - 0.741(

y

j=1.7619

STEP 4 — Calculate the allowable axial compressive membrane stress’as follows:

F, _29252.6889

=k =16602.9224 psi
“TFS  1.7619

STEP 5 — Compare the calculated axial compressive.membrane stress, gy, to the allowa
compressive membrane stress, F,, per following criterja.

{o,, =667.5 psz'} < {Fm =16602.9 psi} True

Therefore, local buckling due to axial compressive membrane stress is not a concern.

ST

EP 6 — The stress acceptance criteriondn-STEP 5 is satisfied. Therefore, the design is complete,

ple axial
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1.00 in,{‘ 60.00 in.

10.00 In.

30°
78.00 in.

\ 1.00 in.

Rs

ts

Figure E4.4.8 — Knuckle Detail
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Shells Openings in Shells and Heads

4.51

Design an integral nozzle in a cylindrical shell based on the vessel and nozzle data below. The parameters used

Example E4.5.1 — Radial Nozzle in Cylindrical Shell

in this design procedure are shown in Figure E4.5.1.

Vessel and Nozzle Data:

e Desjgn Conditions = 356 psig (@300°F
e Corfosion Allowance = 0.125in

e Weld Joint Efficiency = 1.0

e Shell Material = SA—516, Grade 70, Nopmialized
e Shell Allowable Stress = 22400 psi

e Yielfl Strength = 33600 psi

e Nozzle Material = S4-105

e Nozzle Allowable Stress = 21200 psi

e Shell Inside Diameter = 150.0 in

e Shell Thickness = 1.8125)in

e Nozgle Outside Diameter = 19.0'in

e Nozgle Hub Outside Diameter = 25.5in

e Nozgle Hub Height = 7.1875 in

e Nozgle Thickness = 475 in

e Extgrnal Nozzle Projection = 14.1875 in

e Intefnal Nozzle Projection = 0.0in

The nozzle is inserted through the shell, i.e(; set-in type nozzle, see Figure 4.5.13.

Establish the corroded dimensions.

Shell:

D|=150.0+2(Contosion Allowance) =150.0+2(0.125) =150.25 in
t 941.8125 — Corrosion Allowance =1.8125—-0.125=1.6875 in

t +495—Corrosion Allowance =4.75—0.125=4.625 in
P D-2(1,) 25.5-2(4.625)
n 2 -

=8.125in

Evaluate per paragraph 4.5.5, The procedure to design a radial nozzle in a cylindrical shell subject to pressure
loading is shown below.

Note: This is an analysis of a single nozzle; therefore, the spacing criterion is automatically satisfied. If there
were multiple nozzles in the shell, the spacing requirements for nozzles in paragraph 4.5.13 would need to be
checked.
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STEP 1 — Determine the effective radius of the shell as follows.

R, =0.5D,=0.5(150.25) = 75.125 in

STEP 2 — Calculate the limit of reinforcement along the vessel wall.

For set—in integrally reinforced nozzles,

Ly =min| R, 2R, |

ST
For

ST
apf

ST
are
4.5

For

AY ALQ 1) s 11 04 1. Ao 1109004 -
J}, L\O.lAJ}J = IMOI[TT. 25753, TO. 20 =1T1.25753 171

L . |_ [
L’R — luull_\l\
EP 3 — Calculate the limit of reinforcement along the nozzle wall projecting outside the vessel su

set—in nozzles,

L, =min[1.5¢, £,]+[R,z, =min[1.5(1.6875),0.0 |+/8.125(4.625) =6:1301 in
Ly, =L,, =14.1875in

L,y =8(1+1,)=8(1.6875+0.0)=13.5 in

L, =min[L,,, L,,, L, ]+t =min[6.1301, 15.875, 13.5]3 V6875 = 7.8176 in

EP 4 — Calculate the limit of reinforcement along the nozzle wall projecting inside the vessel su
licable.

L, =Ry, =[8.125(4.625) = 6.1301 in
L,=L,,=00in

L, =8(1+1,)=8(1.6875+0.0)£13.5 in

L, =min[L,, L,,, L,;]=min(6.1301, 0.0, 13.5]=0.0 in

EP 5 — Determine the total-available area near the nozzle opening (see Figure 4.5.2). Do not inc
a that falls outside-of-the limits defined by Ly, Lg, and L;. For variable thickness nozzles, se
13 for metal area\definitions for A,.

set—in nozzles,

AT :Al +fm (A2+A3)+A41 +A42+A43+frp’45

face.

rface, if

ude any
b Figure

0.85

[(13037)%% 1

A =(IL, ) -ma — , 1.UO[=1.68/5(11.2594) -ma , 1.U
i 2 I e A
A4, =19.0002 in’

(2R, +1,)

\/(Di + teﬁ )teﬁ’

2(8.125)+4.625
J150.25+1.6875(1.6875)

A=min

,12.0 =min{ 12.0}=1.3037
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Sin
Fig

fy ST

Af, 0.0(1.0
ty=t+ s )y g75+[ L2 6875 in
! L, 11.2594
S,
Jf,, =min ?,l =1.0
£, =min| 22 1| =21290_ 6 9464
S 22400

ce {Ly; = 7.8176 in} < {Ly3 = Lpy3 +t = 7.1875 + 1.6875 = 8.875 in}, calculate A, as folld

ure 4.5.13,
A, =t L, =4.625(7.8176)=36.1564 in’

A, =t,L, =0.0 in®

A, =052, =0.5(0.375)" =0.0703 in®
A, =0.512,=0.0 in’

Ay =0.512,=0.0 in’

A, :min[ASH, ASb]

A, =Wt,=0.0 in’

Ay, =Lyt =0.0 in®

A;=0.0 in®

A, =19.0002 +0.9464(36.1564 +0{0)+0.0703+0.0+ 0.0+ 0.0 = 53.2889 in’

EP 6 — Determine the applicable.forces.

For set—in nozzles,

fy = PR, L, =356(10,2644)(7.8176) = 28566.4985 Ibs

xXn

N 4.625 ~10.2644 in

Rxn=
[ RFL | [ 812544625
R 8.125

n

Sfs&PR (L +1,)=356(75.9656)(11.2594 + 4.625) = 429573.7997 Ibs

t
R, = P i 12658? 575 = 759656 in
In Ry o ln{ Ao }
R, 75.125

f, = PR_R, =356(75.9656)(8.125) = 219730.4980 /bs

XS nc

Note: For radial nozzles, R, = R,,.

WS, see

g) STEP 7 — Determine the average local primary membrane stress and the general primary membrane stress
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at the nozzle intersection.

+ fo+
_ (fN I fy) _ 28566.4985 +429573.7997 +219730.4980 —12720.6753 psi

o 4, 53.2889
356(75.9656
O = PR, _356( )_ 16025.9281 psi
L, 1.6875

STEP 8 — Determine the maximum local primary membrane stress at the nozzle intersection.

IJL = max[{zo-avg - O_circ} 4 O_circ]
P, =max| {2(12720.6753)~16025.9281}, 16025.9281 | =16025.9281 psi
STEP 9 — The calculated maximum local primary membrane stress should satisfy Equation 4.5.56. If the

nozzle is subjected to internal pressure, then the allowable stress, S,;;0w, is given by Equation 4.5.57. If the
nozzle is subjected to external pressure, then the allowable stress is given by Equation 4.5.58.

{P, =16025.9281 psi} <{S,,,,, =1.5SE =1.5(22400)(1.0) =33600-psi |

allow

STEP 10 — Determine the maximum allowable working pressure at the nozzle intersection.

Bt = Sutor 33600 =1270.4262 psi
24, R, (2(1904.1315) (75.9656)
4, i, 53.2889 1.6875

=1904.1315 in?

4 = vt s+ 1y _ 28566.4985+429573.7997 +219730.4980
i P 356.0

P =8| - |=22400[ LO875:40 497 5036 psi
R, 75.9656
P, =min[P, . P, ,]|=mm[1270.4262, 497.5936]=497.6 psi

The nozgle is acceptable becalse ‘B, = 497.6 psi is greater than the specified design pressure of 356 psig.

Weld Strength Analysis

The progedure to-€évaluate attachment welds of nozzles in a cylindrical, conical, or spherical shell or formed head

subject {o pressure loading per paragraph 4.5.14.2 is shown below.

a)

STERt — Determine the discontinuity force factor,

For set-in nozzles:

o _Rott, 8125+4.65
"7 R 8.125

nc

=1.5692

Note, for radial nozzles, R,,. = R,.

STEP 2 — Calculate weld length resisting continuity force,

Weld length of nozzle to shell weld, for radial nozzles:
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L= %(Rn +1,)= §(8.125+4.625) —20.0277 in

T

Weld length of pad to shell weld, for radial nozzles:

L = %(Rn +1,+W) Not Applicable

Tp

c) STEP 3 - Compute the weld throat dimensions, as applicable

she
If th

WHh

The wel

4 — 07071 — 0 7071(0275) —_ 0 DESD iy
V.IUIL\V.JIJ} U

1_141T V. 7U7 ll_l41 Ve I/I:
L, =0.0in
L;;=0.01in

EP 4 — Determine if the weld sizes are acceptable. If the nozzle is integrally reinfored; and the cq
ar stress in the weld given by Equation (4.5.182) satisfies Equation (4.5.183), then.the designis c
e shear stress in the weld does not satisfy Equation (4.5.183), increase the.weld size, and return

— fwelds
L.(0.49L,,, +0.6t,, +0.49L,,,)

o 45450.9764
20.0277(0.49(0.2652) +0.6(1.6875) +0.49(0.0))

=1986.4411 psi

ere,

. _ V4
fwelds =min fkaa ISSn (A2 +A3), ZPRjkj:|

{219730.4980(1.5692) = 344801.0975}
foess =min| {1.5(21200)(36.1564+0)=1149773.52} | =45450.9764 Ibs

{%(356)(8.125)2 (1.5692)" = 45450.9764}

{T =19864 psi} < {S =22400 psi}

1 strength is acceptable.

mputed
bmplete.
to Step
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- 9.50 in.

14.1875 in. 45°

T

7.1875in.
0.375in. 4.75 in.»<—-8.00 in.

F12.75 in———

Figure E4.5.1 — Nozzle Detail
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4.5.2 Example E4.5.2 - Hillside Nozzle in Cylindrical Shell

Design an integral hillside nozzle in a cylindrical shell based on the vessel and nozzle data below. The parameters
used in this design procedure are shown in Figure E4.5.2.

Vessel and Nozzle Data:

e Design Conditions = 356 psig(@300°F
e Corrosion Allowance = 0.125 in

o  Weld—JointEfficter TCY = 6

e Shell Material = SA—516, Grade 70, Normalized,
e Shell Allowable Stress = 22400 psi

e Shell Yield Strength = 33600 psi

e Nozrle Material = SA-105

e Nozzle Allowable Stress = 21200 psi

e Shell Inside Diameter = 150.0 in

e Shell Thickness = 1.8125 in

e Nozgle Outside Diameter = 11.56 in

e Nozgle Thickness = 1.97in

e Extgrnal Nozzle Projection = 19.0610 in

¢ Intefnal Nozzle Projection = 0.0in

e Nozgle Offset = 34.875 in

The nozzle is inserted through the shell, i.e., set-in type-nozzle, see Figure 4.5.4.

Establish the corroded dimensions.

Shell:

D,|=150.0+2(Corrosion Allowance) =150.0+2(0.125) =150.25 in
t 91.8125 - Corrosion Allowance =1.8125—-0.125=1.6875 in

t +£1.97—Corrosion Allowance =1.97-0.125=1.845 in
B D—2(tn) B 11.56—2(1.845)

: =3.935 in
2

Evaluateperparagraph4-5-5-and-paragraph-4-5-6—Fera-hillsidenezzlein-a-eyindrcal-shelH{see Fgure 4.5.4)
the design procedure in paragraph 4.5.5 shall be used with the following substitutions from paragraph 4.5.6.
Note: This is an analysis of a single nozzle; therefore, the spacing criterion is automatically satisfied. If there

were multiple nozzles in the shell, the spacing requirements for nozzles in paragraph 4.5.13 would need to be
checked.
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R, =max K%j, Rn}
2

where,
=R, (6-6,)
= Cos '{DX —‘ 34 875} 62.3398 deg =1.0880 rad
D R . .
02 = cos”' x A, =cos”’ [M} =58.8952 deg =1.0279 rad
off 75.125

R| =75. 125(1.0880—1.0279) =4.5150 in

R =maXK4.52150j’ 3.935} =3.935in

The progedure in paragraph 4.5.5 is shown below.
a) STEP 1 - Determine the effective radius of the shell as follows:

R, =0.5D,=0.5(150.25) = 75.125 in

b) STEP 2 — Calculate the limit of reinforcement along the vessel wall:

For integrally reinforced nozzles:
Ly =min| R, 1, 2R, |= min[J75.125(1.6875), 2(3.935)} =7.87 in

c) STEP 3 - Calculate the limit of reinforcement along the nozzle wall projecting outside the vessel sufface.

Foll set—in nozzles,

Ly, =min[1.5¢,1, |+ {R;7, =min[1.5><1.6875,0]+./3.935(1.845) =2.6945 in

Ly, =L, =19.6610 in
L, =8(t£0)) =8(1.6875+0.0)=13.5 in

L, =mif[L,, L,,, L]+t =4.3820 in

'‘H1°

d) STEP.4 — Calculate the limit of reinforcement nlnng the nozzle wall prnjnnfing inside the vessel sdrface, if

applicable:

L, =Ry, =\[3.935(1.845) =2.6945

L,=L,,=0.0in
L, =8(t+t,)=8(1.6875+0.0)=13.5 in

L, =min[L,, L,,, L;]=0.0 in

11°
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e) STEP 5 - Determine the total available area near the nozzle opening (see VIII-2, Figures 4.5.1 and 4.5.2).
Do not include any area that falls outside of the limits defined by Ly, Lr, and L;.

For set—in nozzles,

A =4+1, (Az +A3)+A41 +A,+ Ay, +frpA5

0.85 0.85
A, =(tLR)~maX{(%j , 1.0} =1.6875(7.87)- max {(0'6;)67j ) 1.0} —13.2806

(2R, +t,) 2(3.935)+1.845
——— 21, 12.0 |=min
i (D, +1, )t J(150.25+1.6875)(1.6875)

0.0(1.0
=1+ AS—];’J=1.6875+(%]=1.6875 in

R

A =min

}, 12.0 | =0:606

S 20
S 22400
S
=—2=1.0
/. S
Singce {t, = 1.845 in} = {t,, = 1.845 in}, calculate A, as follows:

A, =t L, =1.845(4.3820)=8.0848 in’
A, =1L, =1.845(0.0)=0.0 in’

A, =0.5L; =0.5(0.375) =0.0703 in’
A, =0.5L, =0.0 in’

A, =0.50, =0.0 in’

A, =min[A5a, ASb]

A, =Wt, =00’

A, = Lt 0.0 in®

A =00’

Ar=13.2806+ 0.9464(8.0848 + 0.0) +0.0+0.0703+0.0+0.0 =21.0024 in’

f)  STEP 6 — Determine the applicable forces:
For set—in nozzles,

fy = PR, L, =356(4.7985)(4.3820) = 7485.6216 Ibs
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t 1.845

R = = =4.7985 in
R +1 [3.935+1.845}
ln n n ln -
R 3.935

fs =PR (L +t,)=356(75.9656)(7.87+1.845) =262730.0662 Ibs

t
m(w—‘ ln( g : —‘

R, | T 75125 5|

f, = PR_R, =356(75.9656)(3.935) =106417.1704 Ibs

XS nc

EP 7 — Determine the average local primary membrane stress and the general primaty membran
he nozzle intersection:

+fs+ 7485.6216 +262730.0662 +106417.1704
_xfsth) ):17932.8485psi

o A, 21.0024
356(75.9656
Ce = PR, _ ( ) =16025.9281 psi
t, 1.6875

eff

EP 8 — Determine the maximum local primary membrane:siress at the nozzle intersection:
])L =max |:{2o-avg - Gcirc} > Gcirc :|

P, =max[ {2(17932.8485) - 16025.9281} ;£6025.9281 | = 19839.7689 psi

EP 9 — The calculated maximum local primary membrane stress should satisfy Equation 4.5.5
zle is subjected to internal pressure;then the allowable stress, Sq;;0w, iS given by Equation 4.5.5
Zle is subjected to external pressure, then the allowable stress is given by Equation 4.5.58.

(P, =19839.7689 psi} <{S),,, =1.55E =1.5(22400)(1.0) = 33600 psi}

EP 10 — Determine the maximum allowable working pressure of the nozzle:

P == S N 33600 — 602.9102 psi
24, QR 2(1057.9575) 759656

SN 21.0024 1.6875

7485.6216 + 262730.0662 + 106417.1704
LUt St ty) | i i ) _1057.9575 in?

e stress

5. If the
7. If the

¢ A 356

P =5t :20000( LO8TS \_ 44428 psi
R 75.9656

XS

P =min[P_ ., P ,]|=min[602.9102, 444.28]=444.3 psi

max max1> © max?2

The nozzle is acceptable because P,,,, = 444.3 psi is greater than the specified design pressure of 356 psig.
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Weld Strength Analysis.

The procedure to evaluate attachment welds of nozzles in a cylindrical, conical, or spherical shell or formed head
subject to pressure loading per paragraph 4.5.14 is shown below.

a) STEP 1 - Determine the discontinuity force factor,

For set—in Nozzles:

o R ti, 3935+1.845
' R 3.935

=1.4689

b) STEP 2 - Calculate weld length resisting continuity force,

Wedld length of nozzle to shell weld, for non—radial nozzles:

=9.0792 ip

. _7;\/(Rm,+rn)2+(1an+z,,)2 _;z\/(3.935+1.845)2+(3.935+1.845)2
"2 2 2 2

Wedld length of pad to shell weld, for non-radial nozzles:

2 2
L = E\/(Rm’ Lt W) +(R" 7 +W) Not Applicable

L) 2

c) STEP 3 — Compute the weld throat dimensions, as applicable

L, =0.7071L, =0.7071(0.375) = 0.2652 in

L,;=0.0in

L, =0.0in

d) STEP 4 — Determine if the weld sizes are acteptable. If the nozzle is integrally reinforced, and the computed
shgar stress in the weld given by Equation(4.5.182) satisfies Equation (4.5.183), then the design is complete.

If the shear stress in the weld does not satisfy Equation (4.5.183), increase the weld size, and return to Step
3.

— fwelds
L (0.49L,(+0.6t,, +0.49L,.,)

o 9341.4397
9.0792(0.49(0.2652)+0.6(1.6875)+0.49(0.0) )

=900.5955 psi

Where,

f. . =min f:kj.l.SSl(Aq+AJ.%PR?kf}

{106417.1704(1.4689) =156316.1816}
feis = min| {1.5(21200)(8.0848+0) =257096.64] | =9341.4397 Ibs

{%(356)(3.935)2 (1.4689)" = 9341.4397}
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{T =900.6 psi} < {S =22400 psi}

The weld strength is acceptable.

Nozzle Cylinder
Nozzle ¢ o]

¢ |

R——=—Dx >

N

y

0.375in.

|

e
o
-
>

| O |
\R$ |
19.06{10 in. to7in leale 381 /\/ \

. A

Figure E4.5.2 — Nozzle Detail
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4.5.3 Example E4.5.3 — Radial Nozzle in Ellipsoidal Head

Design an integral radial nozzle centrally located in a 2:1 ellipsoidal head based on the vessel and nozzle data
below. The parameters used in this design procedure are shown in Figure E4.5.3.

Vessel and Nozzle Data:

Design Conditions 356 psig(@300°F
Vessel and Nozzle Corrosion Allowance 0.125 in
Welpgoint Eﬁibicllby 6

Head Material SA—516, Grade 70, Norm.
Head Allowable Stress 22400 psi

Head Yield Strength 33600 psi

Nozzle Material SA-105

Nozkle Allowable Stress 21200 psi

Head Inside Diameter 90.0 in

Height of the Elliptical Head, (2:1) 225 in

Head Thickness 1.0 in

Nozgle Outside Diameter 15.94in

Nozgzle Thickness 2.28in

External Nozzle Projection 13.5in

Nozgle Internal Projection 0.0 in

Establish the corroded dimensions.

le is inserted centrally through the head, i.e., set=in type nozzle, see Figure 4.5.3.

D.|=90.0+ 2(C0rr0sion Allowance) =90.0+ 2(0. 125) =90.25 in

D, 90.25
2
t 41.0— Corrosion.dlowance =1.0-0.125=0.875 in

+ 22.5+ Corrosion Allowance=22.5+0.125=22.625in

=45.125in

t +2:28 —Corrosion Allowance=2.28—-0.125=2.155in
2 _D,-2(1,) 15.94-2(2.155)
2 2

=58151in

Evaluate per paragraph 4.5.10, The procedure to design a radial nozzle in an ellipsoidal head subject to pressure
loading is shown below.

Note: This is an analysis of a single nozzle; therefore, the spacing criterion is automatically satisfied. If there
were multiple nozzles in the shell, the spacing requirements for nozzles in paragraph 4.5.13 would need to be
checked.

4-141


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

STEP 1 - Determine the effective radius of the ellipsoidal head as follows.

2 2

9D, ¥ 09(9025 .

R, =00\ (D) | 00002) ) f 9025 T g5 0565
6 2 6 2(22.625)

STEP 2 — Calculate the limit of reinforcement along the vessel wall.

Fordntegrallyreinforced-set=in-nozzles-in-ellinsoidal-heads
b 4 134 T

Ly =min[ [R, 1, 2R, | =min| [80.9262(0.875), 2(5.8150) | =8.4149 in

Note: This is an analysis of a single nozzle; therefore, the spacing criterion is automatically satisfied] If there
wefe multiple nozzles in the shell, the spacing requirements for nozzles in VIII-2,paragraph 4.5.13 would
negd to be checked.

STEP 3 — Calculate the limit of reinforcement along the nozzle wall projecting outside the vessel [surface.
Se¢ VIII-2, Figures 4.5.9 and 4.5.10.

Fol set—in nozzles in ellipsoidal heads,

L, =min[t+1,+F,\[Ry,, L, +]

n'n> “prl

X, =min| D, +(R, +1,)-cos[6], %}

X, =min| 0.0+(5.8150+2.1550)- cos [0.0], %} =7.97 in

where,

h D, 22.625 0.0
0 =arctan| | — |-| —=L== | | = arctan . =0.0 rad
R) | JR?CD: 45.125 ) \ \/45.125> - 0.0?

ce {X, = 7.97 in}<{0.35D; = 0.35(90.25) = 31.5875 in}, calculate F, as follows:

0.35 0.35
F,=C, =fun [”tej , 1.0} =rnin{(wj , 1.0} ~0.7295

Sj

=1

¢ 2.1550

n

thefefore,

L, = min[0.875+0.0+(0.7295)\/5.8150(2.1550), 13.5+O.875} =3.4574 in

STEP 4 — Calculate the limit of reinforcement along the nozzle wall projecting inside the vessel surface, if
applicable.

L,,=0.0in

L, =min| F,\[R,,L,, |=0.0 in
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e) STEP 5 — Determine the total available area near the nozzle opening (see Figures 4.5.1 and 4.5.2) where
frn @nd f,, are given by Equations (4.5.21) and (4.5.22) respectively. Do not include any area that falls

outside of the limits defined by Ly, Ly, and L;.

For set—in nozzles:
4, =4 +fm (Az +‘43)+A41 +4, +A43 +frpA5

A =1L, =0.875(8.4149) = 7.3630 in’

Singe {t, = 2.1550 in} = {t,,, = 2.1550 in}, calculate A, as follows:

A, =t L, =2. 1550(3.4574) =17.4507 in’

S

A, =t,L, =0.0 in®
A, =052, =0.5(0.375)" =0.0703 in®
A, =052, =0.0 in®

A, =052, =0.0 in’

A, = (LR —tn)te =0.0 in
A :min[ASa, ASb] =0.01in

[ 2200,
S 22400
S
=—L-=1.0
o=

A, =7363+ 0.9464(7.4507 + 0.0) +0.0703+0.0+0.0+ 0.0(0.0) =14.4846 in®

f)  STEP 6 — Determine the applicable forces.
Fol set—in nozzles;

fy = PRSL, =356(6.8360)(3.4572) =8413.4972 Ibs

X1

o2 b _ 2.1550 = 6.8360 in

Xn (£ Q150 12 1550 ]
s UL VT & L J

In

L | 5.8150

PR, (L, +t,) 356(81.3629)(8.4149+2.1550)
2 B 2

=153079.5936 Ibs

fS:
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Leg 0.875

ST
att

ST

ST
If th
If th

ST

Ry = = e = 813629 in
In Ry +loy ln[ ' s }
R 80.9262
L o
, =t4| 2ln =O.875+( 0.0 j=0.875in
; 8.4149
o PR, 356(813629)(S8150) o1y oy
2 2

EP 7 — Determine the average local primary membrane stress and the general primary membran
he nozzle intersection.

(S S+ Sy)  8413.4972+153079.5936 +84216.2969
“e A, 14.4846

=16963.4914 psi

PR, 356(81.3629)
O = =

w2, 2(0.875)

=16551.5385 psi

EP 8 — Determine the maximum local primary membrane stress'at the nozzle intersection.

PL =max |:{2o-avg - O-circ } b O-circ j|

P, =max| {2(16963.4914)~16551.5385}, 16551:5385 | =17375.4443 psi
EP 9 — The calculated maximum local primary\membrane stress should satisfy VIII-2, Equation

{P, =16551.5385} <{S

allow

= 1.5SE =1.5(22400)(1.0) = 33600 psi}

EP 10 — Determine the maximum allowable working pressure of the nozzle.

e nozzle is subjected to external pressure, then the allowable stress is given by Equation 4.5.58

e stress

4.5.146.

e nozzle is subjected to internal pressurejithen the allowable stress, S,;;0w, is given by Equation 4.5.57.

Pt = SH = 55600 = 688.4198 psi
24, { R, 2(690.1949) ( 81.3629
AP 2t 14.884 2(0.875)
LT h)
g P
7 8413.4972+153079.5936+84216.2969 . . .
jlp - 356 — OJVU. 175711

B> =28 L :2(22400)( 0875 ) _ 4817921 psi
R 81.3629

XS

P =min[P_ ., P_,]|=min[648.647, 481.7921]=481.7921 psi

max max1> © max?2

The nozzle is acceptable because P,,,, = 481.8 psi is greater than the specified design pressure of 356 psig.
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Weld Strength Analysis

The procedure to evaluate attachment welds of nozzles in a cylindrical, conical, or spherical shell or formed head
subject to pressure loading per paragraph 4.5.14.2 is shown below.

a)

STEP 1 - Determine the discontinuity force factor,

Fo

r set—in Nozzles:
b = Rm‘ +1, _ 5.8150+2.155 ~1.3706
7 R 5.8150

Nofe, for radial nozzles, R, = R;,.

STEP 2 — Calculate weld length resisting continuity force,

Weld length of nozzle to shell weld, for radial nozzles:

L =%(R” +1,)= %(5.8150+2.155) =12.5192 in

T

Wedld length of pad to shell weld, for radial nozzles:

wp

L = %(Rn +1,+W) Not Applicable

STEP 3 — Compute the weld throat dimensions, as applicable:

L, =0.7071L,, =0.7071(0.375) = 0.2652.in

Ly, =0.7071L,, =0.7071(0.0) = 0.0 i

Ly,; =0.7071L,, =0.7071(0.0) = 0:0 in
STEP 4 — Determine if the weld sizes are acceptable. If the nozzle is integrally reinforced, and the computed
shear stress in the weld given by Equation (4.5.182) satisfies Equation (4.5.183), then the design is complete.
If the shear stress in the weld does not satisfy Equation (4.5.183), increase the weld size, and return to Step
3. |For nozzles on heads, Ay-and A3 are to be calculated using F, = 1.0, when computing fi,iis using
Equiation (4.5.184).
Frdm STEP 3 of paragraph 4.5.10, re—calculate the limit of reinforcement along the nozzle wall pfojecting

outside the vesseksurface using F, = 1.0.

Lemin|t+t,+F\[Rt,, L, +]

L, =min| 0.875+0.0+(1.0) /5.8150(2.1550), 13.5+ 0.875 | = 4.4150 in

Re—calculate the values of A, using the new value of L.

4, =t,L, =2.1550(4.4150)=9.5143 in®

From STEP 4 of paragraph 4.5.10, re—calculate the limit of reinforcement along the nozzle wall projecting
inside the vessel surface using F, = 1.0. Since the nozzle does not have an internal projection, the value of

L; = 0.0 in; therefore, A3 = 0.0 in?.
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7= fwelds
L.(0.49L,,, +0.61,,+0.49L,,,)

17760.7284

"7 12.5192(0.49(0.2652) + 0.6(0.875)+ 0.49(0.0))

Where,

. i Vi
St =min| fok, 1.5, (4, + 45), 7Pankf,—|
L ! |

=2166.0944 psi

(7=2166.1 psi} < {S =22400 psi}

The welf strength is acceptable.

{219730.4980(1.3706) =
o =min| {1.5(21200)(9.5143+0) = 302554.74},

301162.6206},

{%(356)(5.8150)2 (1.3706)" = 17760.7284}

13.50 in¢ ,
2.28 in.

0.375 in.

<> 5.69 in.

=17760.7284'tbs

NZ

F?.Q? in———

Figure E4.5.3 — Nozzle Details
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454 Example E4.5.4 — Piping Load Evaluation of ASME B16.5 Nozzle Flange

Evaluate the following ASME B16.5 Class 150 Weld Neck Flange attached to a vessel nozzle considering the
anticipated applied axial force and bending moment determined from a pipe flexibility analysis.

Nozzle/Flange and Loading Data:

e Design Conditions = 200 psi (@ 300°F
e Flange Material = SA4-105

e BoltMaterial = SA—O3 _Crade BY
. Nonl\inal Pipe Size = NPS 10

e ASNIE B16.5 Weld Neck Flange = Class 150

e ASNIE B16.5 Pressure/Temperature Rating = 230 psig @ 300°F
e Gasket Type = Class 150 SWG

e  Gasket Outside/Inside Diameter = 12.5in/11.31in

e Extgrnal Tensile Axial Force = 5000 /bs

e Extgrnal Moment = 120000.0 intbs

Refererice Standards:

ASME B16.5 Pipe Flanges and Flanged Fittings NPS »: Through NES 24

Table 1I-2-1.1 Pressure-Temperature Ratings for Group~1.1 Materials

ASME B16.20 Metallic Gaskets for Pipe Flanges — Ring_Jaint, Spiral-Wound, and Jacketed
Table I-4 Dimensions for Spiral-Wound Gaskets Used with ASME B16.5 Flanges

Evaluat¢ per paragraph 4.16.12.

External loads (forces and moments)may be evaluated for flanged joints with welding neck flanges chosen in
accordahce with ASME B16.5 and ASME B16.47 using the following requirements.

1) The¢ vessel design pressure{corrected for the static pressure acting on the flange) at the design temperature
carjnot exceed the préssure-temperature rating of the flange.

2) The actual assembly bolt load (see paragraph 4.16.11) shall comply with ASME PCC-1, Nonmandatory
Appendix O.

3) Thé bolt.material shall have an allowable stress equal to or greater than SA — 193, Grade B7,Class 2 at
the|specified bolt size and temperature.

4) The combination of vessel design pressure (corrected for the static pressure acting on the flange) with
external moment and external axial force shall satisfy the following equation (the units of the variables in this
equation shall be consistent with the pressure rating).
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16M, +4F,G<7G’[(P,—P,)+F, P, |

3
16(120000)+4(5000)(11.905) < 77(11.905)" [ (230-200)+1.2(230) | False
2158100 in—1Ibs £1622032.3 in—1bs

where,
F, =5000 Ibs
F. =12 (per Table 41612 See Figure E4.57)
- P S . 7e =
Gasket OD — Gasket ID 12.5-11.31 .
GE = =11.905 in
2
M} =120000 in —Ibs
P (=230 psig
P,[=200 psig
Since the above expression is not satisfied, the Class 150 flange is not adequate~for the proposed combination
of appligd loads and design pressure. The designer may consider the following options.
1) Regluce the applied loads on the nozzle flange via modifications {d.the support layout for the piping pystem,
2) Useg a Class 300 flange, pending satisfaction of the above expression.
Table 4.16.12
Moment Factor, F
Flange Pressure Rating Class
Standard Size Range 150 300 600 900 1500 2500
ASME H165 <NPS 12 1.2 0.s 05 0.5 0.5 ofs
>NPS 12 and <NPS§ 24 13 0.5 ()3 0.3 0.3
ASME H16.47
Serids A All 06 0.1 0.1 0.1
Serigs B <NPS 48 [Mote (1]] [Mote (1]] 0.13 0.13
=NPS 48 0.1 [Note (2)]
GENERML NOTES:
{a) Th¢ combinations of size ramgesand flange pressure dasses for which this Table gives no moment factor value are outside the goope of
thij Table.
(b) The designer should£onsider reducing the moment factor if the loading is primarily sustained in nature and the bolted flange joint
opgrates at a tempEhature where gasket creep /relaxation will be significant
NOTES
(1) Fu |z 0.1 + (48,2 NPS)/56.
(2) Fy | O Fexcept NPS 60, Class 300, in which case Fy = 0.03.

Figure E4.5.4 — Table 4.16.12
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4.6 Flat Heads

4.6.1

Example E4.6.1 — Flat Unstayed Circular Heads Attached by Bolts

Determine the required thickness for a heat exchanger blind flange.

Blind Flange Data:

e Material = SA—-105

e Desjgn Conditions = 135 psig(@650°F

e Flarjge Bolt-Up Temperature = 100°F

e Corfosion Allowance = 0.125 in

e Allovable Stress = 17800 psi

e Allowable Stress at Flange Bolt-Up Temp. = 24000 psi

e Weld Joint Efficiency = 1.0

¢ Mat|ng flange information and gasket details are provided in Example Problem E4.16.1.

Evaluatg the blind flange in accordance with paragraph 4.6.2.

The min

below.

equatior

a) STE
acc

See

See

b) STH
4.16

See

See

c) STEH

he operating and gasket seating bolt loads, W, and Wy, and the moment arm of this load, hg,

s shall be computed based on the flange geometry, and gasket material as described in paragra

P 1 — Calculate the gasket moment arm,-hg;, and the diameter of the gasket load reacti
prdance with paragraph 4.16, as demonstrated in Example Problem E4.16.1.

paragraph 4.16.7, Flange Design Procedure, STEP 6: h; = 0.875 in
paragraph 4.16.6, Gasket Reagtion Diameter, STEP 3: d = G = 29.5in

P 2 — Calculate the operating/and gasket seating bolt loads, W, and W, in accordance with p3

, as demonstrated in EXample Problem E4.16.1.
paragraph 4.16.6<Dgsign Bolt Loads, STEP 4: W, = 111282.7 lbs
paragraph 4.18.6, Design Bolt Loads, STEP 5: W, = 237626.3 lbs

P 3 — Identify the appropriate attachment factor, C, from Table 4.6.1, Detail 7.
C=063

imum required thickness of a flat unstayed circular head; cover, or blind flange that is attached with
bolting that results in an edge moment (see Table 4.6.1, Detail*7); shall be calculated by the equation

5 shown
in these

bh 4.16.

DN, d in

ragraph

for the

d) STH

P4 — The rnqnirnr{ thickness of the blind flzmgn is_the maximum of the thickness rnquirn

operating and gasket seating conditions.

t=max|t,, t, |=max[1.6522, 0.8720]=1.6522 in

Where the required thickness in the operating condition is in accordance with Equation (4.6.3).
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t,=d (Qj+ 1'9W;§G +CA4
SE SEd

t —(29.5)\/£ 03(135) ]+[1'9(“1282'7)(0'875)J+0.125=1.6522 in

’ 17800(1.0) ) | 17800(1.0)(29.5)’

And the required thickness in the gasket seating condition is in accordance with Equation (4.6.4).

[l QWhU

t =d +CA4
& \/SEaP

1.9(237626.3)(0.875) _
1, =(29.5) — +0.125=0.8720 in
24000(1.0)(29.5)
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Example E4.6.2 — Flat Un-stayed Non-Circular Heads Attached by Welding

Determine the required thickness for an air-cooled heat exchanger end plate. The end plate is welded to the air-
cooled heat exchanger box with a full penetration Category C, Type 7 corner joint.

End Plate Data:

Material = SA—-516, Grade 70
Design Conditions = 400 psig (@S00°F
Shoft-Span-tength = 7425 5

Long Span Length = 9.25in

Corfosion Allowance = 0.125 in

Allojvable Stress = 20600 psi

Welp Joint Efficiency = 1.0

Evaluat¢ the welded end plate in accordance with paragraph 4.6.3.

The min

that resyllts in an edge moment shall be calculated by the following equations.

a)

STH
the

P 1 — Determine the short and long span dimensions of thexnon-circular plate, d and D, respec
corroded state) as demonstrated in Example Problem E4.12.1.

d :H:7.125+2(0.125)=7.375 in

D=h=9.25+2(0.125)=9.500 in

Not¢, the variables d and D used in paragraph 4.6.3 are denoted as H and h, respectively, in p3

4.19.

STH

STH

P 2 — Calculate the Z factor in-accordance with Equation (4.6.6).

2.4(7.375
Z =min {2.5,(3.4—(%)]} =min 2.5,{3.4—[%}} =1.5368 in

P 3 — The appropriate attachment factor, C, is taken from paragraph 4.12.2.6. For end closures

circlilar vessels‘constructed of flat plate, the design rules of paragraph 4.6 shall be used except t

sha

| be used for the value of C in all the calculations.

C =020

imum required thickness of a flat unstayed non-circular head or,cover that is not attached witlh bolting

ively (in

ragraph

of non-
hat 0.20

ST

The

P 4 — Calculate the required thickness using Equation (4.6.5).

’ 1.5368(0.20)(400
t=d ZS—(;D+CA=7.375\/ ( )( )+O.125=0.6947 in

20600(1.0)

required thickness is 0.6947 in.
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[Intentionally_Left Blank]
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Example E4.6.3 — Integral Flat Head with a Centrally Located Opening

Determine if the stresses in the integral flat head with a centrally located opening are within acceptable limits,
considering the following design conditions. The head, shell and opening detail is shown in Figure E4.6.3.

Flat Head Data:

ragraph

)

e Material = SA—-240, Type 304
e Design Conditions = 100 psig @400°F
o Outsidediameterofflathead-andshe 4 071
e Insidle diameter of shell, By = 70.0 in
o Diameter of central opening, B, = 40.0 in
e Thigkness of the flat head, t = 3.0in
e Thidkness of nozzle above the transition, g, = 0.5625 in
e Thigkness of nozzle at the flat head, g,,, = 1.125 in
e Length of nozzle transition, h,, = 2.0in
e Thigkness of shell below transition, g = 1.0,in
e Thigkness of shell at head, g, = 2.Win
e Length of shell transition, hg = 3.0in
e Allowable stress = 18600 psi
Evaluate the integral flat head with a single, circular, centrally,located opening in accordance with pz
46.4.
a) STHP 1 - Determine the design pressure and temperature of the flat head opening.
See|the specified data above.
b) STHP 2 — Determine the geometry of the\flat head opening.
See|Figure E4.6.3 and the specified.data above.
c) STHP 3 - Calculate the operatings-moment, M,,, using the following equation.
R+
M, = 0.785B3P(R +%)+ 0.785(B’ —Bj)P(%}
1.125 13.875+1.1
M, =0.785(20.0)’ (100.0)(13.875 + j+ 0.785(70.0° —40.02)(100.0)[—
M, =8756225.0 in—Ibs
whefre}
B -B 70.0—-40.0 .
R=— 2 t—g,=——1.125=13.875 in

d) STEP 4 — Calculate F,V, and f based on B,, gin, 9on, and h,, using the equations in Table 4.16.4 and
Table 4.16.5, designating the resulting values as FE,, V,,, and f,,.
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Table 4.16.4:

h,, =B, &,, =/(40.0)(0.5625) =4.75 in
g, _ L1125 .
g,, 0.5625

= 20 =04211
4.75

gn

hn

hy
hun

Tab

e 4165 with X = 2-0amd A7, = 0421t

0.897697-0.2970121n[ X,, |+9.5257(107 ) In[ X

hn

]+

0.123586(In[ X, ) +0.0358580(In[X,,])’ -

e

0.194422(In[ X,, ])(in[X,,,]) - 0.0181259(In[ X, ]) +

0.0129360(In[x,,]) -0.0377693(In[ X, |)(In[x,,])" +

0.0273791(1n[x,, ]} ([, ])
0.897697-0.2970121n[2.0]+9.5257(10° ) In[0:4211] +
0.123586(1n[2.0])" +0.0358580(In[0.4211]) -
0.194422(1n[2.0])(In[0.4211]) - 0.0181259(In[2.0]) +
0.0129360(In[0.4211])’ ~0.0377693(In[2.0])(In[0.4211])" +

0.0273791(1n[2.0])" (In[0.4271])
F,=0.8410

For 0.1< X, <0.5,

0:227914 0.344410
2

0.0.500244 4

~1.87071X, +

gn

0.189953
+ 3

gn

2
hn

X hn

2

gn

0.873446£ -1.06082.X; -1 .49970(

gn gn

0.227914 0.344410

2y

0.0.500244 — —1.87071(0.4211) +

+2.49189.X

+

th
2

X +0.719413| —*
X X

gn

+2.49189(0.4211) +

|

0.189953
(2.0

0.873446(0'3201 lj + —1.06082 (0.421 1)3 -1 .49970{

0.4211

o.719413£ ]
(2.0)

2

V. =0.2534
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0.0927779-0.0336633.X, +0.964176ng + ]
0.0566286.X, + 0.347074)(,12 - 4.18699X,f
f, =max| 1.0,
1-5.96093(107) X, +1.62904.X, +
3.49329)(,12 +1.39052X; |
.0927779-0. 0336633( ) +0. 964176(2 20)2 + W
056628 VNP PN e PSP PO NP
005662861 0- 7419+ 034 077419 —4-18699(0-7419
f, =max| 1.0, ! il ) \ )/
1-5.96093(10 3) 20)+1.62904(0.7419) +
3.49329(2.20)" +1.39052(0.7419)’
f, =1.5248
STHP 5 — Calculate F,V, and f based on By, g15, Jos, and hg using the eguations in Table 4.16.4 and
Table 4.16.5 and designating the resulting values as F;, 1, and f;.
Table 4.16.4:
h,, =+[B.g,, =1(70.0)(1.0) =8.3666 in
X, = & _20_ 2.0
¢ gOs 10
s = h, = 3.0 =0.3586
h, 8.3666
Sim|larly, from Table 4.16.5 with X = 2.0and X = 0.3586.
F. =0.8564
V.=0.2772
f. =1.8001
STHP 6 — Calculate Y, T(U, Z, L, e, and d based on K = A/B,, using the equations/direct interpretatjon from
VIII{1 Figure 2-7.1.
k=2 2% 14
B, ~40.0
2
Y:L[O.66845+5.71690(%ﬂ
K-1{ K- —
1.8)°1
y=—L | o.66845+571690| L) 08ull811 |3 474
(1.8)-1 (1.8) -1
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r_ K(1+8.55246l0g), K)-1 _ (1.8)" (1+8.55246log,, [1.8]) 1 =1.5801

(1.04720+1.9448K7)(K ~1) (104720 +1.9448(1.8)" ) (1.8-1)

2
o K(1+8.55246log,, K)—1_ (1.8) (1+8.552461log,, [1.8])-1 38076

136136(K*~1)(K=1)  1.36136((1.8)"~1)((1.8)-1)

Ug>h, (3.8076)(0.5625) (4.75)

d= =22.5831 in’
v 0.2534
L O8O0 1991 i
ho 475
S (3)(0.1771)+1  (3)
potert 2 GO B) gy
T d 1.5801 22.5831

g) STHP 7 — Calculate the quantity (E6)* for an opening with an integrally attached nozzle using the following
equation.

Eon
1 \/(BngOn)

2
0.91( L125 ] (40.0+0.5635)(0.2534)

(EQ) = ——~0-902 .(52263.9) = 270352.5 psi

(1.5248)/(40.0)(0.5625)

2
0.91(5’1"} (B, +2,,)V,
(E0) =

.SH

whetre, Sy is evaluated from Table' 4.6.2.

M, 1.5%48(3756225.0)
Lg;B, 1647(1.125) (40.0)

=52263.9 psi

H

h) STHP 8 — Calculate the quantity My using the following equation.
EO)
v s (£0)
L747,Bgo, (£6) (. Ft )
gOs (Bs+g05) MO k '\/BngS }

M, - 270352.5 ~1793295.2 in— b
1.74(0.2772) (70.0)(1.0)+270352_5 1+(0'8564)(3'0)
(1.0)’(70.0+1.0) 3756225 (70.0)(1.0)
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i) STEP 9 — Calculate the quantity X; using the following equation.

(0.8564)(3.0)
(70.0)(1.0)

Ft
BngS _
M 3756225.0

o

M, -M, [1+ J 3756225.0—1793295.2£1+

X, = } =0.3770

1

j)  STEP 10 - Calculate the stresses at the shell-to-flat-head junction and opening-to-flat-head junction using
Table 4.6.2.

Head/Shell Junction Stresses:

Longitudinal hub stress in shell:

111X, (E0) (VBg,, ) 1:1(1:8001)(0.3727)(270352.5)([(70.0) (10))

Sus > = 0 > =21659.9 psi
& | gy () (70.0)(0.2772)
g 5 1.0

Os
Radjial stress at outside diameter:
Ft
1.91M .| 1+ s
o [ JB., J L O64EM,
© Bst2 Bs Bsg()st

1.91(1793295.2) 1+M '
(70.0)(1.0) +0.64(0.8564)(1793295.2) =7665.8 psi

RS

(70.0)(3.0)° (70.0),/(70.0)(1.0)(3.0)
Tanpential stress at outside diameter:
Ft
. 05TMA 1+ ——=—
g _Xi(EO) 1 H( \/Bsg03]+0.64ZFsMH
" BS Bstz BS BngSt
0.57(1793295.2) 1+M
(0:3770)(270352.5)(3.0) (70.0)(1.0)

- +
S,= 70.0 (7()_())(3,0)2 =3306.3 ps

~.

Opening/Head Junction Stresses:

Longitudinal hub stress in central opening:

Sy =X,S, =(0.3770)(52263.9) =19703.5 psi
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Radial stress at central opening:

Swo =X,S; = (0.3770)(8226.0) =3101.2 psi
Where, Sy is evaluated from Table 4.6.2.

(133te+1)M, (1.33(3.0)(0.1771)+1)(3756225.0)

Sp = 2 - 2
Lt’B, (2.1647)(3.0)" (40.0)

=8226.0 psi

Tangential-stress-at-diameterof centralopening.
g )

(0.3770)(20678.7) +
S, = X8, + LOVAEMy |0 64(2.8929)(0.8564)(1793295.2) | =9414.2 psi

5 */_ (70.0)/(70.0)(1.0) (3.0)

Where, Z; and St are evaluated from Table 4.6.2.

P 2
z,-2K 2(1'5) =2.8929
K*=1((1.8) 1)
s, = Mo 75, - (3'4742)(23 756225.0) —~(1.8929)(8226.0) =20678.7 psi
t’B, (3.0)"(40.0)

STHP 11 — Check the flange stress acceptance critetia in Table 4.6.3. If the stress criteria are gatisfied,
ther] the design is complete. If the stress criteriarare not satisfied, then re-proportion the flat hea@d and/or
opefing dimensions and go to STEP 3.

Head/Shell Junction Stresses:

=21659.9 psi 1.58, =1.5(18600)= 27900 psi True
{ HS } { L ( ) }

{Sps =7665.8 psi} <{8; =18600 psi] True
{85 =3306.3 psi}' DS, =18600 psi} True

(SHS+SRS 21659.9+7665.8)

=14662.9 psi < S, =18600 psz} True

{(SHS ;Srs) _ (21659'9;3306‘3) —12483.1 psi < S, =18600 pSl} True
Opening/Head Junction Stresses:

{Sho =19703.5 psi <155, =1.5(18600) = 27900 psi} True

{Spo =3101.2 psi} <{S, =18600 psi| True

{STO = 9414.2psi} < {Sf =18600 psi} True
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S.o+S 19703.5+3101.2
{( H02 RO):( 3 ):11402.4 psi <S8, =18600 psz} True

S0+ S 19703.5+9414.2
{( Ho TO) =( ) =14558.9 psi <§, =18600 psz} True

2 2

Stress acceptance criteria are satisfied, the design is complete.

~

h,=2.0in. <«—Jon = 0.563 in,

t= 3.0Tin. %—'*9“1: 1.125 in.

hs=30in. | <—B.=40.0 in—>
4
Jos = 1.0 in.—* <« B,=700in.—>
B A=720in.
LN

Figure E4.6.3 — Head, Shell, and Nozzle Geometry
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[Intentionally Left Blank]
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4.7 Spherically Dished Bolted Covers
4.7.1 Example E4.7.1 — Thickness Calculation for a Type D Head

Determine if the proposed Type D spherically dished bolted cover, used in a heat exchanger application, is
adequately designed considering the following design conditions. The spherically dished head is seamless.
See Figure E4.7.1 for details.

TubesideDarar

e Desjgn Conditions = 213 psig @ 400°F
e Corfosion Allowance (CAT) = 0.125in

e Weld Joint Efficiency = 1.0

Shellside Data:

e Desjgn Conditions = 305 psig @:250°F
e Corfosion Allowance (CAS) = 0.1251in

e Weld Joint Efficiency = 1.0

Flange Data:

e Mategrial = SA-105

e Alloyable Stress at Ambient Temperature 2 24000 psi

e Alloyable Stress at Tubeside Design Temperature\™ = 20500 psi

e Alloyable Stress at Shellside Design Temperatire = 21600 psi

Head Data:

e Material = SA-515, Grade 60
e Alloyable Stress at Ambient Terperature = 21300 psi

e Alloyable Stress at Tubeside Design Temperature = 18200 psi

e Yielf Stress at Tubeside/Design Temperature = 27300 psi

e Modulus of Elasti¢ity-at Tubeside Design Temp. = 27.9E+06 psi

e Alloyable Stress-at Shellside Design Temperature = 19200 psi

e Yielfl Stress‘at Shellside Design Temperature = 28800 psi

e Modulus-of Elasticity at Shellside Design Temp. = 28.55E +06 psi
Bolt Data:

e Material = SA-193, Grade B7
e Diameter = 0.75 in?

e Cross-Sectional Root Area = 0.302 in?

e Number of Bolts = 20

e Allowable Stress at Ambient Temperature = 25000 psi
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e Allowable Stress at Tubeside Design Temperature = 25000 psi

e Allowable Stress at Shellside Design Temperature = 25000 psi

Gasket Data:

e Material = Solid Flat Metal (Iron/Soft Steel)

e Gasket Factor = 55

e Gasket Seating Factor = 18000 psi

e Inside Diameter = 16.1875 in

e Outside Diameter = 17.0625 in

Commentary:

In accofdance with paragraph 4.1.8.1, a combination unit is a pressure vessel that consistS of more t

independent or dependent pressure chamber, operating at the same or different pressures and tempe
The parjs separating each pressure chamber are the common elements. Each elemént, including the
elements, shall be designed for at least the most severe condition of coincidefit pressure and tem

expecte

and flange that make-up the floating head. While this example will separately evaluate tubeside and 4

pressur
both eva

Per par

uncorrofled condition, and the more severe case shall control. This example only evaluates the sp

dished f

Per par
determi

a) Intg
(4.7

wh

Thi

in normal operation. The common elements under consideration in this example are that of |

lluations.

hgraph 4.7.1.3, the calculations are performed using,dimensions in the corroded condition

olted cover in the corroded condition.

graph 4.7.5.1, the thickness of the head for a Type D Head Configuration see Figure 4.7.4
ed by the following equations.

rnal pressure (pressure on the concave side) — the head thickness shall be determined using &
[.2).
t [SPLJ 5(213)(16.125)

- ~0.1573 in
65 6(18200)

Ere,

L=L+CAS=16.0+0.125=16.125 in

5 calculated thickness is increased for corrosion allowance on both the shell and tube side.
t =t* CAS +CAT

nan one
ratures.
ommon
berature
he head
hellside

s for each common element, the design temperature of the.tubeside will conservatively be applied to

and the
herically

shall be

Fquation

=01573F 01257 0. 125=0240731n

b) External pressure (pressure on the convex side) — the head thickness shall be determined in accordance
with the rules of paragraph 4.4.

Per paragraph 4.4.7.1, the required thickness of a spherical or hemispherical head subjected to external

pre

ssure loading shall be determined using the following procedure.

1) STEP 1 — Assume an initial thickness, t, for the spherical shell. The specified head thickness shall

consider corrosion from tubeside and shellside, resulting in the following.
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t=t—CAS—CAT =0.875-0.125-0.125=0.625 in
STEP 2 — Calculate the predicted elastic buckling stress, Fp,.

F,. =0.075E, (RLJ ~0.075(27.9E + 06)[%) _78078.3582 psi

0
where,

R, =L+t=16.125+0.625=16.75in

STEP 3 — Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.

The equations for the allowable compressive stress consider both the predicted elastic' bucklin
and predicted inelastic buckling stress. The predicted elastic buckling stress, Fp,,, is determine
on the geometry of the component and the loading under consideration as provided in sub
applicable paragraphs. The predicted inelastic buckling stress, F;., is determined using the f
procedure.

i) STEP 3.1 — Calculate the predicted elastic buckling stress due ta-external pressure, Fj,.

F. =78078.3582 psi (as determined in paragraph,4.4)7, STEP 2)

i) STEP 3.2 — Calculate the elastic buckling ratio factor, 4p:

F. 78078.3582

— The _
A E 279E+06

i) STEP 3.3 — Solve for the predicted inelastic\buckling stress, F;., through the determinati
material’s tangent modulus, E;, based on¢he stress-strain curve model at the design tem
per paragraph 3-D.5.1. The value of\F;. is solved for using an iterative procedure such
following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.471 FOR THE ITERATIVE PROCEDURE
F, =20252.1229 s

=0.00279851

STEP 4 - Calculate the value of design margin, FS, per VIII-2, paragraph 4.4.2.
0.55S, = 0.55(27300.0) =15015.0 psi

Since 0.558,, <.F;; < S, calculate the FS as follows:

Fe

FS'=2.407 - 0.741( 3 202521229

=2.407-0.741
] ( 27300.0

j:1.8573

y

g stress
d based
sequent
ollowing

n of the
berature
that the

STEP 5 — Calculate the allowable external working pressure P, .

P =2F, L 2(10904.1) 0.625)_g137 psi
R0 16.75
where,
Fha = i = —20252'1229 =10904.1 pSi

FS 1.8573
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6) STEP 6 — If the allowable external pressure, P,, is less than the design external pressure, increase the

shell thickness and go to STEP 2.

Since {P, = 813.7 psi} > {P = 305 psi}, the specified head thickness is acceptable for
pressure.

external

The flange thickness of the head for a Type D Head Configuration is determined per paragraph 4.7.5.2. To
compute the required flange thickness, the flange operating, and gasket seating moments are determined using
the flange design procedure from paragrapns 4.16.6 and 4.16.7.

Paragr.

seating

a) ST

b) ST

w

=

h 4.16.6: Design Bolt Loads. The procedure to determine the bolt loads for the operating ‘an
conditions is shown below.

EP 1 — Determine the design pressure and temperature of the flanged joint.

Tubeside Conditions : P =213 psig at 400°F

FP 2 — Select a gasket and determine the gasket factors m and y from Table 4.16.1.

m=5.5

y =18000 psi

EP 3 — Determine the width of the gasket, N, basic gasket:seating width, b,, the effective gaske

th, b, and the location of the gasket reaction, G.

N =0.5(GOD -GID) = 0.5(17.0625-16.1875)= 0.4375 in

Frgm Table 4.16.3, Facing Sketch Detail 2, Column I,

wh

for

d) ST

bWt N (0.125+0.4375)

. = 0,1406 in
4 4

Ere,

w=raised nubbin width'=0.125 in

b, < 0.25 in,
b=b, =0.1406 in

G = mean diameter of the gasket contact face
G =0.5(17.0625+16.1875) =16.625 in

FR>4— Determine the design bolt load for the operating condition.

| gasket

seating

W,=H+H_ = 0.785G*P + 2bzGmP for non—self —energized gaskets
W, = 0.785(16.625)2 (213)+2(0.1406)()(16.625)(5.5)(213) = 63419.5 Ibs

e) STEP 5 - Determine the design bolt load for the gasket seating condition.

w, =t A)g (5'2872; 5:04) (25000 =141590.0 Ibs

g 2 bg

where, the parameter A, is the actual cross-sectional area of the bolts that is selected such that 4, = A4,,.
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A, =(Number of bolts)(Root area of one bolt) =20(0.302) =6.04 in®

AM
W, +Fy+=2 (WQSJ {(63419.5+0.0+0.0j (132181.1}}
AT] = MaX y = Mmax )

S, S 25000 25000

by

A, =max[2.5368, 5.2872]=5.2872 in’

angs

and

W, = 7bGy for non—self —energized gaskets
W, = 7(0.1406)(16.625)(18000) =132181.1 Ibs

, F4 = 0 and My = 0 since there are no externally applied net-section forces and bending mom

h 4.16.7: Flange Design Procedure. The procedure in this paragraph-can be used to design

integral,

a)

b)

c)

ST

ST

and

loose or reverse flanges, subject to internal or external pressure, and external loadings.

FP 1 — Determine the design pressure and temperature of the flahged joint, F;, = 0 and Mg = 0
Tubeside Conditions : P =213 psig at 400°F
Shellside Conditions: P =305 psig at 400°F

FP 2 — Determine the design bolt loads for operating condition W, and the gasket seating cond
the corresponding actual bolt load area 4, fiom paragraph 4.16.6.

W, = 63419.5 Ibs
W, =141590.0 Ibs

ents.

circular

tion Vl(q,

Fequired

A =6.04in’
STEP 3 — Determine an initial-flange geometry (see Figure E4.7.1), in addition to the information
to determine the bolt logd,)the following geometric parameters are required.
1) | Flange bore
B = B4+2(CAT)=16.25+2(0.125)=16.50 in
2) | Bolt.circle diameter
C=18.125in
3) Outside diameter of the flange
A= A-2(CAS)=19.625-2(0.125)=19.375 in
4) Flange thickness, (see Figure E4.7.1)
T =T -2(CAT)=2.3125-2(0.125) = 2.0625 in
5) Thickness of the hub at the large end
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Not Applicable

6) Thickness of the hub at the small end
Not Applicable

7) Hub length
Not Applicable

d) STEP 4 - Determine the flange stress factors using the equations in Table 4.16.4 and 4.16.5.
Not Applicable

e) STEP 5 - Determine the flange forces.

Tubeside Conditions:

H, = 0.785BP = (0.785)(16.5)" (213) = 45521.6 Ibs

H =0.785G?P =(0.785)(16.625)" (213) = 46213.9 Ibs
Hy =H —H, = 46213.945521.6 = 692.3 Ibs
Hq =W, —H = 63419.5-46213.9 =17205.6 Ibs

Shellside Conditions:

H,, =0.785B%P = (0.785)(16.5)" (305) = 65183.5 Ibs

H =0.785G*P = (0.785)(16.625)2 (305)=66174.8 Ibs
H; =H-H_, =66174.8—-65183.5=991.3 Ibs
H, = Not Applicable

f) STHP 6 — Determine the flange moment for the operating condition. When specified by the usgr or his
designated agent, the maximum bolt spacing, Bs,uqx, and the bolt spacing correction factor, B, |[shall be

applied in calculatingithe flange moment for internal pressure using the equations in Table 4.16.11. The
flange moment M, for the operating condition and flange moment M, for the gasket seating gondition

withput correctior for bolt spacing Bsc = 1 is used for the calculation of the rigidity index in STER 10. In
thege equafions the moment arm, hp, is computed using Equation (4.7.21), and hy, and h; are determined
from Table 4.16.6.

Formtermatpressure ( Tubesite Conaitions):
M, =abs| ((Hphy +Hyhy + Hohe ) By + M, ), |
M, = abs[((45521.6(0.8125)+692.3(0.7813)+17205.6(0.75))-1.0+0.0)-1.0J
M, =50431.4 in—Ibs
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For external pressure (Shellside Conditions):

M, =abs| ((Hp (M —hs )+ Hr (1 —hg))+M,, )F, |
M, =abs| ((65183.5(0.8125-0.75)+991.3(0.7813-0.75)) + 0.0)-1.0
M, = 4105.0 in—lbs

Where the moment arm, hp,, is computed using Equation (4.7.21),

h=0:5t€=B)=0-5(18:125=16:50)="0:8125"in
Frgm Table 4.16.6 for loose type flanges,
C-G 18.125-16.625 .
h; = = =0.751n
2 2
h, + 0.8125+0.75 )
h, =2 L =0.7813in
2
STEP 7 — Determine the flange moment for the gasket seating condition using Equations (4.16.17) or
(4.16.18).
For internal pressure (Tubeside Conditions):
W, (C-G)B,.F 141590.0)(18.125-16,625)(1.0)(1.0 .
M, = 9( )BscFs :( It )A0)( )=106192.5 in—Ibs
2 2
Fol external pressure (Shellside Conditions):
M, =W, h;F, =(141590.0)(0.75)(1.0}=106192.5 in—Ibs
Pel paragraph 4.7.5.2 — the flange thickness of the head for a Type D Head Configuration ghall be
determined by the following-equations. When determining the flange design moment for thg design
condition, M,,, using paragraph 4.16, the following modifications must be made. An additional jmnoment
term, M,., computed using Equation (4.7.22) shall be added to M,, as defined in paragraph 4.16. Note that
thig term may be paositive or negative depending on the location of the head—-to—flange ring intersection with
relgtion to the flange ring centroid. Since the head—to—flange ring intersection is above the flange ¢entroid,
the|sign of thexM,. value is negative.

T =Mmax |:Tg ! T0j| = max |:Tg » Max |:To(tubeside)’ To(shellside) :|:|

where,

M
T = [—¢ -(A+BJ+CAS+CAT
°"ys,B LA-B

M [A+B

T =Q+ |Q*+—2. +CAS +CAT
,=Q \/Q =

S,.B
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|P|B\/4L2 B?

85, (A-B)

STEP 1 — Calculate the additional moment, M,., using Equation (4.7.22).
M, =(0.785B°P cot[ 3,])h,

where,
—8— - (16:5) (6-5258-rad
S, =arcsin L J =arcsin e,
2L+t 2(16.125)+(0.625) 30.1259 deg
and,

L =16.0+CAT =16.0+0.125=16.125 in
t=t—-CAT —CAS =0.875-0.125-0.125=0.625 in

Commentary:

Patagraph 4.7.5.2 does not include guidance as to a method to calculate the lever arm, h,. of force H,
abgut the centroid of the flange ring. The procedure shown_ imAnnex E4.7.1 provides one method to
calgulate h,.; however, other methods may also be deemed acceptable by the Manufacturer and gccepted
by the Authorized Inspector.

Referencing Annex E4.7.1,

h, =0.2654 in
For internal pressure (Tubeside Conditions),
=(0.785BPcot[3,])h,
M, =((0.785)(16 5)"(213)c0t[30.1259])(0.2654) = 20819.9 in—Ibs
Forl external pressure (Shéliside Conditions),
=(0.785BR¢ot[ 4, ])h,
M, =((0.785)(16.5)" (305)cot[30.1259])(0.2654) = 29812.5 in — Ibs

STEP 2+<=Calculate the modified flange moment for the design condition, M,, using paragraph 4.16
including the additional moment, M,..

For internal pressure (Tubeside Conditions),

Mo(tubeside) =M, —M, =50431.4—-20819.9=29611.5 in—Ibs

For external pressure (Shellside Conditions),

Mo(sheuside) =M, —M, =4105.0—-29812.5=-25707.5 in—Ibs
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STEP 3 - Calculate the flange thickness for the gasket seating condition, 7.

M
Tg:\/ g .(A+BJ+CAS+CAT

s,B LA-B
. _ [ 1061925 _(19.375+16.5j+ 0195 4.0.195 — 2,073 in
(24000)(16.5) | | 19.375-16.5

STEP 4 — Calculate the flange thickness for the operating conditions, T,y hecideyr @NA Thrchollcide) -

Fol internal pressure (Tubeside Conditions),

T =Q+ Q%ﬂ(A*B}CAs + CAT
S.B B

T, =0.2065+ \/(0.2065)2{ 29611.5 J.((19-375+16-5)

+0.42540.125=1.5219 in
(20500)(16.5) (19.375—16.5)]

where,

o P BVALE_B? [213(16.5),/4(16.125) —(16.5)

85, (A-B) 8(20500)(19.375-16.5)

=0.2065

Fol external pressure (Shellside Conditions),
M ( A+B

T =Q+ [Q°+—>-
0 =Q \/Q S.BLA-B

j + CAS + CAT

|25707.5| J_((19.375+16.5)

+0.125+0.125=1.563§ in
(20500)(16.5) (19.375—16.5)]

T, =0.2958 + J(o.zgss)2 +{

where,

0= |P|B/ALE B [305/(16.5)/4(16.125)" ~(16.5)°

85, (A=B) 8(20500)(19.375-16.5)

=0.2958

STEP 5 — Determine the required flange thickness using the thicknesses determined in STERF 3 and
STEP 4.

Temax[T,, T, ]=max|[ T, max|[T, . T 1|
= = T T < =
T= max[2.0793, max [1.5219, 1.5636]] =2.0793 in

The specified head thickness, {t = 0.875in}> {treq = 0.4073 in} for internal pressure (tubeside

conditions) and the external pressure (shellside conditions) calculations verified the maximum allowable
external pressure, {MAEP = 866.4 psi} > {Pspeiisize = 305 psi}.

The specified flange thickness, {T = 2.3125in}>{Treq = 2.0793 in} for design internal pressure

(tubeside conditions), external pressure (shellside conditions), and gasket seating conditions. Therefore,
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the proposed type D spherically dished bolted cover is adequately designed.

Drill (20) 0.8125 in &
Holes for 0.75 in ¢ Studs

A

19.625in

18.125in B.C.
17.125 in Turn
16.25 in

0875 in

0.0156 in

l—

0.18754n
0.1251in

1=

0.3125in
0.1875 in—> [+

Detail “A”

Figure E4.7.1 — Floating Head Geometry
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Annex E4.7.1

ASME VIII-2 does not provide explicit guidance for computing the lever arm, h,.. This Annex provides one
possible method; however, other methods may also be deemed acceptable by the Manufacturer and accepted
by the Authorized Inspector.

Assumptions used in the development of the procedure include the following.

1) Shellside and tubeside corrosion allowance is applied to the dished head.

2) Tubeside corrosion-allowance is only applied to the flange ring-inside radius
7 [l } J ~

3) Shejiside corrosion allowance is applied to the outer surfaces of the flange ring.
4) The|geometry of the dished head to flange ring is assumed to be rectilinear.
5) Thel|projected thickness of the dished head and associated dimensions are based off the.angle ;.

6) Thellocation of the dished head to flange ring attachment point is established from, the measured vajJue from
the |outside depth of the flange ring to the outside base of the head. This\variable is referephced as
DFHEAD, (distance from head).

7) The|ring flange is rectangular in shape, i.e., the portion of the flange that is removed by machining for the
gasket surface is not considered.

The levgr arm h,. measured from the centerline of the projected dished head thickness on the flange ring to the
flange ring centroid is determined geometrically considering thetabove established assumptions. The |variable
DFHEADD along with the inside radius and thickness of the.dished head, L and t, respectively, and the flange
ring radfus, R set the initial location of the head centerline with the flange ring. The angle ; formeg by the
tangent|to the centerline of the dished head at its\point of intersection with the flange ring and a line
perpendicular to the axis of the dished head is then established. From this point, the dished head anfd flange
ring are| subject to the applicable tubeside and:shellside corrosion allowances resulting in the final gorroded
geometiy from which the corroded lever armi is‘determined.

Refer to|Figure AE4.7.1.
a) STEP 1 - Establish the variables used in the calculations.

Flahge (uncorroded):

Thickness : T=23125in

Inside Diamegter : B=16.25in
InsideRadius: R:§=¥:8.125 in
Head Location: DFHEAD =0.3125 in

Spherically Dished Head (uncorroded):
Thickness : t=0.8751n
Inside Radius: L=16.0in
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b)

c)

d)

e)

9)
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Shellside and Tubeside Corrosion Allowance:

Shellside: CAS =0.125in
Tubeside: CAT =0.125in

STEP 2 - Establish the corroded dimensions of the input variables.

t. =t—CAS —CAT =0.875-0.125-0.125=0.625 in
0.625

2

=16.4375in

L. =L+CAT +t;° =16.0+0.125+

ST
intg
axi

ST

the

ST

ST

ST

T =T -2(CAS) = 2.3125-2(0.125) = 2.0625 in
R, = R+CAT =8.125+0.125=8.25 in
DFHEAD, = DFHEAD —CAS =0.3125-0.125=0.1875 in

EP 3 — Calculate the angle B; formed by the corroded mean radius of,the dished heag
rsection with the flange ring and the corresponding corroded radius of the-flange ring, measurg
5 of the dished head assembly.

. {Rc} : { 8.25 } {0.5258 rad }
B, =arcsin ) =arcsin =

e 16.4375 30.1259 deg

EP 4 — Calculate the axial adjustment of DFHEAD due«to)the applied tubeside corrosion allow
flange inside radius. See Figure AE4.7.1.

X perenn = CAT -tan[ ] =0.125-tan[30.1259)=0.0725 in

EP 5 — Calculate the projected shellside corresion allowance of the dished head on the flange rin

CAS 0.125

X, = = — 02445 in
cos[B] cos[30.1259]

EP 6 — Calculate the projected,corroded dished head thickness on the flange ring, X..

L 0625 _ 7006 in

x = =
© cos[B] cos§[30.1259]

EP 7 — Calculate:the moment arm based on the corroded dimensions, h,..
h, =0.5F —[DFHEADC + X prnean T+ Xcas]—O.SXC
h = 0.5(2.0625) - [0.1875+ 0.0725+ 0.1445] - 0.5(0.7227) =0.2654 in

at the
d to the

ance on

91 XC(IS'
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|

i

|

|

CAS—; CAS/cosP; CAT*tanp, I

T 3 _;_________ [ |
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0.5*X

¢ |
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\ | i

ﬂ CAS W '

Figure AE4.7.1 —Lever Arm of Floating Head Geometry
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4.7.2 Example E4.7.2 — Thickness Calculation for a Type D Head Using the Alternative Rule in VIII-2,
Paragraph 4.7.5.3

Mandatory Appendix 1-6(h) indicates that the equations for the bolted heads with a dished cover are
approximate in that they do not consider continuity between the flange ring and the dished head. A more exact
method of analysis which takes the continuity of the flange and head into account may be used if it meets the
requirements of U-2(g). The alternate design method provided in VIII-2; paragraph 4.7.5.3 satisfies this
requirement.

Determine if the proposed Type D spherically dished bolted cover is adequately designed, considering the
foIIowind; design conditions. The spherically dished head is seamless. Evaluate using the alternative pﬂocedure

in VIII-2) paragraph 4.7.5.3.

Tubeside Data:

e Desjgn Conditions = 213 psig @ 400°F
e Corfosion Allowance (CAT) = 0.125in

e Weld Joint Efficiency = 1.0

Shellside Data:

e Desjgn Conditions = 305 psig @ 250°F
e Corfosion Allowance (CAS) = 0125 in

e Weld Joint Efficiency = 1.0

Flange Data:

e Matgrial = SA-105

e Alloyable Stress at Ambient Temperature = 24000 psi

e Alloyable Stress at Tubeside Design Temperature = 20500 psi

e Alloyable Stress at Shellside Design Temperature = 21600 psi

Head Data:

e Matgrial = SA-515, Grade 60
e Alloyable Stress-at Ambient Temperature = 21300 psi

e Alloyable Stress at Tubeside Design Temperature = 18200 psi

e Yiell Stress at Tubeside Design Temperature = 27300 psi

e Modulus-of Elasticity at Tubeside Design Temp. = 27.9E+06 psi

e Allowable Stress at Shellside Design Temperature = 19200 psi

e Yield Stress at Shellside Design Temperature = 28800 psi

e Modulus of Elasticity at Shellside Design Temp. = 28.55E +06 psi
Bolt Data:

e Material = SA-193, Grade B7
e Diameter = 0.75 in?
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Cross-Sectional Root Area = 0.302 in?
Number of Bolts = 20
Allowable Stress at Ambient Temperature = 25000 psi
Allowable Stress at Tubeside Design Temperature = 25000 psi
Allowable Stress at Shellside Design Temperature = 25000 psi

Gasket Data:

both eva

Per par
thicknes
and rep

a)

b)

Mat
Ga:
Ga

Insi
Out

ST
pre

ST
geq

1

ket Factor = 55
ket Seating Factor = 18000 psi
e Diameter = 16.1875 in

ide Diameter = 17.0625 in

, shall be designed for at least the most severe conditionyef coincident pressure and tem

s for each common element, the design temperatufe: of the tubeside will conservatively be aj
lluations.

s of a Type D head. This procedure accounts for the continuity between the flange ring and t
esents a more accurate method of analysis.

EP 1 — Determine the design pressure and temperature of the flange joint. When evaluating
Ssure, a negative value of the\pressure is used in all equations of this procedure.

Tubeside Conditions.-P-=213 psig at 400°F
Shellside Conditions: P =305 psig at 400°F

EFP 2 — Determin€ an initial Type D head configuration geometry (see Figure E4.7.1). The f
metry parameters are required.

Flangehore.

B=B,,,+2(CAT)=16.25+2(0.125)=16.50 in

nan one
ratures.
ommon
Derature

in normal operation. The common elements under consideration in this example are that of the head

hellside
plied to

agraph 4.7.5.3, the following procedure can' be used to determine the required head and flange

he head

external

ollowing

2)

3)

Bolt circle diameter.

C=18.125in

Outside diameter of the flange.

A= A-2(CAS)=19.625-2(0.125)=19.375 in
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4) Flange thickness, (see Figure E4.7.1).

T =T -2(CAS)=2.3125-2(0.125) = 2.0625 in
5) Mean head radius, (see Figure 4.7.5).

_(L+t,, —CAS)+(L+CAT)
2
16.0+0.875-0.125)+(16.0+0.125 .
R=( — ) ( )=16.4375|n
4

6) | Head thickness.

t=t —CAT —CAS =0.875-0.125—0.125=0.625 in
7) | Initial inside depth of flange to the base of the head, (see Figure AE4.7.2).

0, =0,m —CAS =1.0-0.125=0.875in
Commentary:
Although the procedure shown in paragraph 4.7.5.3 provides an_ eguation to calculate the lever Irm e of
shall discontinuity force V about the centroid of the flange ring, the 6riginal development of the equation did
not| lend itself well to the consideration of corrosion allowanee" for the calculation of the variable

procedure shown in Annex E4.7.2 provides one method ©f determining these adjustments to g;
other methods may also be deemed acceptable by the Manufacturer and accepted by the Au
Inspector.

Re

ST
deg

4.1

erencing Annex E4.7.2,
g=0.9470 in

EP 3 — Select a gasket configuration and determine the location of the gasket reaction, G,
ign bolt loads for the gasket'seating, W, and operating conditions, W, using the rules of pg

6. Computations for the following parameters are shown in Example Problem E4.7.1.

G =16.625in
W, =141590.0.1bs

W, =63419.5 Ibs

W,_=0.785GP + 2b7GmP

q. The
owever,

thorized

and the
ragraph

W= 0 785(16 625)° (~305) + 2(0 1406) 7 (16 625)(5 5)(—305) = 90799 4 lbs
oe y 77X 7 y 7 7 U AN 7

STEP 4 — Determine the geometry parameters.

C-G) (18.125-16.625)
2 2
- (G-B) (16.625-16.5)
= —
2

hl:( =0.751n

=0.0625 in
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y_(A-B) (19375-165) ...
2 2
T 20625
"t 0625
:é=@:1.1742
B 165
g1 [ 16.5
¢=arcsmt J arcsin| ——————— [=30.1259 deg
2R 2(16.4375)
ecq-i{T-—t |—09470-%| 20625-— 2625 _|_457701in
2 cos[¢] 2 c0s[30.1259]
k =1- (1 2Vjcot[¢] ( 3) cot[30.1259] = 0.9477
' 24 ( 920)
k2=1—(1+2VJ t[¢]=1 1+2(03) cot[30.1259] = 07909
22 (6 5920)

where,

v=0.3

A= {3(1_\/2)(92}0% - {3(1—0.32)(

16.4375
0.625

53025
j } =6.5920

e) STEP 5 - Determine the shell discontifuity geometry factors.
3 3 :
_ 027Nt In[K] =£0.275(3.3) (0.625)-In [1.1742]} (02770)=0.7696
K, 0.9477
3 3 .
2 _L1un*tin[K] " _[1.1(6.5920)(3.3) (0.625)-In[1.1742] 126726
BK; (16.5)(0.9477)
B 1.65e
4nd  tk,
] Lo.7907+ - J+
0.9477
C,= =4.6951
16.5 1.65(0.2770)
+
4(3.3)(1.4375) (0.625)(0.9477)
c,- 1.65 (1+ 4/1ej _ 1.65 L 4(6.5920)(0.2770) | _ 40188
tk, B (0.625)(0.9477) (16.5)
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f)  STEP 6 — Determine the shell discontinuity load factors for the operating and gasket seating conditions.

Operating Condition — Tubeside:

C, = ”EZZP[ cot[4]+ M }Whl

0

(0.2770)cot[30.1259] +

7(16.5) (213)
Cao = 2(0.9470)(2.0625-0.9470)
\ di 16.5

1—63419.5(0.75)

A\~ aa~a~s =y

C,, =—22838.5 in—Ibs

c _7BP 4q-Bcot[¢] 0.35
7 4 4nd sin[¢]

c _7(165)(213)(4(0.9470)~(165)c0t[301259] 035
o 4 4(3.3)(1.4375) sin[30.1259]
Cyo =—90917.8 lbs

Opgrating Condition — Shellside:

C,, = EE:P {ecot[¢]+@— hz}—woh1

(16.5)"(_sos) | (02770)ot[301258]
Cyy =| 2(0.9470)(2:0625 - 0.9470) ~(-90799.4)(0.75)
4 o ~0.0625

C,, =32693.6 in—Ibs

c _ 7B’P(4q-Bcot[¢] 0.35

4 4nd sin[¢]

o _ 7(165)-305)(4(0.9470)~ (16.5)cot[30.1259] 0.3
o 4 4(3.3)(1.4375) sin[30.1259]

C,, =130187.4 Ibs

Gagket:Seating Condition:
039 = —Wgh1 = —(141590.0)(0.75) =-106192.5 in—Ibs

Cs, =0.0

69

g) STEP 7 — Determine the shell discontinuity force and moment for the operating and gasket condition.
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Operating Condition — Tubeside:

Opgrating Condition — Shellside:

G

ST

the|stress.criteria for both the operating and gasket conditions.

Ca

[

— Czceo _CaoC5
©® ¢,C,-CC,

(2.6726(-90917.8)) - (—22838.5(4.0188))

Vo = (2 6726(4.6951)) - (0.7696(4.0188)) oS

_ C1C60 —C30C4

“— C,C,—CC.

v (0.7696(—-90917.8)) - (—22838.3(4.6951)) 20405 Ib
® (26726(4.6951))-(0.7696(4.0188)) ;

— Czceo —C30C5
©® c,C,-CC,

(2.6726(130187.4))—(32693.6(4.0188))
Ve = (2.6726(4.6951)) (0.7696 (4.0188))

=229026-Ibs

— CCeo —C5,C4
© ¢,c,-CC,
(0.7696(130187.4))—(32693.6(4.6951))

Mo = 2 6726(4.6951)) —(0.7696 (40188)) o 0"

ket Seating Condition:

 C,Cyy —C,Cs (2,6726(0.0))—(-106192.5(4.0188

= = ) = 45135.4 Ibs
C,C,—CC, (2/6726(4.6951))-(0.7696(4.0188))
)
)

_ CC,, -CgC;/ (0.7696(0.0))—(-106192.5(4.6951))

=52730.9 Ibs

® CLCCC, (2.6726(4.6951))—(0.7696(4.0188))

FP 8 — Calculate the stresses in the head and at the head to flange junction using Table 4.7.1 ar

d check

culated Stresses — Operating Conditions — Tubeside (omitting shellside pressure):
213(16.4375
S, = PR, P= g+0.0 =2801.0 psi
2t 2(0.625)

_PR Vdo cos[¢] P
2t 7Bt )
_ 213(16.4375) (~15996.5)c0s[30.1259]

" 2(0.625) " 7(16.5)(0.625)

ShI

+0.0=2373.9 psi
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_6M,,  6(3940.5)

=—2= > =1167.6 psi
7Bt"  7(16.5)(0.625)

hb

Sy =Sy — Sy = 2373.9-1166.6 =1207.3 psi
Sy =Sy + Sy, = 2373.9+1166.6 = 3540.5 psi

1 ﬂBZP(4q j )(KZH]
S, =—— _cot[g] |-V, || —— [+P
" ﬂBT( 4 \ B [9]) Ve K?-1) °

7(16.5)° (213)
4
2

S, = - 4(0.9470) —cot[30.1259] | - (L1742) LI

7(16.5)(2.0625) (16.5) (L1742)° 21

(-15996.5)
S, =—3056.8 psi
0.525n 4M A

Sp = do —

Btk, B
5. - 0.525(3.3) (~15096.5) 4(8940.5)(6.5920) | 3952.0 psi

(16.5)(0.625)(0.9477) (16.5)
Simi = Sim + Sy, =—3056.8+(—-3952:0) =—7008.8 psi
Smbo = S — S, =—3056.8—(~3952.0) =895.2 psi
Acgeptance Criteria — Operating-Conditions — Tubeside:

{Sym = 2801.0 psi}<{S,, =18200 psi} True
{Sy =2373.9 psi} <{1.5S,, =1.5(18200) = 27300 psi} True
{Sye =1207:3 psi} <{1.5S,, =1.5(18200) = 27300 psi | True
{Siin=3540.5 psi} <{1.5S,, =1.5(18200) = 27300 psi} True
1Sm =—3056.8 psif <{S;, =20500 psi; True
{S i =—7008.8 psi} <{1.55, =1.5(20500) = 30750 psi} True
{ S o =895.2 psi} <{1.55,, =1.5(20500) = 30750 psi| True

Calculated Stresses — Operating Conditions — Shellside (omitting tubeside pressure):
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5, PR, p - (BO)U6SSTO) | 00 43158 psi
2t 2(0.625)
5 - PR Vi cos[¢] P
2t Bt
s, = (—305) (16.4375) N (22902.6)COS [30.1259] +(_305) _ 37043 psi
2(0.625) 7(16.5)(0.625)
S, = oo 2UOLT) 16706 psi

7Bt*  7(16.5)(0.625)°
Subi = S — Sy, = —3704.3—(~1670.6) =—2033.7 psi

S = Sy + Sy, =—3704.3+(—1670.6) =—5374.9 psi

S, = ﬂéT [ni P (4; Cot[¢]) ][Ei—j} P
[ 7(16.5) (—305)}

4

- 4(0.9470) (11742) 11
Sfm:[ﬂ_(16-5)(2.0625)) [ (16.5) —COt[30.1259]J— (m}+(—305)

(22902.6)
S, =4072.3 psi
0.525n 4M A

®~ Btk (V"" B j

o (16.5)(()65.)2;)5(5;?:)).9477)[ 2026- 4(_563(71.:.)5()6.592()@ =5657.1 psl
S = SetS,, =4072.3+5657.1=9729.4 psi
Spe=S,, —S; =4072.3-5657.1=—1584.8 psi
Sprance CriteTa = Operanng Conditions = Shetiside:
{Sym =—4315.8 psi} <{S,, =18200 psi} True
{Sy =—3704.3 psi} < {1.5S,, =1.5(18200) = 27300 psi} True
{ Sy =—2033.7 psi} <{1.5S, =1.5(18200)=27300 psi} True
{ Supo =—5374.9 psi} < {1.5S,, =1.5(18200) = 27300 psi} True
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{Sym =4072.3 psi} <{S,, = 20500 psi} True
{S i =9729.4 psi} < {1.5S , =1.5(20500) = 30750 psi | True
{ S o =—1584.8 psi} <{1.5S, =1.5(20500) = 30750 psi True

Calculated Stresses — Gasket Seating Conditions:

S, =0.0

s _ V,, os[@] (45135.4)cos[30.1259] _1205.0 osi
" zBt  7z(165)(0625) P

S - 6M _ 6(52730.9) _15625.1 psi
hb 2 2 '
7Bt*  1(16.5)(0.625)

Sy = Sy — Sy, =1205.0-15625.1=—14420.1 psi
Sy =Sy, + Sy, =1205.0+15625.1=16830.1 psi

1 K?+1
sw= g7 () 5 )

B 1 B (11742041 _ :
Sfm_[ﬁ(16.5)(2.0625)J( (45135'4))£(1.1742)2—1j 2055 et

o _055n(,  AMy
"Btk | ® B
s, - 0.525(3.3) Je1as 4 A(527309)(6.5920)) "
(16.5)(0.625)(0.9477) (16.5)

S =S+ S, =—2651.5+(—-6938.7) =-9590.2 psi

S o = Sim — S < -2651.5— (—6938.7) = 4287.2 psi

fmbo

Acg¢eptance Criteria — Gasket Seating Conditions:

{Sm =00 psi} <{S, =21300 psi} True
{8,/ =1205.0 psi} <{1.55, =1.5(21300)=31950 psi} True
{ Sy =—14420.1 psi} < {158, =1.5(21300) = 31950 psi} True
{ Sy, =16830.1 psi} < {155, =1.5(21300) = 31950 psi} True
{Sim =—26515 psif <{S, =24000 psi True
{S i =—9590.2 psi} < {1.55, =1.5(24000)=36000 psi| True
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Since the calculated stresses in both the head and flange ring are shown to be within the acceptance criteria, for
both internal pressure (tubeside conditions), external pressure (shellside conditions), and gasket seating
conditions, the proposed Type D spherically dished bolted cover is adequately designed.
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Annex E4.7.2

Although the procedure shown in VIII-2, paragraph 4.7.5.3 provides an equation to calculate the lever arm e of
shell discontinuity force V about the centroid of the flange ring, the original development of the equation did not
lend itself well to the consideration of corrosion allowance. The variable q is defined as the inside depth of the
flange to the base of the head, see VIII-2, Figure 4.7.5, to establish the location of the dished head to flange ring

attachm

ent point.

However, when the tubeside corrosion allowance is applied to the inside diameter of the

dished head and flange ring, the value of g must change accordingly. Additionally, the value of g must be

adjusted_ta_account for the shellside corrosion allowance acting on the flange ring

This Annex provi

des one

method

Manufaq

Assump

1) She
2)
3)
4)
5)

6)

Tub
She|
The
The

The
the

7) The

gas

The levgr arm e measured from the centerline ofithe projected dished head thickness on the flange rin

flange ri
along wi
diamete

to the centerline of the dished head @tyits point of intersection with the flange ring and a line perpendicul

axis of t
applicah

corroded lever arm is detefmined.

Refer to
a) ST

Flal

of determining these adjustments to g; however, other methods may also be deemed acceptab
turer and accepted by the Authorized Inspector.

tions used in the development of the procedure include the following.

Iside and tubeside corrosion allowance is applied to the dished head.

bside corrosion allowance is only applied to the flange ring inside radius.

Iside corrosion allowance is applied to the outer surfaces of the flange ting:

geometry of the dished head to flange ring is assumed to be rectilinear.

projected thickness of the dished head and associated dimensions are based off the angle ¢.

location of the dished head to flange ring attachment point.is established from the measured va|
nside depth of the flange ring to the inside base of the head. This variable is referenced as q.

et surface is not considered.

hg centroid is determined geometrically-considering the above established assumptions. The v3
F, B set the initial location of the.head centerline with the flange ring. The angle ¢ formed by the

ne dished head is then established. From this point, the dished head and flange ring are subje
le tubeside and shellside corrosion allowances resulting in the final corroded geometry from wj

e by the

ue from

ring flange is rectangular in shape, i.e., the portian*of the flange that is removed by machining for the

g to the
riable g

th the inside radius and thickness 0f the dished head, R,,,,, and t,,m, respectively, and the flahge ring

tangent
br to the
Ct to the
hich the

Figure AE4,7.2.
EP 1 — Establish the variables used in the calculations.
hge (uncorroded):
Fhickress + 2-3425-h
. Ir.|0m — & Jd Lo J TN
Inside Diameter : B, =16.25n
Head Location: g, =1.0in
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Spherically Dished Head (uncorroded):

Thickness : t.m=0.875in
Inside Radius: L=16.0in

Shellside and Tubeside Corrosion Allowance:

Shellside: CAS =0.125in
Tubeside: CAT =0.1251in

ST

ST
Wi
dis

ST

ST
flan

ST

th the flange ring and the corresponding corroded radius of the-flange ring, measured to the ax

EP 2 — Establish the corroded dimensions of the input variables, as previously defined.
t=0.625 in

R =16.4375in

T =2.0625in

B=16.5in

q, =0.8751in

EP 3 — Calculate the angle ¢ formed by the corroded mean radius ofthe dished head at the intg

ned head assembly.

. [ B } . 16.5 0.5258 rad
g=arcsin| — [=arcsin| ———— | =
2R 2(16.4375) 30.1259 deg

EP 4 — Calculate the projected tubeside corrosion allowance of the dished head on the flange rin

CAT 0.125

X, = = =0.1445'in
cos[¢] cos[30.1259]

FP 5 — Calculate the axial adjustment of X,4; due to the applied tubeside corrosion allowanc
ge inside radius.

X = CAT -tan[¢] <0,125-tan[30.1259] = 0.0725 in

EP 6 — Calculate the/adjusted value of g based on the corroded dimensions.

q=0, + Xg< X,y =0.875+0.1445-0.0725=0.9470 in

rsection
s of the

0, Xcat-

b on the
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Figure AE4.7.2 — “q” Floating Head Geometry
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4.8 Quick-Actuating (Quick Opening) Closures
4.8.1 Example E4.8.1 — Review of Requirements for Quick-Actuating Closures

An engineer is tasked with developing a design specification for an air filter vessel to be equipped with a quick-
actuating closure that is to be constructed in accordance with paragraph 4.8. As part of developing the design
specification, the following items need to be considered.

a) The Manufacturer's Design Report shall be certified by a Certifying Engineer in accordance with Annex 2B.
Se¢ paragraphs 2.3.3.1 and 2.3.3.2. In addition, the competency requirements and qualification
requirements as outlined in Annex 2J shall be verified.

b) Scope

Specific calculation methods are not provided in paragraph 4.8. However, both generalvand specifif design
requirements are provided.

c) Geperal Design Requirements

Qujck-actuating closures shall be designed such that:

—_

The locking elements will be engaged prior to or upon application of the pressure and|will not
disengaged until the pressure is released.

2) The failure of a single locking component while the vessel is pressurized will not:
i)  Cause or allow the closure to be opened or leaked; or
i) Result in the failure of any other locking cemponent or holding element; or

iii) Increase the stress in any other locking component or holding element by more than 50% above
the allowable stress of the compohent.

3) Alllocking components can be verified to be fully engaged by visual observation or other means prior
to application of pressure to the:vessel.

4) The use of multilink component, such as a chain, is not permitted.
5) When installed:

i) It may be determined by visual external observation that the holding elements are in sat|sfactory
condition.

i) Allxessels shall be provided with a pressure-indicating device visible from the operating grea and
suitable for detecting pressure at the closure.

d) Spfcific Design Requirements

1) Quick-actuating closures that are held in position by positive locking devices and that are fully
released by partial rotation or limited movement of the closure itself or the locking mechanism and
any closure that is other than manually operated shall be so designed that when the vessel is
installed the following conditions are met:
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The closure and its holding elements are fully engaged in their intended operating position before

pressure can be applied in the vessel.

shall be released before the closure can be fully opened for access.

Pressure tending to force the closure open or discharge the vessel contents clear of the vessel

In the event compliance with the above conditions is not inherent in the design of the closure and

its holding elements, provisions shall be made so that devices to accomplish this can be added

when the vessel is installed.

The desianrules of naraaranh 4 16 mav not bhe annlicable -see naraaranh 4 16 1 4
I g I T Y P 7 1 greE TroTEOT

e) Altg¢rnative Designs for Manually Operated Closures

1

f)  Supplementary Requirements for Quick-Actuating (Quick-Opening) Closures

Annex 4B provides additional design infarmation for the Manufacturer and provides installation, ope
and maintenance requirements forithe Owner.

The designer shall consider the effects of cyclic loading, other loadings (see paragraph!4,1.
mechanical wear on the holding and locking components.

Any device or devices that will provide the safeguards broadly described above(within these
design requirements will meet the intent of these rules.

Quick-actuating closures that are held in position by a locking mechanism designed for
operation shall be designed such that if an attempt is made to open the closure when the
under pressure, the closure will leak prior to full disengagément of the locking compong
release of the closure. Any leakage shall be directed awayfrom the normal position of the op

Manually operated closures need not satisfy specific.design requirements found in (c)(1) abj
such closures shall be equipped with an audible orcvisible warning device that will warn the
if pressure is applied to the vessel before the holding elements and locking components
engaged in their intended position or if an attempt is made to disengage the locking me
before the pressure within the vessel is released.

b.3) and

specific

manual
essel is
nts and
erator.

pve, but
bperator
pre fully
chanism

rational,
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raced and Stayed Surfaces

Example E4.9.1 — Braced and Stayed Surfaces

Determine the required thickness for a flat plate with welded staybolts considering the following design
condition. Verify that the welded staybolts are adequately designed. See Figure E4.9.1.

Vessel Data:
e Platp Material = SA—-516, Grade 70
e Desjgn Conditions = 100 psig (@300°F
e Staybolt Material = SA—675, Grade 70
e  Staybolt Diameter = 1.5in
e Corfosion Allowance = 0.0 in
e Allovable Stress Plate Material = 22400 psi
e Allopvable Stress Staybolt Material = 20600 psi
e Staybolt Pattern = Equilateral Triangle
o Sta) bolt Pitch = ps = phorizontal N pdiagonal = 150 in
Using the procedure in paragraph 4.9, calculate the required thickhess of the flat plate, the load carried y each
staybolt| and the required diameter of the staybolt.
Paragraph 4.9.2, the minimum required thickness for.braced and stayed flat plates and those parts [that, by
these ryles, require staying as flat plates or staybolts of uniform diameter symmetrically spaced, ghall be
calculate¢d by the following equation.
Assumel, C = 2.2 from Table 4.9.1 with thelWelded Staybolt Construction per Figure 4.9.1 Detail (c).

f P 100.0

t=p |—=15.0 | ——=———<=0.6757 in

SC 22400(2.2)
Paragraph 4.9.3, the required-area of a staybolt or stay as its minimum cross section, usually located at|the root
of the thread, exclusive.0f any corrosion allowance, shall be obtained by dividing the load on the |staybolt

computd
multiplyi

The are

d in accordange with paragraph 4.9.3.2 by the allowable tensile stress value for the staybolt material,

hg the resulft by 1.10.

b supported by a staybolt or stay shall be computed based on the full pitch dimensions, with a d

for the &

bduction

rea-occupied by the stay. The load carried by a stay is the product of the area supported by

the stay

and the

maximum allowable working pressure.

a) The area of the flat plate supported by the staybolt, 4, is calculated as follows.

Wh

A, = Phovcontat * Putagonat -€05[0]) — 4, =15.0(15.0-c0s[30]) ~1.7671=193.0886 in’

ere,
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0=30deg, See Figure E4.9.1

The

S

4, :%(1.5)2 =1.7671 in*

load carried by the staybolt, L}, is calculated as follows.

L,=A4,-P= 193.0886(100.0) =19308.9 Ibs

The

required area of the staybolt, 4,,, is calculated as follows.

Si

The configuration is in accordance with the typical arrangements shown in'\Figure 4.9.1.

The required thickness of the plate shall not exceed 38 mm (1.5 in).

The maximum pitch shall not exceed 15 times the diameter of the staybolt.

The size of the attachment welds is not lessithan that shown in Figure 4.9.1.

The allowable load on the welds shall not exceed the product of the weld area (based on t

din
join

Wh

Ay = 1.10L&J = 1.10(wj =1.0620 in®

nce {Ag, = 1.7671 in?} < {A,5, = 1.0311 in?} the staybolt is adequately designed-

ph 4.9.4.1, welded-in staybolts may be used provided the following requirements are satisfied.

20000

sb

Construction per Figure 4.9.1(0) satisfied
t<1.5in t=0.6757 in satisfied

p,<15(d,) 15.0<15(1.5)=22.5in satisfied

Full Penetration Weld per Figure 4.9.1(0) satisfied

ension parallel to the staybolt), the allowable tensile stress of the material being welded, ang
t factor of 60%.

{L,, =19308.9./bs} <{L, =39356.2 Ibs} satisfied

ere,

L, =5(tzd,)S,, =0.6(0.6757-(7(1.5)))20600 =39356.2 Ibs
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o

L — r‘/15in./'

:

Figure'E4.9.1 — Stayed Plate Detail
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410 Ligaments

4.10.1

Example E4.10.1 — Ligaments

Determine the ligament efficiency and corresponding efficiency to be used in the design equations of paragraph
4.3 for a group of tube holes in a cylindrical shell as shown in Figure E4.10.1.

Using the procedure in paragraph 4.10, calculate the ligament efficiency for the group of tube holes. As shown
in Figure E4.10.1, three ligaments are produced; longitudinal, circumferential, and diagonal.

Paragra
Figure B
4.10.6.
ligamen
a) ST
b) ST

wh
c) ST

wh

ph 4.10.2.1.d, when a cylindrical shell is drilled for holes so as to form diagonal ligaments, as|s
F4.10.1, the efficiency of these ligaments shall be determined by paragraph 4.10, Figures 4
Figure 4.10.5 is used when either or both longitudinal and circumferential ligaments éxist with
s. The procedure to determine the ligament efficiency is provided in paragraph 4,40.2.1(d)(1).

EP 1 — Compute the value of p*/p;.
Diagonal Pitch, p*=3.75 in
Unit Length of Ligament, p, =4.5 in

sk
P _375 8333

p, 45
EP 2 — Compute the efficiency of the longitudinal ligament in accordance with Figure 4.10.5, Not

~100 p-d zloo(wjzso%
)2 4.5

E

long

Ere,

Diameter of Tube Holes, d =225 in

EP 3 — Compute the diagonal-gfficiency in accordance with Figure 4.10.5, Note (b).
J+025-(1-0.01-E,, )N0.75+]
o 0.00375+0.005.)
0.6944%.0.25— (1-0.01(50)) /(0.75+0.6944)
diag = =47.56%
0.00375+ 0.005(0.6944)

ere,

hown in
10.5 or
jiagonal

W

(d).

(o) (375)

J =L;1 :L—SJ =0.6944

Alternatively, STEP 3 can be replaced with the following procedure.

STEP 3 (Alternate) — Enter Figure 4.10.5 at the vertical line corresponding to the value of the longitudinal
efficiency, Ejyg, and follow this line vertically to the point where it intersects the diagonal line representing

the ratio of the value of p*/p;. Then, project this point horizontally to the left, and read the diagonal

efficiency of the ligament on the scale at the edge of the diagram.
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E

diag

~47.5%

d) STEP 4 — The minimum shell thickness and the maximum allowable working pressure shall be based on
the ligament that has the lower efficiency.

E:min[E E

long > " diag

|=min[50%,47.5%] = 47.5%

In accordance with paragraph 4.10.3, when ligaments occur in cylindrical shells made from welded pipe or tubes
and their calculated efficiency is less than 85% (longitudinal) or 50% (circumferential), the efficiency to be used

in paragfaph 4.3 10 determine the Num required RNe g calcutated Higarm

Nis case,
the apprjopriate stress value in tension may be multiplied by the factor 1.18.

re—4.50\n—*

¢ |nsgtallation Pattern: /4\ /\ / , /

/
\
Z
N
e
3}4%\

) | ™~ 3.75in,"]
Cyiindrical shell (| Sh I 3PN .
Longitudinal Axis W w M W :
! ! / : :

e All Finished Hole Diameteérs are 2.25 in.

Figure E4.10.1 — Installation Pattern
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411 Jacketed Vessels
4.11.1 Example E4.11.1 — Jacketed Vessel

Design a jacketed vessel to be installed on the outside diameter of a section of a tower in accordance with

Figure 4.11.1, Type 1.
Figure (b).

PTB-3-2022

The jacket closure will be made using closure members per Table 4.11.1, Detail 4,

Vessel Datar
e Material
¢ Desjgn Conditions
e Vespel ID

e Nonpinal Thickness
¢ Alloyable Stress

e Corfosion Allowance

e Weld Joint Efficiency

Jacket Data:

o Jacket Type

e Material

e Desjgn Conditions

e Alloyable Stress

e Yielfl Stress at Design Temperature
e Min
e Jac

mum Ultimate Tensile Strength
et ID
e Corfosion Allowance

o Weld Joint Efficiency

Establish the corroded dimensions.

1.125-0.125-0.125=0.8750 in

OD of duner Shell :{

, {ts —Vessel Corrosion Allowance—

= SA—-516, Grade 70
= 350 psig (@300°F
= 90.0 in

= 1.125 in

= 22400 psi

= 0.125 in

= 1.0

= Figure4:11.1, Dpe 1
= SA=516, Grade 70
= 150" psig @400°F

= 21600 psi

3 32500 psi

= 70000 psi

= 96.0 in

= 0.125 in

= 1.0

Jacket Corrosion Allowance}

Vessel ID+ 2(t, —Jacket Corrosion Allowance)
90+2(1.125-0.125)=92.0 in

|

R - OD of Inner Shell

: —46.0 in
2

L=t —Jacket Corrosion Allowance =0.5-0.125=0.375in
Rj = Rj +Jacket Corrosion Allowance =48.0+0.125=48.125 in

ID of Jacket = 2(48.125): 96.25 in
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Evaluate the partial jacket per Paragraph 4.11:

a)

Paragraph 4.11.2.1, determine required thickness of the jacket using equation (4.3.1).

P
6 =R | exp| —L |~1|=48.125] exp| ——0 | _1|=03354 in
e SE 21600(1.0)

J

t,=t;+ Jacket Corrosion Allowance =0.3354+0.125=0.4604 in

Use jacket plates with a wall thickness of t; = 0500 in.

Paftagraph 4.11.3: Design of Closure Member of Jacket to Vessel

1) | Paragraph 4.11.3.1, the design of jacket closure members shall be in accordance with, Tabl

and the additional requirements of paragraph 4.11.3.

2) | Paragraph 4.11.3.2, radial welds in closure members shall be butt-welded)joints through

thickness of the member.

3) | Paragraph 4.11.3.3, partial penetration and fillet welds are permitted’ when both of the f

requirements are satisfied.

i)  The material of construction satisfies the following equation

S,y 32500
S, 70000

u

= 0.464} <0.625 True

i)  The component is not in cyclic service.
Determine thickness of jacket closures. Use closure,;detail in Table 4.11.1, Detail 4, Figure (b).

P,
t,, =max| 2t,,0.707 /—’
S,

t,, =max| {2(0.3354) = 0.6708},10.707 90,0589} [=0.6708 in
. 21600

t. =t + Jacket Corrosion Allowance=0.6708+0.125=10.7958 in

Useé end closure plates with a wall thickness of t, = 0.8125 in.

Determine the fillet weld sizes for the closure to shell weld per Table 4.11.1, Detail 4, Figure (b).
t, =1.J25— Corrosion Allowance=1.125-0.125=1.0 in

t. £0:8125 — Corrosion Allowance =0.8125-0.125=0.6875 in

4 o500

e 4.11.1

the full

pllowing

yal s 4711 AN~
L]» — VU.JUVYU CoUrrostort artovviritcc — . JuUVv V. 1L —

Closure to shell weld:

Y >min[0.75¢,, 0.75¢,] = min| {0.75(0.6875) = 0.5156}, {0.75(1.0) =0.75} | = 0.75 in

Jacket to closure weld:

Z>{t,=0.375 in}
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4.11.2 Example E4.11.2 — Half-Pipe Jacket

Design a half-pipe jacket for a section of a tower in accordance with Paragraph 4.11.6, using the information
shown below.

Vessel Data:

e Material = SA—-516, Grade 70
e Design Conditions = 350 psig @300°F
° VespeHb = ()OO s
. NonI:inaI Thickness = 1.125 in
e Allovable Stress = 22400 psi
e Corfosion Allowance = 0.125 in
e Applied Axial Force = —78104.2 Ibs
e Applied Net Section Bending Moment = 4.301E+06 in—Ibs
Half-Pipe Jacket Data:
e Matgrial = SA—106, Grade B
e Desjgn Conditions = 150 psig @AO0°F
e Jacket ID = NPS 4 (STD WT) —0.237 in
e Allovable Stress = 19900 psi
e Yielfl Stress at Design Temperature = 29900 psi
e Minjmum Ultimate Tensile Strength = 60000 psi
e Weld Joint Efficiency S 1.0
e Corfosion Allowance = 0.0 in
Establish the corroded dimensions.
Vessel:

D|=90.0+2¢, =90.0e 2(1.125) =92.25in

t, #t.— Corrosion Allowance =1.125-0.125=1.0 in

DED+ 2(C0rrosi0n Allowance) =90.0+2 (0. 125) =90.25 in
Half-Pipe Jacket:

4 5 Ny e Y M aWa Yo Yo AY YW aYe Y i)
dj — Tr.J ALJ» — Tr.J A\U.AJI}—‘I‘.ULU ry
d,
G A28 013 n
2

Evaluate half-pipe jacket per paragraph 4.11.6.

a) Paragraph 4.11.6.1, the rules in this section are applicable for the design of half-pipe jackets constructed of
NPS 2, NPS 3, or NPS 4 pipes and subject to internal pressure loading.
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Half — Pipe Jacket — NPS 4 True

Paragraph 4.11.6.2:

1)

Pa

Pa
usi

wh

The fillet weld attaching the half-pipe jacket to the vessel shall have a throat thickness not less than

the smaller of the jacket or shell thickness.

throat, =0.707 - leg = 0.707(0.375) = 0.265 in
{throat, =0.265 in} > {min[ 0237, (1.125-0.125) ] in = 0.237 in| True

fillet welds are permitted when both of the following requirements are satisfied.

i)  The material of construction satisfies the following equation, SA — 106, Grade B.

S
Sur _ 29900 0.498 + <0.625 True
S 60000

u

i)  The component is not in cyclic service.
agraph 4.11.6.3:

Calculate the minimum required thickness for the NPS 4 STD W.F_half-pipe jacket.
Pr, 150(2.0130)
t = =
" 0.85SJ. —().6Pj 0.85(19900)—0.6(150)

=0,0179 in

The additional condition must be satisfied, as'shown in paragraph 4.11.6.4, where P; < Pp,.

ng the following equation.

F, =min| (1.5555"), 1.55 |

0.5 1.5 2 2.5 3 3.5 4
K, :Cl+C2D—+C32+C4D—+C5D—+C6D—+C72+C8D—+C9D—+C102
C C C C

ul ul ul ul ul ul ul ul

C

ul

=1.0 > US Customary Units

Since {tj = 0.237 in} = {trj = 0.0179 in}, the thickness of NPS 4 STD WT pipe is acceptablg.

The requirements of paragraph 4.11.3.3 shall be satisfied. Paragraph 4.11.3.3, partial penetrdtion and

agraph 4.11.6.4, the maximum permissjble”pressure in the half-pipe jacket, P;,,,, shall be determined

ul

The coefficients C;, C,, C,, are provided in Table 4.11.3.

To compute Pjyy,, the parameter S*, defined as the actual longitudinal stress in the shell, must be

computed. This stress may be computed using the equations in paragraph 4.3.10.2. However, since this
is a thin shell, the thin-wall equations for a cylindrical shell will be used. If the combination of axial forces
and pressure result in a negative value of S*, then S* = 0.
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S" = Pressure Stress + Axial Stress + Bending Stress

gD F M

4. A1

4301E + 06(92'25

350(90.25) —78104. )
(9025) -78104.2 — 8289.2283 psi

4(1.0) 286.6703 298408.1359

S =
4301E wLU()/L2 25
350(90.25 — )
( )+ 78104'2— k 2 J:6959.6156 psi
4(1.0) 286.6703 298408.1359
where,

o

_ (4 T 4 4\ -
1=2(D!-D )_64((92.25) (90.25)") = 298408.1359 in

T T .
4=7(D;-D*)= Z((92.25)2 ~(90.25)") =286.6703 in’

therefore,
F,=min|(1.55-5"), 1.55 |
Fp =min [(1.5(22400)—8289.2283), 1.5(22400)} =25310.7717 psi

The coefficients for the equation K, are obtained\from, Table 4.11.3 for NPS 4 and shell nominal thickness

of 1.0 in.
C, =-2.5016604F +02 C,=F7178270E +02 C, =—4.6844914E +01
C, =6.6874346E +00 C, =-5.2507555E -01 C, =2.1526948E —-02

C, =—3.6091550E — 04 C,=C,=C,,=0.0

with a vessel diameter, D &,90.25 in, the value of K, is calculated as,

05 1.5 2 2.5 3 3.5 4 .5
K :Cl+C2D—+C3£+C4D—+C5D—+C6D—+C7D—+C8D—+C9D—+C102—
i C C C C C C d,

ul ul ul ul ul ul ul ul

K, =11.2903

ThTrefore, the maximum permissible pressure in the half-pipe is calculated as,

rP. :F_p 253107717
UK, 112903

:
2292418 psifZ{Pj =150 psi)

Therefore, the half-pipe jacket design is acceptable.
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4.12 NonCircular Vessels
4.12.1 Example E4.12.1 — Unreinforced Vessel of Rectangular Cross Section, Type 1

Using the data shown below, design a Type 1 non-circular pressure vessel per paragraph 4.12.7.

Vessel Data:

e Material = SA—-516, Grade 70
e Desjgn Conditions = 400 psig(@500°F
e Insigle Length (Short Side) = 7.125 in

¢ Insig¢le Length (Long Side) = 9.25in

e Overall Vessel Length = 40.0 in

e Thidkness (Short Side) = 1.0 in

e Thigkness (Long Side) = 1.0 in

e Thigkness (End Plate) = 0.75 in

e Corfosion Allowance = 0.125 in

e Allowable Stress = 20600 psi

e Weld Joint Efficiency (Corner Joint) = 1.0

e Tubp Outside Diameter = 1.0000 in

e Tubg Pitch = 2.3910 in

Adjust variables for corrosion.

h%9.25+2(Corrosion Allowance)=9.25 + 2(0. 125)=9.50 in
H=7.125+2(Corrosion Allowance) =125+ 2(0.125) =7.375in
, ¥ 1.0—Corrosion Allowance=10+0.125=0.875 in

, ¥1.0—Corrosion Allowance<1.0-0.125=0.875 in

t; #0.75—Corrosion Allowance=0.75-0.125=10.625 in

t
t

Evaluat¢ per paragraph 4.12¢
Paragraph 4.12.2, GenerahDesign Requirements:

Paragraph 4.12.2.7(-)The design equations in this paragraph are based on vessels in which the rati
length of the vessel to the long side or short side lengths (aspect ratio) is greater than four. These e
are consgervatively applicable to vessels of aspect ratio less than four. Vessels with aspect ratios less t
may be|designed in accordance with VIII-2, paragraph 4.12.5 and may be designed in accordance

p of the
uations
han four

with the

provisions of Part 5.

L .
Aspect Ratio = IV = 40.0 =4.21

Satisfied
9.5 /i

Paragraph 4.12.2.9 — The openings in this noncircular vessel meet the requirements of paragraph 4.5.2.
Paragraphs 4.12.3, 4.12.4 and 4.12.5 — These paragraphs are not applicable to this design.

Paragraph 4.12.6, Weld Joint Factors and Ligament Efficiency:
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Paragraph 4.12.6.1 — The non-circular vessel is constructed with corner joints typical of paragraph 4.2.
Therefore, the weld joint efficiencies E,,, and E}, are set to 1.0 at stress calculation locations in the corners of the

vessel. Since there are no welds or hole pattern in the short side plates of the vessel, the weld joint efficiencies
E,, and E}, are set to 1.0 for these stress calculation locations. For the stress calculation locations on the long
side plates that do not contain welded joints, but do contain a hole pattern, the weld joint efficiencies E,,, and E},
are set equal to the ligament efficiencies e, and e, respectively.

Paragraph 4.12.6.3 — It is assumed that the holes drilled in the long side plates (tube sheet and plug sheet) are

of uniform diameter.

Therefore, e,, and e, shall be the same value and calculated in accordance with

paragra
Paragra
a) ST
b) ST
c) ST

infg
d) ST

seq

wh

e) ST
and
fy ST
chg

For
cor

bh 4.10.

e —e = p—d _ 2.3910-1.0 _ 05818
p 2.3910

ph 4.12.7, Design Procedure:

EP 1 — The design pressure and temperature are listed in the information given above.
EP 2 — The vessel to be designed is a Type 1 vessel, see Figure 4.12.1\

EP 3 — The vessel configuration and wall thicknesses of the pressure containing plates are listg

rmation given above.
EP 4 — Determine the location of the neutral axis from ‘the inside and outside surfaces. S
tion under evaluation does not have stiffeners, but has uniform diameter holes, then ¢; = d
bre t is the thickness of the plate.

t, t, 0875
¢, =c,=+=2=—"-"=04375in

2 2
EP 5 — Determine the weld joint factof_and ligaments efficiencies as applicable, see paragraph

determine the factors E,;,, and Ej,.

EP 6 — Complete the stress, caleulation for the selected noncircular vessel Type, see Table 4.1
ck the acceptance criteria.

non-circular vessel Type 1, the applicable table for stress calculations is Table 4.12.2
Fesponding details are shown in Figure 4.12.1

Equliation Constants:

d in the

nce the
o, =t/2

4.12.6,

P.1, and

and the

b=1.0/in
J,=1.0
L 10
I.I3S 1I.JU
J,, =1.0
J,=1.0

b} _1.0(0.875)

: =0.0558 in’
12 12
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bt; _1.0(0.875)°

I, = =0.0558 in’
12 12
T35 67763
ho 95
K =126 = 2095814 7763207763
I 0.0558

N Lot £ (a¥) (=) Iy
o ITTIVIAWUTG TUI VU TOoO T\TOoUIlO.

S;,|membrane stress, short side.

ng S o, bending stress, short side at point C on the inside and outside surfaces, respectively"
S38. 555 bending stress, short side at point B on the inside and outside surfaces, respeétively.
Sk [membrane stress, long side.

Sll,‘? S » bending stress, long side at point A on the inside and outside surfages; respectively.

S},‘? S o bending stress, long side at point B on the inside and outside surfaces, respectively.

Membrane and Bending Stresses — Critical Locations of Maximum-Stress:

Membrane Stress on the short side plate:

s= T 400(9:3) =2171.4 psi
2(4)E, 2(0.875)(1.0)

us]

Benmnding Stress at Location C on the short side plate:

2
S‘C SSC c Pszbcl s kR 1+a°K
c, 121E, 1+ K

« 400(1.0)(1.0)(0.4375) 2 [ 14(0.7763) (0.7763)
" 12(0.0558)(1.0) [_1’5(7'375) +(93) { 1+0.7763 ]]_1831

S;f_—S?C(c] (- 18317)(0'4375j:1831.7 psi
ci

0.4375

us)

Bemnding Stressat Location B on the short side plate:

2 2
s :_ng(&]:th J3Scl.[l+a K}

T psi

c, 121.E 1+K
2
;B _ 400(1 O)( ) ( )(0 4375) 1+(O.7763) (0.7763) ~19490.8 psi
12 (0 0558)( ) 1+0.7763
ng _ _SsB [C ] ~19490. g 0. 43;2) —19490.8 psi
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Membrane Stress on the long side plate:

g - PH _ 400(7.375)
" 2t,E,  2(0.875)(0.5818)

=2897.4 psi

Bending Stress at Location A on the long side plate:

us]

Ac

g _gu[ & :thszc,. s 1+a’K
g “\c¢,) 12LE, 1+K

0.0558)(0.5818) 1+0.7763

S,A_400(1.0)(9.5)2(1.0)(0.4375)[ s L1+(0.7763)2(O.7763)
bi = ( —1.o+

12(1.0)
0.4375

SH = _§H [C—] — (=273 10.9)(0'4375

c

i

j =27310.9 psi

Benmnding Stress at Location B on the long side plate:

g __gi| & :thszci 1+a’K
§ “le, )] 12LE, | 1+K

14+0.7763

H =-27310.9 psi

5 = 400(1.0)(9.5) (1.0)(0.4375) H1+(0.7763)2 (0.7763)H _ 19490.8 psi

12(0.0558)(1.0)

SP =5 % |=-19490.8 043751 _ _19490.8 psi
C 0.4375

eptance Criteria — Critical Locations of Maximum Stress:

{ =2171.4 psi} < {S =20600 psi}

+8,0 =2171.4+(-1831.7) =339.7 psi
S;f =2171.4+1831.7 =4003.1 psi

+8,° =4003.1 psi

S8 +85=2171.4+19490.8=21662.2 psi
SEH ST =2171.4+(~19490.8) = ~17319.4 psi

True

True

ST+ S =21662.2 psi
+8% =-17319.4 psi

5 =339 psi
{ " o }_{1.5521.5(20600):30900 psi)

} <{1.55 =1.5(20600) = 30900 psi}

{S =2897.4 psif <{S=20600 psi}
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+SH =2897.4+(~27310.9) = 24413 5 psz}

{ + St =2897.4+27310.9 =30208.3 psi
S, +S, =—24413.5 psi

o PP < (155 =1.5(20600) = 30900 psi} {True}
Sy, +Syt =30208.3 psi
{Si + S =2897.4+19490.8 = 22388.2 psi }
S, &S, =2897.4+(-19490.8) = ~16593.4 psi

7

{S,; +8!% =22388.2 psi

<{1.58 =1.5(20600) = 30900 psi | True
S! +82 =-16593.4 psi

Since tHe acceptance criteria are satisfied, the design is complete. The vessel satisfies\the requirenjents as
designefl and no further iterations are necessary.
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4.12.2 Example E4.12.2 — Reinforced Vessel of Rectangular Cross Section, Type 4

Using the data shown below, design a Type 4 non-circular pressure vessel per paragraph 4.12.7. The stiffeners
are attached with continuous fillets welds on both sides of the member (Category E, Type 10) and satisfy the
requirements of paragraph 4.2, Figure 4.2.2.

Vessel Data:

e Material = SA—-516, Grade 70
e Desj fti 3 o
e Insige Length (Short Side) = 30.0in

e Insigle Length (Long Side) = 60.0 in

e Overall Vessel Length = 240.0 in

e Unstiffened Span Length (pitch) = 12.0 in

¢ Thigkness (Short Side) = 0.4375 in

e Thidkness (Long Side) = 0.4375 in

e Corfosion Allowance = 0.0 in

e Allowable Stress = 23200 psi

e Weld Joint Efficiency = 1.0

e Yielfl Stress at Design Temperature = 34800 psi

e Modulus of Elasticity at Design Temperature = 28.8E+06 psi
e Modulus of Elasticity at Ambient Temperature = 294E+06 psi

Stiffengr Data (W4x13 I-Beam):

e Mategrial = SA—-36

e Allovable Stress = 22000 psi

o Stiffener Yield Stress at Design Temperature = 33000 psi

e Modulus of Elasticity at Design Temperature = 28.8E+06 psi
e Modulus of Elasticity at AmbigntyTemperature = 29.4FE+06 psi
o Stiffener Cross Sectional-Area = 3.83 in’

o Stiffener Moment of Inectia = 11.3 in*

e Stiffener Height = 4.125 in

o Stiffener Centerline Distance (Short Side) = 35.0in

o Stiffener Centerline Distance (Long Side) = 65.0 in

Requirefl Vafiables.

h=60.0 in
H =30.0 in
t, =0.4375 in
t, =0.4375 in
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Evaluate per paragraph 4.12.
Paragraph 4.12.2, General Design Requirements.

Paragraph 4.12.2.3.c — For a vessel with reinforcement, when the reinforcing member does not have the
same allowable stress as the vessel, the total stress shall be determined at the inside and outside surfaces
of each component of the composite section. The total stresses at the inside and outside surfaces shall be
compared to the allowable stress.

i) For locations of stress below the neutral axis, the bending equation used to compute the stress shall
be that considered acting on the nside surface.

ii) | For locations of stress above the neutral axis, the bending equation used to compute the, strgss shall
be that considered acting on the outside surface.

Partagraph 4.12.2.7 — The design equations in this paragraph are based on vessels in‘which the rafjo of the
length of the vessel to the long side or short side lengths (aspect ratio) is gréater than four.| These
equations are conservatively applicable to vessels of aspect ratio less than four.\Vessels with asp€ct ratios
les$ than four may be designed in accordance with VIII-2, paragraph 4(12'5 and may be des|gned in
acgordance with the provisions of Part 5.

L, 2400

v

Aspect Ratio=—+=—-=4.0
h  60.0

Pafagraph 4.12.2.9 — There are no specified openings for this.example problem.
Paragraph 4.12.3, Requirements for Vessels with Reinforcement.

Pafagraph 4.12.3.1 — Design rules are provided for Type 4 configurations where the welded-on
reinforcement members are in a plane perpendicular to the long axis of the vessel. All reinfofcement
members attached to two opposite plates shall’have the same moment of inertia.

Pafagraph 4.12.3.5 — Reinforcing members shall be placed on the outside of the vessel and ghall be
attached to the plates of the vessel by welding on each side of the reinforcing member. For coptinuous
reinforcement, the welding may e continuous or intermittent.

Pafagraph 4.12.3.6 — Thesmaximum distance between reinforcing members is computed paragraph 4.12.3
and are covered in STEP 3 of the Design Procedure in paragraph 4.12.7.

Paragraphs 4.12.4 and-4.12.5.
These paragraphs are not applicable to this design.

Paragraph 4.412:6; Weld Joint Factors and Ligament Efficiency.

Paftagraph 4.12.6.1 — The non-circular vessel is constructed with corner joints typical of paragraph 4.2.
Therefore, the weld joint efficiencies E,,, and E}, are set to 1.0 at stress calculation locations in the corners
of the vessel. Since there are no welds or hole pattern in either the short side plates or long side plates of
the vessel, the weld joint efficiencies E,,, and E;, are set to 1.0 for these stress calculation locations.
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ph 4.12.7, Design Procedure.

a) STEP 1 —The design pressure and temperature are listed in the information given above.

b) STEP 2 - The vessel to be designed is a Type 4 vessel, see Figure 4.12.4.

c) STEP 3 - The vessel configuration and wall thicknesses of the pressure containing plates are listed in the
information given above. The vessel has stiffeners; therefore, calculate the maximum spacing and size of
stiffeners per paragraph 4.12.3.

the

Par:

Eq

ation (4.12.1). In the equations for calculating stresses for reinforced noncircular vessels, the

p shall be the sum of one-half the distances to the next reinforcing member on each side.

For

the short side plate, where {H = 30.0 in} = {p = 12.0 in},

23200)2.2931
p =t /% = 0.4375\/ ( 5)0 =14.2708 in

where,
J, =-0.26667 + 24222 99.4782 N 194.593 3 169.994 N 55.8225
(ﬂlmax) (ﬁlmax) (IBImax) (ﬂlmax) (ﬂlmax)
J, =—0.26667+ 24222 99478 4 194.59 _& 169.99 - 55.822 :
(2.1967) (2.1967)" (2.1967)2 (2.1967)" (2.1967)
J, =2.2931

For

[ 1
1max = X 1, |° 40
B min| ma {,B ﬁl} }

IBlmax = min max 21967, 1
2:196

}4.0} =2.1967
7

g = 300000 55
Py 13.6567

2.1(23200
Do =z1\/2'1S =z1\/2'1S =0.43754/¥ =13.6567 in
P P 50

the leng'side plate, where {h = 60.0 in} = {p = 12.0 in},

67 ( for rectangular vessels)

- [(23200)2.0000

=

iven by
value of

IQI
p2 = IZV? =0.437

=13.3276 in

where,

J, =—0.26667 +

J, =—0.26667+

24222 99478 19459  169.99 = 55.822

+ - +
(ﬁlmax) (ﬁlmax )2 (ﬂlmax )3 (ﬂlmax )4 (ﬂlmax )5
24222 99478 194.59 169.99 55.822

(40)  (40) " (40)  (4.0)’ " (4.0)°

=2.0000
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| 1
2max = X 20 5 | 40
p min| ma {ﬁ ﬂj }

Prme = min| max| 4.3934, 1 ,4.0(=4.0
4.3934

B, = e = £0.0000 =4.3934 ( for rectangular vessels)
Dy, 13.6567
2.1(23200
Dss :tz\/& =t, 215 _ 0.4375\/¥ =13.6567 in
P P 50
therefore,

p= min[pl, pz] = min[14.2708, 13.3276] =13.3276 in
Since {Paesign = 12.0 in} < {panow = 13.3276 in}, the design is acceptable:

Pafagraph 4.12.3.6.b — The allowable effective widths of shell plate, wy and w, shall not be gregter than
the| value given by Equation (4.12.16) or Equation (4.12.17), nor greater than the actual value of|p if this
valpe is less than that computed in paragraph 4.12.3.6.a. One half of w shall be considered effgctive on
each side of the reinforcing member centerline, but the effective widths shall not overlap. The gffective
dth shall not be greater than the actual width available.

w, =min| p, min[w,,,, p,]|=min[12.0,min[13:7843, 14.2708] ] =12.0 in

Wi

w, =min| p, min[w,, ., p,]]=min[12.0;min[13.7843, 13.3276] | =12.0 in

where,

E

ya

L, hA E, | A E. _0.4375(6000)(28.8E+06
s, JS. J34800 | 29.4E+06

j =13.7843 in
E
A =6000 / psi From Table 4.12.14

ya

Paragraph 4.12.3.6.0=At locations, other than in the corner regions where the shell plate is in tengion, the
eff¢ctive momenis™of inertia, I;; and I,, of the composite section (reinforcement and shell plate acting
together) shall:be computed based on the values of w; and w, computed in paragraph 4.12.3.6.b.

NQTE —A\composite structure may include the use of two or more different materials, each carryirjg a part
of thesload. Unless all the various materials used have the same Modulus of Elasticity, the evalgation of
the composite section will need to consider the ratio of the moduli. Although the material specifications for
the shell plate and stiffeners are different, their Moduli of Elasticity are the same; therefore, no adjustment
to the procedure to calculate the composite section moment of inertia is required.

Calculate the short side stiffener/plate composite section neutral axis as follows, see Figure E4.12.2.
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h t
Astif (tl + 2) + Aplate (éj

. (Astif + Aplate)
3.83[0.4375 s j " 0.4375(12.0)(0'4375]
- (3.83+0.4375(12.0)) =1.1810 in
Calculate the short side compasite section moment of inertia I, . _using parallel axis thearem

Sin
the
for

ST
und
ang

For

For

The reinforcing*member does not have the same allowable stress as the vessel; therefore, the stre

intg
cor

ho_Y wi(t ’ RS
I, = ]‘stif_'—A‘x-zif(tl"’?s_yj +%21)+W1(t1)(y_51j

4.125

2
11.3+3.83(O.4375+ —1.1810) +
I, = =22.908 Lin?

3 2
—12'0(0'4375) + 12.0(0.4375)(1.1810 - 04375]

short side and long side are equal, t; = t,, the pitch of stiffeners are equal, w; = wy, it follow
the short side and long side plates are equal and ;1 = I

EP 4 — Determine the location of the neutral axis from the inside and outside surfaces. If the
er evaluation has stiffeners, then ¢; and ¢, are determined from the cross section of the combin
stiffener section using strength of materials concepts.

the short side plate,
¢,=y=1.18101in

c,=t,+h —y=04375+4125-1.1810=3.3815 in

the long side plate,

¢, =y=1.1810in
¢, =t,+h —5=04375+4.125-1.1810=3.3815 in

rface.of.the components of the composite section shall be determined. Since the interface
hponents is oriented below the composite section neutral axis, the bending equation used to

ce the stiffener is continuous around the vessel with a consistent net section, the plate thickngsses of

s that y

section
ed plate

5s at the
between
compute

the

section neutral axis and the interface of the components is calculated as follows.

For the short side and long side plates, respectively,

Clmeuee) =¥ —1 =1.1810-0.4375=0.7435 in

=y—t,=1.1810—-0.4375=0.7435 in

Ci (interface)
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e) STEP 5 - Determine the weld joint factor and ligaments efficiencies, as applicable, see paragraph 4.12.6,
and determine the factors E,,, and Ej,.

E =E =10
f) STEP 6 — Complete the stress calculation for the selected noncircular vessel Type, see Table 4.12.1, and
check the acceptance criteria.

For non-circular vessel Type 4, the applicable table for stress calculations is Table 4.12.5 and the
corresponding details are shown in Figure 4.12.4.

EqIIJation Constants:

H, H+2(t)+h 30+2(0.4375)+4.125
o, =—= =
Y oh h+2(4)+h 60+2(0.4375)+4.125

=0.5385

I, (22.9081

k=—"a, =
" 22.9081

7 JO.5385:0.5385

Nomenclature for Stress Results:

Sy|membrane stress, short side.

sgf,sgg bending stress, short side at point C on the inside and, outside surfaces, respectively.
Slff ,ng bending stress, short side at point B on the inside and outside surfaces, respectively.
Sk |membrane stress, long side.

S},‘?,S},‘g bending stress, long side at point A on thelinside and outside surfaces, respectively.

S},‘?,S}f; bending stress, long side at point B on-the inside and outside surfaces, respectively.

Membrane and Bending Stresses — Critical’Locations of Maximum Stress:

Membrane Stress on the short side. plate:

. Php 50(60.0)12.0 _
S = = =1982.4 psi
2(4,+4p)E, (2(3.83+0.4375(12.0))1.0

us)

Bending Stress at Loeation C on the short side plate:

2
R T i R T B Y Vi) e
c,) 241,E, 1+k

o 50(12.0)1.1810 [_3(30'0)2 +2(60,0‘2(1+(0.5385) (0.5385)ﬂ
DA 2ZI08TIT0| P05 ]

i€ =3493.6 psi

S;¢ =-85¢ Co|=-3493.6 33815 =-10003.1 psi
c 1.1810

i
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Bending Stress at Location B on the short side plate:

2 2
S =g G |_Phipe | l+oik
¢, ) 12ILE, | 1+k

_50(60.0)° (12.0)(1.1810) {1+(0.5385)2 (0.5385)}

sB __
" 12(22.9081)1.0 1+0.5385

S:? =6973.5 psi

c 1.1810

Sy ==S,; [C—J = —6973.5(3'3815j =-19966.9 psi
Membrane Stress on the long side plate:

g PH 50(30.0)(12.0)
" 2(4,+16,p)E, 2(3.83+0.4375(12.0))1.0

=991.2 psi
Bemnding Stress at Location A on the long side plate:

s _gul G| Phpe | g of1rak
g “\c, | 241,E, 1+k

o

L 50(60.0)" (12.0)(1.1810) . 1+(0.5385)7(0.5385)
" 24(22.9081)1.0 140.5385

S“ =-6946.0 psi

c, 3.3815 _
St =-8" [-J:—(—6946.o)(1 1810)=19888.2 psi

Benmnding Stress at Location B on the.long side plate:

o __gi| & =Ph2pci 1+ak
§ “le, ) 1RIJE | 1+k

o

5 50(60.0)7(12.0)(1.1810) | 1+(0.5385)° (0.5385)
" 12(22.9081)1.0 1+0.5385

vy)

Sy =6973.5 psi

SiEZ _giB (C—) - —6973.5(3'3815\ — _19966.9 psi

(¢ ) (T.18T0/
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Calculate the bending stresses at the interface of the shell plate and stiffener at the Critical Locations of

Maximum Stress.
Bending Stress at Location C on the short side plate:

2
§i¢ = PG| g gy Lk
241, E 1+k

11~b

2
goe _ 50(12.0)(0.7435) [_3 (3007 +2(60.0) ( 1+(0.5385) (0.5385))
L‘F\LL.yUél}l.U L K 1+U.0535 )

| I S|

S;¢=2199.4 psi

us]

Bending Stress at Location B on the short side plate:

o _ Ph pc, {1+afk}

"U120L,E, | 1+k

g 50(60.0)" (12.0)(0.7435) B +(0.5385)7 (0.5385) 2308 oo
= = ) AY/
" 12(22.9081)1.0 1705385 d

us]

Benmnding Stress at Location A on the long side plate:

2 2
S,ifzph PG| 3,9 l+ok
241, E, 1+k

1 _ 0(60.0) (12.0)(0.7435){3+2[1+(0.5385)2 (o.ssss)ﬂ 43729 i

" 24(22.9081)1.0 1+0.5385

us)

Bending Stress at Location B on the long side plate:

s PR pc, {Hafk}

" 12LE,| 1+k
2 2
:?:50(60.0) (12:0)(0.7435) | 1+(0.5385) (0.5385) _ 43902 psi
12(22.9081)1.0 1+0.5385

Acgeptance Criteria — Critical Locations of Maximum Stress: The stiffener allowable stress, Sg;¢

for the membrane stress and membrane plus bending stress for the outside fiber stress acceptance
le-the plate allowable stress, S, is used for the membrane plus bending stress for inside fiber a

=

w

stress criteria.

{S), =1982.4 psi} <{S =22000 psi}

True

1.58 = 1.5(22000) =33000 psi

is used

criteria,
lowable

{S;; +55° =1982.4+3493.5 = 5476.0 psi } < {1 58 =1.5(23200) =34800 psz} {True}
B True

S5 +85:¢ =1982.4+(~10003.1) = ~8020.7 psi
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S) +857 =1982.4+6973.5=28955.9 psi 158 = 1.5(23200) = 34800 psi| (True

S +8,% =1982.4+(-19966.9)=—17984.5 psi| |1.55 =1.5(22000)=33000 psi | |True
{S),=991.2 psi} <{S =22000 psi} True

S+, =991.2+(—6946.0) = -5954.8 psi _J1sS = 1.5(23200) =34800 psi {True}

S! +84-9912+19888.2=20879.4 psi | |1.55=1.5(22000)=33000 psi| |True

S! +82 =991.2+6973.5=7964.7 psi 158 =15 (23200) =34800 psi| [Tiue

S!+8 =991.2+(-19966.9) =—18975.7 psi|  |1.55 =1.5(22000)=33000 psi (True

The allowable stress of the shell plate and stiffener is limited by the stiffener. Therefore) at the intgrface of
thelshell plate and stiffener, the allowable stress used in the acceptance criteria is that of the stiffengr.

{S5+8, =1982.4+2199.4=4181.8 psi} <{1.55 =1.5(22000) = 33000 psi}  True
{S5+8;7 =1982.4+4390.2=6372.6 psi} <{1.55 =1.5(22000)=33000 psi}  True
{S),+Sit =991.2+(-4372.9) =-3381.7 psi} <{1.55 =1:5(22000) = 33000 psi} True
{Sh+8)7 =991.2+4390.2=5381.4 psif <{1.55 = 1£5(22000) = 33000 psi} True

The acgeptance criteria for membrane and membrane plus bending stresses are satisfied at all Iqcations;
thereforg, the design is complete.

W4x13 Agir= 3.83in.2, Igr= 11.3in.*

T 1.3190 in.
4H125in.  composite)Section 00623
Nettral Axis v 9 in.
___________ I — T
04375 in ° v y =1.1810{in.
) ) !
f Datum Line

Y

A

12.00 in.

Figure E4.12.2 — Composite Section Details
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413 Layered Vessels

4131

Example E4.13.1 — Layered Cylindrical Shell

Determine the required total thickness of the layered cylindrical shell for the following design conditions. The
vessel has a corrosion resistant internal liner. Examination requirements are to be in accordance with Part 7,
paragraph 7.4.11.

Vessel

e Mat
e Des
e Insi
e Cor
e Allo
o Wel
e Thid
In accor
Part 4, ¢

f=
The req
Per pard

U

rial = SA—724, Grade B
gn Conditions = 5400 psig @ 300°F
ifle Diameter = 84.0 in
osion Allowance = 0.0 in
vable Stress = 39600 psi
H Joint Efficiency = 1.0
kness of each layer = 0.3125 in
dance with Part 4, paragraph 4.13.4.1, determine the total thickn€ss of the layered cylindrical sh

aragraph 4.3.3.

D exp{i}—l :% exp __400 —1|=621361in
2 SE 2 39600(1.0)

lired thickness for all layers is 6.1361 in.
graph 4.13.4.4, the minimum thickness.of any layer shall not be less than 0.125 in.

., =03125inf>{t

layer ,min

=0.125 in} True

Bl using
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Example E4.13.2 — Layered Hemispherical Head

Determine the required total thickness of the layered hemispherical head for the following design conditions.
The vessel has a corrosion resistant internal liner. Examination requirements are to be in accordance with Part
7, paragraph 7.4.11.

Vessel Data:

e Material = SA—-724, Grade B

. DeW fti = =
¢ Insigle Diameter = 84.0 in

e Cor
e Allo
o Wel
e Thid

In accor

osion Allowance = 0.0 in
vable Stress = 39600 psi
d Joint Efficiency = 1.0

kness of each layer = 0.3125 in

dance with Part 4, paragraph 4.13.4.1, determine the total thickness of the'layered hemispheri

using Part 4, paragraph 4.3.5.

~
1l

The req

Per pard

it

0.5(5400
b exp{o'i}—l :84'0 exp ( ) -1]=2.9635in
2 SE 2 39600(1.0)

lired thickness for all layers is 2.9635 in.
graph 4.13.4.4, the minimum thickness of any layer shall not be less than 0.125 in.

o =03125in} 2 {1, . . =0.125 in] True

4-221
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Determine if the anticipated maximum permissible gap between any layers, in accordance with paragraph
4.13.12.3 for the cylindrical shell in Example Problem E4.13.1 is adequate, given the specified design cycles.
The vessel has a corrosion resistant internal liner. Examination requirements are to be in accordance with Part

7, paragraph 7.4.11.

Vessel Data:

e Material = S4-—724_Grade B
. Deslgn Conditions = 5400 psig (@ 300°F
e Insigle Diameter = 84.0 in

e Corfosion Allowance = 0.0 in

e Allovable Stress = 39600 psi

e Weld Joint Efficiency = 1.0

e Thigkness per Layer = 0.3125 in

e Number of Layers = 20

e Spefified Design Cycles = 75000

e Anticipated Maximum Gap Height = 0.015-in

e Anticipated Maximum Gap Length = 0.25in

e Minimum Ultimate Tensile Strength = 95 ksi

e Eladtic Modulus at Temperature = 28.3E+06 psi

Commenptary: In layered vessel design, the permissible;gap height between layers is limited by the nymber of
pressurg cycles applied during operation. The opening and closure of the gap due to the applied pressyre cycle
creates |a bending moment from which a bending\stress and resulting total stress range and stress amplitude
can be |calculated. Using an appropriate fatigue curve with the calculated stress amplitude, a pemmissible
number|of pressure cycles can be determined. A comparison between the specified design cycles [and the
permiss|ble cycles, based on the gap height, is made to determine acceptance.

The progedure to determine the maximum gap height is iterative as an initial value of the gap height is agsumed,
the resylting bending stress_and’stress amplitude are calculated, and the permissible number of gycles is
determimed using an appropriate fatigue curve. If the specified design cycles are less than the determined
permiss|ble cycles, the.gap can be increased until the specified design cycles equal the permissible nymber of
cycles. |ConverselysTif the specified design cycles are greater than the calculated permissible cycles, [the gap
can be reduced until'the specified design cycles equal the permissible number of cycles.

In accordancewith paragraph 4.13.12.3, the maximum number and size of gaps permitted in any crosq section
of a laygred-vessel shall be evaluated as follows. For this example, conservatively consider the gap between
layers to be located at the outermost layer of the vessel.

The circumferential stress of the shell and the bending stress due to the gap can be calculated as follows.

2 2 2 2
- R02 +R12 P= (48'25)2+(42'0)2 (5400)=39175.0 psi
R, —R’  (48.25) —(42.0)

where,
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42.0+20(0.3125)=48.25 in
=R =42.01in

{Inside Radius + Number of Layers (Layer T hickness)}

_1812E,h  1.812(28.3E+06)(0.015)
R 48.25

g

=15941.8 psi

where,

R

Since

|= R, =48.25 in

Sp = 15941.8 psi} < {0.71S = 0.71(39175.0) = 27814.3 psi}, the total stress range,

calculat¢d as follows.

AS

The stre

S

ag

Since {4
follows.

K

(4

The fati
smooth
3F.1.3.

found in

Paragra

Y

Paragra

=5+03S,+P= 39175.0+0.3(15941.8)+54OO =49357.5 psi

ss amplitude for fatigue analysis at the gap is calculated as follows.

_K,AS, 1.0(49357.5)
=

=24678.8 psi

\S,, = 49357.5} < {35,,, = 3(39600) = 118800 psi}, the fatigue penalty factor, K,, is calcu

=1.0

jue analysis to determine the permissible‘\number of cycles is in accordance with Annex 3F, u
bar design fatigue models per paragraph 3F.1.2(a) for carbon steel not exceeding 700°F and p3
Since UTS = 95 ksi, interpolation.of the permissible number of cycles is required using the e
paragraph 3F.1.2(a)(1) and paragraph 3F.1.2(a)(2).

ph 3F.1.2(a) and substituting-S, = S, = 24678.8 psi — 24.6788 ksi,

¥ log[28.3E + 03(2“ ﬂ =log {28.3E + 03(Mﬂ =1.3923

283E+03

T

bh  3F.1.2(a)(1), with {10Y = 1013923 = 24,6788} > 20, the number of permissible c

determined as follows.

ated as

sing the
ragraph
juations

cles is

=4706.5245+1813.6228Y + 6785.5644 368. 12404Y2]
. D4
_5131.27345 £30.7082047° + 1596.31916 T
—4706.5245+1813.6228(1.3923)+M—368.12404(1.3923)2
= ' =4.5953
B 5133.73425 +30'708204(1.3923)3 N 1596.19136
(1.3923) (1.3923)
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Paragraph 3F.1.3, the number of design cycles, N can be computed based on the parameter X calculated for
the applicable materials as follows.

N, =10" =107 =39382 cycles

Paragraph 3F.1.2(a)(2), with {10Y = 1013923 = 24,6778} < 43, the number of permissible cycles is
determined as follows.

B —9.41749 +14.7982Y —5.94Y*
1346282V +13 63495Y2 —1 21849Y3

i ~9.41749 +14.7982(1.3923) - 5.94(1.3923)’
1-3.46282(1.3923)+3.63495(1.3923)" —1.21849(1.3923)’
X =5.1667

X

Paragraph 3F.1.3, the number of design cycles, N can be computed based on the parameter X calcu|ated for
the appljcable materials as follows.

N} =10" =10°"" =146791 cycles

Performjng linear interpolation to determine the permissible number of ¢yeles for UTS = 95 ksi.
(Nl 15— Nso )
(UTS115 —UTSgo)

146791-39382)
(115-80)

Ny = Ng, +(UTS95 —UTS80)

Ny = 39382+(95—80)(

Ny =85414 cycles

Since {Ngz = 85414} = {N, = 75000}, the.anticipated gap height at the outermost layer, h = 0.015 in., is
acceptaple.

The maximum permissible number of-gaps and their corresponding arc lengths at any cross section of gl layered
vessel shall be calculated as follows;

25)(0.01
F =O.109[b—}21]=0.109[wj=1.7558E—O7
48.25

g
20| layers —> Foy = 20(1.7558E —07) =3.5116E — 06

The totdl sum.of.the calculated F values shall not exceed the quantity,

=0’ (25, 2PR} )

F —_
! Ey L Ke Roz _R[ZJ
~1-(03)° [2(39600) 2(5400)(48.25)" | 0.001
"T283E+06( 10 (4825) —(42.0) )

Since {F,, = 3.5116E — 06} < {F; = 0.001}, the anticipated gap length at the outermost layer, b = 0.25 in.,
is acceptable.

4-225


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

[Intentionally Left Blank]

4-226



https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

4.14 Evaluation of Vessels Outside of Tolerance

4141

Example Problem E4.14.1 — Shell Tolerances

During construction examination of the vessel shell indicated angular weld misalignment at the long seam weld.
The shell tolerances did not satisfy the fabrication tolerances given in paragraph 4.3.2. Determine if the design
may be qualified using paragraph 4.14.1. The vessel is not in cyclic operation based on the screening criteria
performed in accordance with paragraph 5.5.2.

Vessel

e Matgrial = SA—-516, Grade 70

e Desjgn Conditions = 325 psig(@600°F

e Insidle Diameter = 30 in

e Wal| Thickness = 0.5in

e Joint Efficiency = 100 %

e Corfosion Allowance = 0.063 in

e Alloyable Stress = 19400 psi (@ 600°F

e Yield Strength = 29100 psi (@ 600°F

e Modulus of Elasticity = 26.5E +06 psi (@600°F

Examinption Data:

e Pea

Per paragraph 4.14.1, the user has agreed to permit the assessment procedures in APl 579-1/ASME §

be used
Factor @
Remain

API 579
at a long
misalign
refereng
paragra
a) ST

var

lon

king distortion, § 0.33 in

to qualify the design. When API 579-1/ASME FFS-1 is used for the assessment, a Remaining
f 0.95 shall be used in the calculations unless another value is agreed to by the user. Hows
ng Strength Factor shall not be less than 0.90.

-1/ASME FFS-1 — The Level 2 Assessment procedure for the evaluation of angular weld misa
itudinal weld joint is previded in Part 8. Paragraph 8.3.4.1 provides a technique to measure the
ment (peaking) of the yessel and the resulting weld peaking has been documented as provideg

bh as shown belew.

EP 1 — Identify the component and weld misalignment type (see Table 8.10) and determine the fi
ables asvapplicable (see Figure 8.4). The weld misalignment is identified as angular misalignm

FFS-1 to
Strength
ver, the

ignment
angular
above,

e Figure 8.4(a) 'and Figure 8.8. Paragraph 8.4.3.2 provides a step-by-step procedure fiom this

pllowing
ent on a

pitudinal weld seam.
R= R +R _ I15.5+15.063 —15.2815 in
2 2
v=0.73
Hf =3.0
RSF, =0.95
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b) STEP 2 — Determine the wall thickness to be used in the assessment.

t.=t, —LOSS—FCA=0.5-0.0-0.063=0.437 in

c) STEP 3 — Determine the membrane stress from pressure g,,,, (see Annex 2C). For cylindrical shells, g,
should be used for misalignment of longitudinal joints. Note that APl 579-1/ASME FFS-1 permits the use of
the equations from Part 4, paragraph 4.3 in lieu of those shown from VIII-1, as shown in paragraph
2C.3.3.1(a), Equation (2C.11). Rearranging equation (4.3.1) from VIII-2 to solve for stress results in the

following.
: P 325
ol = = =11364 psi
" 2 2(0.437
E-ln{+l} 1.0-1n (7)_,_1
D (30.126)

d) STEP 4 - Calculate the ratio of the induced bending stress to the applied membrarie, stress, R, using the
eqyations in Table 8.10 based on angular weld misalignment (local peaking).

S \/12(1V2)pR3 ) 12(1-(0.3))(325)(15.2815)
’ Ep (26.5E +06)(0.437)

=23931

Andl,

o__033 =0.0216

R 15.2815

Frgm Figure 8.13, with

S, =23931
— C, ~0.84
%: 0.0216 !

Therefore, for cylinders — Longitudinal Joints:

R =6| 2 |c, =6f 22 |(0.84)=3.81
i) K437

R, =R + R"=0.0+3.81
o,, =00

e) STEP 5=Determine the Remaining Strength Factor.

‘ H_S 1
S e ,1.0J
_%(HR;,)“TM(HRZ,S)

(3.0)(19400) L0
(11364)(1+3.81)+(0.0)(1+1.0)" }

RSF = min

RSF = min

= min[1.0647,1.0] = 1.0
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f)  STEP 6 — Evaluate the results.
{RSF =1.0} > {RSF, =0.95} True

The Level 2 Assessment Criterion is satisfied; therefore, the angular weld misalignment (peaking) is acceptable
for the specified design conditions.
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4.14.2 Example Problem E4.14.2 — Shell Tolerances and Fatigue Evaluation

Determine if the vessel in the Example Problem E4.14.1 can operate for 2000 cycles.
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In accordance with

paragraph 4.14.1, a fatigue analysis shall be performed using APl 579-1/ASME FFS-1, as applicable. The
fatigue analysis procedure is given in Part 8, paragraph 8.4.3.8. A fatigue analysis may be performed since the
vessel satisfies the Level 2 criterion for the assessment of the weld misalignment as shown in Example Problem

E4.14.1.

Operational Data

° Congdtitrom+
e Condition 2

e Avefage Temperature of Cycle

Material| Properties

e Ultimate Tensile Strength, Syrs
e Yield Strength, S,,

e Alloyvable Stress, S,

e Modulus of Elasticity, Er

e Modulus of Elasticity, Ey,

e Modulus of Elasticity, E4

Additional Data

e Examination Group
e Surface Examination
o Weld Prep

e Env|ronmental Factor, f,

The step-by-step procedure from APL579-1/ASME FFS-1, Part 8, paragraph 8.3.4.2 is shown below.

a) STEP 1 — Determine the nature of the loading, the associated membrane stress, and the nu

opgrating cycles.

e | The loading consists of pressure loading. From Example E4.14.1, 0,,, = 11364 psi.

Otz 70°F
325 psig @ 600°F
335°F

70000 psi @ 335°F
33215 psi @ 335°F
22190 psi @ 335°F
28.16E +06 psi @ 335°F
28.16E +06 psi @335°F
29.05E +06 psi@100°F

16

None

As —Welded
4.0

e | The desired number of operating cycles, N = 2000 cycles.

b) STEP 2 — Determine the ratio of the induced bending stress to the membrane stress resulting fr
igalignment. From Example E14.1.1,

3

R= R/ =381

mber of

bm weld

c) STEP 3 - Using the loading history and membrane stress from STEP 1 and Rj, from STEP 2, calculate the
stress range for the fatigue analysis using Table 8.12 for a cylinder with a longitudinal weld joint with weld

misalignment.

Elastic Stress Analysis using welded joint fatigue curves:

Ao, =0, =11364 psi

Ao, =0, (R + R’ + Ry ) = (11364)(0.0+3.81+0.0) = 43297 psi
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The fatigue strength reduction factor will be

applied when computing the alternating stress range; therefore, set K; = 1.0 in the equation for ASp.

AS, =0, (1+R" + R + R )(K )
AS, =(11364)(1+0.0+3.81+0.0)(1.0) = 54661 psi

STEP 4 — Compute the number of allowed cycles using the stress range determined in STEP 3 using Part
14, as applicable. Per paragraph 14.1.6, fatigue curves are presented in two forms: fatigue curves that are

based on smooth bar test annr‘impnc and fnfigllp curves that are based on test Qpprimpnq that include wed

det
eqt

Pa

bils with quality consistent with the fabrication and inspection requirements for pressurge, ¢g
ipment. The fatigue curves to be used with this Part are contained in Annex 14B.

agraph 14.4.3 provides three methods for determining the permissible number of cyeles:
Method A: Elastic Stress Analysis and Equivalent Stresses, paragraph 14.4.322,
Method B: Elastic-Plastic Stress Analysis and Equivalent Strain, paragraph.44.4.3.3, and
Method C: Elastic Stress Analysis and Structural Stress, paragraph 14.4°3.4.

ce an elastic-plastic stress analysis has not been conducted, the ‘permitted number of cycle
ermined using Methods A and C. In both cases the stresses' considered consist of thosg
ssure loading only, i.e., supplementary loads and thermal gradients negligible.

thod A: Part 14, paragraph 14.4.3.2

STEP 1 through STEP 3 — For a fatigue assessment using an elastic stress analysis and ed
stresses, the STEPS are similar to STEP 1-through STEP 3 in paragraph 8.4.3.8 with the e
that the elastic stress range is calculated-from the stress tensors. Also, two options are pro
determine the equivalent stress range.

i)  OPTION 1 — Local thermal stress range is not separated from the total stress range.
i) OPTION 2 — Local thermal‘stress range is separated from the total stress range.

negligible and the mechanical loading consists of internal pressure only. Therefore, the stres
for internal pressureoading is given by STEP 3 from Part 8, paragraph 8.4.3.8.

STEP 4 - Perform’the following for each cyclic stress range in the loading time history.

i) STER4.1 — Obtain the stress tensors at the start and end of the cycle.
NoOt required for this example.

i) STEP 4.2 — Calculate the equivalent primary plus secondary plus peak stress ranges

ntaining

5 will be
due to

uivalent
Kception
vided to

For this example, OPTION )T is selected and the stress range due to thermal loading is copsidered

s range

for the

cycle

As thermal loads are not applicable, AS;; = 0.0, the equivalent stress range for the pressure cycle

is as shown in STEP 3 of Part 8, paragraph 8.4.3.8.
AS, =54661 psi
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STEP 4.3 — Calculate the effective alternating equivalent stress amplitude for the cycle using the
results form STEP 4.2.
K. -K -AS 2.0)(1.0)(54661
S = ! 26 PZ( )( 2)( )254661 psi

The fatigue strength reduction factor, K¢, is determined from Table 14.5 based on type of weld

and the quality level determined from Table 14.6. The quality level in Table 14.6 is based on the
type of inspection performed on the weld. For the vessel material, the specification called for full

volumetric and full visual examination but neither MT nor PT were Int:\rfnrmnd on the weld due to

thickness limitations. Therefore, from Table 14.6 the quality level is 4. The weld being lagsessed
is an as-welded full penetration weld. For an as-welded full penetration weld inspected tp quality
level 4, Table 14.5 stipulated a weld fatigue reduction factor of Ky = 2.0.

The factor K, is a fatigue penalty factor that may be determined from Equations (14.25) tq (14.27)
depending on the value of the stress range ASp compared to the “permitted primary plus

secondary stress range, Sps. The allowable limit on the primary plus/secondary stress range,
Sps, is determined from Equation (14.77), where the values of Syjzs,*S,, and S,, are the javerage

values at the highest and lowest temperatures of the cycle.

Sps =min| Sy, max|[3.08,, 28, ]

Sps = min| 70000, max [ (3)(22190), (2)(33215) ]| = 66570 psi
Since {AS, = 54661 psi} < {Spg = 66570 psi} ;K is determined per Equation (14.25) where K, =
1.0.

STEP 44 - If K, > 1.0 and the.material of construction for the component Fkatisfies
YS/UTS < 0.80; then proceed to STEP 4.5.

Not required for this example.

STEP 4.5 — Determine the permitted number of cycles, N, for the alternating equivalent stress
amplitude computed inNSTEP 4.3 using a fatigue curve based on the materials of constrpiction in
Annex 14B for the cycle.

Paragraph 14B-4:3'— The design fatigue curves in this paragraph are from VIlI-2, Annex 3F.

Paragraph 14B1.4 — The fatigue analysis to determine the permissible number of cycles Using the
smooth<bar design fatigue models is in accordance with paragraph 14B.1.4(a) for carbon $teel not
exceeding 700°F and paragraph 14B.1.5. Since o0, < 80 ksi, the permissible number ¢f cycles
isirequired using the equations found in paragraph 14B.1.4(a)(1).

Paragraph 3-F.1.2(a) and substituting S, = S;;; = 54.661 ksi,

—

Y = log| 283E+03| 3= || = 1og 28.3E+03(ﬂj =1.7398
E, 28.16E +03

Paragraph 14B.1.4(a)(1), with {10Y = 10173°8 = 54,9} > 20, the number of permissible cycles
is determined as follows, using Equation (14B.2).
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—4706.5245+1813.6228Y + &)75644 —368.12404Y

_5133.7345

Y2

+30.708204Y° +—1596'31916

6785.5644

—4706.5245 + 1813.6228(1 .7398) + —-368. 12404(1 .7398)2

1.7398
X = =3.5201

_5133.734? 130708204 (1.7398)’ + 1596.1916

thod C: Part 14, paragraph 14.4.3.4

(T.7398) (T.7398) ]

Paragraph 14B.1.5, the number of design cycles, N, can be computed based on the-parameter X

calculated for the applicable material as follows.

N =10" =10>"*" =3312 ¢ycles

i)

stress analysis in STEP 2.

STEP 4 — Perform the following for.each cyclic stress rage in the loading time history.

STEP 1 — Determine the load history for the component, considering all significant operating loads.
See Operational Data:

STEP 2 - For the weld joint subject to fatigue evaluation.'determine the individual number of stress-
strain cycles.

The desired number of cycles, N = 2000 cycles.

STEP 3 — Determine the cyclic stress ranges at the location under consideration based on thg elastic

STEP 4.1 — Determine the“elastic membrane and bending stresses normal to the gssumed

hypothetical crack lane_at the start and end points for the cycle. Using this data, calcy
membrane and bending stress ranges, and the maximum, minimum, and mean stress
cycle.

late the
for the

From Example”"E14.1, the maximum membrane stress for the cycle occurs at a pressurg¢ of 325
psig, and the minimum membrane stress for the cycle occurs at zero pressure. Similarly, the
maximum bending stress for the cycle occurs at a pressure of 325 psig, and the minimum [bending
stress_for the cycle occurs at zero pressure. The values of the stress ranges are piven in

Eduation (14.44) through (14.47).

:‘(Rb)(’”a,‘; ~"0% ) =|(3.81)(11.364—0)| = 43.297 ksi

e _|m__e n__e
Aab—‘ o, — O,

m

O = max| (11.364+0+43.297),(0+0+0) | = 54.661 ksi

O =max[(mc7; +"P + ’"0';),("0'; +"P + "0'5)]

m

_ . m e m m e n e n n e
O'm—mln[( o, +"P + ab),( o, +"P + O'b)]

O,in =min[ (11.364+0+43.297),(0+0+0)]=0.0 ksi
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_ s + Omin _ 54'62”0 —27.331 ksi

O_mean 2

STEP 4.2 — Calculate the elastic structural stress range, Adg®¢, for the cycle using Equation

(14.48).
Ac® =0, +0,. =54.661+0.0=>54.661 ksi

min

STEP 4.3 — Calculate the elastic structural strain, Ag€, from the elastically calculated structural

stress range, Acg ¢, using Equation (14.49).

Ac® 54661
E, 28.16E+03

ya

Ag® = =1.9411E-03 in/in

STEP 4.4 — Calculate the pseudo-elastic structural strain range, Ae, for the-gycle by so
nonlinear algebraic Equation (14.50).

1
AngO' -Ag 12 A’ -Ag® |l
E, -Ae 2K, -Ae

Note that Equation (14.50) is derived from Neuber's ruledexpressed by Equation (14.51
model for the material hysteresis loop stress-strain cufve’ given by Equation (14.52). §
(14.50) is derived by substituting Equation (14.51) inEquation (14.52).

ving the

) and a
Fquation

Determine the stress range, Ao, and strain range, Ae, by correcting the elastically computed

values of Ag® and Ae€ by solving Equations:(14.51) and (14.52) simultaneously, these e
are shown below.
Ao -Ae=Aoc’-A&f

1

re =27 o[ B
E K

ya css

The parameters K ¢ 'and n.gs are determined from Part 2, Annex 2E, Table 2E.9 for the
temperature duripng the cycle. The values for Carbon Steel (0.75 in. — weld metal) are:

T=70°F~\" -  n_=0110 K_ =100.8 ksi
T=390°F — n_=0118 K. =99.6 ksi

The-average temperature of the cycle is 335°F. Therefore, the values of n g and
determined as follows.

juations

average

K.ss are

T=335F —  n_=0.11663 K_ =99.80625 ksi

Substituting the above values into the equations results in the following simultaneous equations.

Ac-As=Ac* - As =(54.661)(1.9411E-03)=1.0601E 01

1

AG AG 0.11663
&= +2
28.16E+03 2(99.80625)
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The solution of these equations is:
Ao =54.265 ksi
Ag=1.9553E-03 in/in

v) STEP 4.5 — Calculate the pseudo-elastic structural stress range Ao for the cycle using Equation
(14.53).
Ac=E, -As=(28.16E+03)(1.9553E—03) =55.061 ksi
\Ii) STEP 4 6 — Calculate the equivalent structural siress range parameter /\'§‘En far the cycle using
Equation (14.54).
AS o = AG] = (2_3%'061 =38.784 ksi
Gl s (0eas) e 1.2789) 1)
where,
m, =3.6
t.. =0.625 in (for {¢=0.437 in} <0.625 in)
1'"%  1.23-0.364R, —0.17R?
1.007-0.306R, —0.178R;
mi 1.23 —0.364(0.7921)—0.17(0.7921)2
I = > =1.2789
1.007—0.306(0.7921)—0.178(0.7921)
R, - Ao, _ 43.297 ~0.7921
Ao’ 54.661
O __00 0.
O,.. J4611
Sy =1.0 (since {RzO}SO)
vii) STEP 4.7 £ Determine the permissible number of cycles, N, based on the equivalent sfructural

stress rafige parameter, AS,, for the cycle computed in STEP 4.6 using the fatigue curve based
on the-materials of construction in Annex 14B.

Paragraph 14B.4.2(a) — The constants C and h for use in Equation (14B.28) are provided|in Table
14B.5. The Lower 99% prediction interval (—30) shall be used for design per VIII-2.

1 1

TV 09694 J(ST83T |7=r>
N:L Jur CF_LIFL N ) =3165 cycles
L\ AS. ) a0l 38784

where,

C=8183 h=0.3195  — for ferritic steels (—30‘)

f,=1.0 (fati gue improvement techniques have not been used)
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7 =40 environmental modification factor
e the process fluid is considered mildly aggressive
e =&_ 28.16E+03 0.9694

E, 29.05E+03

The component is acceptable for cyclic operation at the specified design conditions.

In sumnlary, the fatigue life is satisfied by both Method 1 and Method 3.

Method 1:

{N =33 12} > {Speciﬁed Design Cycles = 2000} (T rue)
Method 3:

{N = 3165} > {Speciﬁed Design Cycles = 2000} (T rue)
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Example Problem E4.14.3 - Local Thin Area

For the vessel in Example Problem E4.14.1, radiographic examination of a Category A weld seam identified a
grouping of linear indications which were removed during fabrication by blend grinding that has resulted in a
region of local metal loss. The resulting region of local metal loss was made to conform to the requirements of
paragraph 4.14.2.2. The user has agreed to apply the assessment procedures of Part 5 of APl 579-1/ASME
FFS-1 to determine whether the local thin area is acceptable without the need for weld repair.

Vessel Data:

e Matgrial = dA—316, Grade /0
e Desjgn Conditions = 325 psig@600°F
e Insigle Diameter = 30 in

e Wal| Thickness = 0.5in

e Joint Efficiency = 100 %

e Corfosion Allowance = 0.063 in

e Allowable Stress = 19400 psi(@600°F
e Supplemental Loads = Negligible

Examinption Data:

Based o

inches @nd a uniform measured thickness of 0.437-inch. . The critical thickness profile in the circum

directior
45-inche
conside

As note
Factor o

The LeV
Part 5,

a) ST
b) ST

n inspection data, the Critical Thickness Profile (CTP) in“the longitudinal direction has a length,

has a length ¢ of 1.0-inch with the same uniform:thickness. The region of local metal loss i
s away from the nearest structural discontinuity and is the only region of local metal los
ation.

i in paragraph 4.14.2.1, when API 579:9/ASME FFS-1 is used in the assessment, a Remaining
f 0.98 shall be used in the calculations unless another value is agreed to by the user.

el 1 Assessment procedure-for evaluation of a local thin area is provided in APl 579-1/ASMHE
aragraph 5.4.2. The step-by-step procedure of paragraph 5.4.2.2 is shown below.

EP 1 — Determine theé GTP (Critical Thickness Profiles) (See Inspection Data above).
EP 2 — Determing the wall thickness to be used in the assessment using Equation (5.3).
toom =0.50n

LOSS=0.0 in
FCEA=0.063 in

s of 2.0-
ferential
located
S under

Strength

FFS-1,

| WAl L4 05000062 0427 3
U UUT U000 T UTTd

£ £
LC _Ln()m L0090 1 U1 — 7 ire

c) STEP 3 — Determine the minimum measured thickness, t,,,, , and the dimension, s and c¢ for the CTP.

t, =0.437 in
s=2.01in
c=1.01in

d) STEP 4 - Determine the remaining thickness ratio and the longitudinal flaw length parameter using
Equations (5.5) and (5.6), respectively.
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t,,—FCA _0.437-0.063

R = =0.8558
t, 0.437
J_lagss _ 1285(20) o
JDr. |[30.126(0.437)
where,

D=30.0 +2(LOSS +FCA) = 30.0+2(0.0+ 0.063) =30.126 in

o

STEP 5 — Check the limiting flaw size criteria for a Level 1 Assessment using Equations (5.7); (5
{Rt = 0.8558} >0.20 True
{tmm —FCA=0.437-0.063=0.374 in} >0.10 in True
(L, =45in}> {1.8\/1)4 =1.8,/30.126(0.437) = 6.5311 in} Tivie

ST
loc

ST
paf
par
Re

ST

=2

Wi

EFP 6 — Check the criteria for a groove-like flaw. This step is not<applicable because the r
plized metal loss is categorized as an LTA.

EP 7 — Determine the MAWP for the component using thé’thickness from STEP 2, see An
agraph 2C.2. Note that APl 579-1/ASME FFS-1 permits the use of the equations from
agraph 4.3 in lieu of those shown from VIII-1, as shown in paragraph 2C.3.3.1(a), Equation
brranging equation (4.3.1) from VIII-2 to solve for the M AW P results in the following.

2(0.437)

MAWP® = SE-In {2 +1} =(19400)(1.0J-In
D (30.126)

+ 1} =554.8 psi

EP 8 — Evaluate the longitudinal extent.of the flaw.

RSF = I R = I 0.8558 =0.9839

I-—(1-R L/ 1-0.8558
M( ’) 1.1074( )

t

bre the parameter, M;-is determined from Table 5.2.

1.0020=0.0141951+0.290901° —0.096420.4° +0.0208901* —
M, =|0.00305404° +2.9570F —041° —1.8462F —051" +7.1553E - 07 1% —
1.5631E —082° +1.4656E —101"°

.8), and

pgion of

nex 2C,
Part 4,
2C.10).

1.0010—-0.0141 oq(n 7nm)+n oonon(n 70522)2 -0 {]OAA’){]({] 7nm)3 -

Sin

0.020890(0.7083)" —0.0030540(0.7083)° +2.9570E —04(0.7083 )" -

M, =
1.8462E —05(0.7083)" +7.1553E —07(0.7083)" —
1.5631E —08(0.7083)” +1.4656 E ~10(0.7083)"

M, =1.1074

ce {RSF = 0.9839} > {RSF, = 0.98}, the longitudinal extent of the flaw is acceptable.
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i) STEP 9 - Evaluate circumferential extent of the flaw.

1) STEP 9.1 — If Equation (5.13) | satisfied, the circumferential extent is acceptable, and no further
evaluation is required.

{c=1.0in} s{z{éj:z(z.o)(%}:m m} True

Since the above criteria is satisfied, the circumferential extent of the flaw is acceptable.

The Leyel 1 Assessment Criteria are satisfied. Therefore, the LTA is permissible and weld repalr is not
required.
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4.15 Supports and Attachments
4.15.1 Example E4.15.1 — Horizontal Vessel Supported by Two Saddles

Determine if the stresses in the horizontal vessel induced by the proposed saddle supports are with acceptable
limits. The vessel is supported by two symmetric equally spaced saddles welded to the vessel, without
reinforcing plates or stiffening rings. All Category A and B joints are Type 1 butt welds and have been 100%
radiographically examined. See Figure E4.15.1.

Vessel Data:
e Matgrial = SA—-516, Grade 70
e Desjgn Conditions = 1800 psig @175°F
e Insige Cylinder Diameter = 60.0 in
e Cylinder Thickness = 3.0in
e Corfosion Allowance = 0.125 in
e Formed Head Type = 2:1 Elliptical
e Head Thickness = 3.0in
e Allowable Stress = 23500 psi
e Yielfl Stress at Design Temperature = 35250 psi
= 1.0
= 292.0 in
e Material = SA—-516, Grade 70
e Saddle Center Line to Head Tangent Ling™ = 41.0in
e Saddle Contact Angle = 123.0 deg
e  Wid}h of Saddles = 8.0 in
e Vespel Load per Saddle = 50459.0 Ibs

Adjust the vessel inside diameter and thickness by the corrosion allowance.

ID=ID,, +2(Corrosion Allowance)=60.0+2(0.125)=60.25 in

t ot —Corresion Allowance=3.0—0.125=2.875 in

t, ¥t, ~Corrosion Allowance=3.0—0.125=2.875 in

VOD+ID  66.0+60.25

" 4 4
~OD+ID 66.0+60.25

mh 4

(ID,. )+ Corrosion Allowance) +0.5¢,

(60.0)+0.125)+0.5(2.875) =16.5625 in

=315625in

=31.5625 in
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Per Paragraph 4.15.3.
Paragraph 4.15.3.1, Application of Rules:

a) The stress calculation method is based on linear elastic mechanics and covers modes of failure by
excessive deformation and elastic instability.

b) Saddle supports for horizontal vessels shall be configured to provide continuous support for at least one-
third of the shell circumference, or 8 = 120.0 deg.

Since {8 = 123.0deg} > {Hw,q =120.0 dea} the geometry is acceptable

Paragraph 4.15.3.2, Moment and Shear Force:

The vegsel is composed of a cylindrical shell with formed heads at each end that is supported by twq equally
spaced kaddle supports. The moment at the saddle, M;, the moment at the center of thewvessel, M,,|and the

shear fdrce at the saddle, T, may be computed if the distance between the saddle centerline and head|tangent
line satigfies the following limit.

{a=41.0 in} <{0.25L =0.25(292.0) = 73.0 in} Satisfied
Bemnding Moment at the Saddle:
a R,i —hé
l——+—2—m
Ml — —Qa 1— L 2al
4h
I+ =
3L

( 41.0 j (31.5625)" (16.5625)°
1- +

2929 2(41.0)(292.0)
4(16.5625)

3(292.0)

M, =—(50459.0)(41.0) 1-
1+

M, =-357533.9 in—bs

4-244


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

Bending Moment at the Center of the Vessel:

2(R; )
R
oL I2 4a
M, == ah L
1+
3L
2| (31.5625)" ~(16.5625) |
-
~50459.0(292.0) (292.0)’ ~4(41.0)
2 4 4(16.5625) 292.0
+7
3(292.0)

M, ==1413685.4 in—Ibs

She¢ar Force at the Saddle:

O(L-2a) 50459.0[292.0-2(41.0)]

= 4(16.5625)

=33737.5dbs

4h
L+ 3 292.0+

Paragraph 4.15.3.3, Longitudinal Stress:

a)

The longitudinal membrane plus bending stresses in the“cylindrical shell between the supports are
the|following equations.

At {he top of shell:
PR, M, _1800(31.5625)0"  1413685.4 97233 psi
2 xRyt 2(2875)7  x(31.5625)(2.875) '

o, =

Notfe: A load combination that includes zero internal pressure and the vessel full of contents would
thellargest compressive stfess at the top of the shell and should be checked as part of the design.

At the bottom of the shell:

PRM+ M, _1800(31.5625)+ 1413685.4
2 7Ry 2(2875)  z(31.5625)° (2.875)

0,

=10037.6 psi

jiven by

provide

uations.

¢ longitudinal stresses in the cylindrical shell at the support location are given by the following eq

cal shell

may be considered as suitably stiffened if it incorporates stiffening rings at, or on both sides of the saddle

support, or if the support is sufficiently close defined as a < 0.5R,,, to the elliptical head.
Since {a = 41.0 in} > {0.5R,,, = 0.5(31.5625) = 15.7813 in}, the criterion is not satisfied.

Therefore, for an unstiffened shell, calculate the maximum values of longitudinal membrane plus
stresses at the saddle support as follows.
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At points A and B in Figure 4.15.5:

o PR, M, 1800(31.5625) —357533.9
- _ _

2t KaRdt  2(2875)  0.1114(7)(31.5625) (2.875)

=10237.1 psi

where the coefficient K; is found in Table 4.15.1,

in? 2sin*[1.4181
A+sinA-c0sA—2sm A 1.4181+sin[1.4181]-cos[1.4181]—M
K = A _ 1.4181
‘ STrA; Fsimfr418t} .
ﬂL —cosAJ 7| T cos[1.4181]
A 1.4181
K, =0.1114
» 5{(123.0)(1’8’0H
A=Z 222 —1.4181 rad
6 12 6 12

At the bottom of the shell:

G*_PRm+ M, —1800(31'5625)+ —357533.9
Y2 KRy 2(2875)  0.2003(x)(34.5625) (2.875)

=9682.1 psi

where the coefficient K7 is found in Table 4.15.1,

.2 i a2
A+sina-cosA— 250 A | 4rg1 i sinli 4181]-cos[1.4181] 25 L14181]

K- A _ 1.4181

! ( sinAj ( sin[l.4181]}

| 1- ==t
A 1.4181
K, =0.2003
c) Acgeptance Criteria:

{|o1] =[0723.3| psif<{SE = 23500(1.0)=23500 psi} True
{|o,]=[10037.6[\psi} < {SE = 23500(1.0)= 23500 psi} True
{lo =]10237.1] psi} < {sE = 23500(1.0)= 23500 psi} True
{loif=10682.1] psif < {SE =23500(1.0)=23500 psi} True

Since all calculated stresses are positive (tensile), the compressive stress check per paragraph
4.15.3.3.c.2 is not required.

Paragraph 4.15.3.4, Shear Stresses:

The shear stress in the cylindrical shell without stiffening ring(s) that is not stiffened by a formed head,
{a =41.0in} > {0.5R,,, = 0.5(31.5625) = 15.7813 in}, is calculated as follows.
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KT 1.1229(33737.5) 4175 psi

where the coefficient K, is found in VIII-2, Table 4.15.1,

sina sin[1.9648]

K, = - =1.1229

T—a+sina-cosa 7 —(1.9648) +5sin[1.9648] - cos[1.9648]

( 1’)’2(\( 7 \\

Acq

Paragraph 4.15.3.5, Circumferential Stress:

a) Makimum circumferential bending moment — the distribution of the circumferential bending mome

sad

stiffening ring, the maximum circumferential bending mement is shown in Figure 4.15.6 Sketch (4
caltulated as follows.

where the coefficient K- is found in Table 4/45.1,

when a/Rm > 10, K7 = K6,

a=0.95(7r—5j=0.95 ﬂ—w =1.9648 rad

|z,| <min| 0.85,0.5335, |
[417.5| psi <{min[0.8(23500),0.533(35250) | =18800 psi} True

0

eptance Criteria:

dle support is dependent on the use of stiffeners at the saddle location. For a cylindrical shell y

M, =K,OR, =(0.0504)(50459.0)(31.5625)=80267.7 in—Ibs

4 _ MO 99003105 K, =K, =0.0504
R 315625

SCosﬂ(sinﬂJz_Ssinﬂcoszﬂ+Cos3,8_sinﬂ+

nt at the
ithout a
) and is

4 y/j 4p 2 45
cosys . sin f# T sin2f3
———— [fsin = =
) 5
K= = . E
(sinBY) 1 sin2R
27T — | —=— -
p )72 ap
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Width of cylindrical shell — the width of the cylindrical shell that contributes to the strength of the cy

shd

If th
red

Gi

r

The maximum compressive circumferential membrane stress in the cylindrical shell at the bas

sadg

3cos[2.0682] ( sin[2.0682] | _ 5sin[2.0682]cos’ [2.0682]
4 2.0682 4(2.0682)
cos’[2.0682] sin[2.0682] .\ cos[2.0682]
2 4(2.0682) 4
2 .
i 2(2.0682
(2.0682)sin[2.0652]| [ S120082]} 1 sin[ 2(2.0682) |
2.0682 2 | 4(2.0682)
Ké — = - =1—00504
5 |[sin[2.0682] )" 1 sin[2(2.0682) |
- b
2.0682 2 | 4(2.0682)
) 123.0(”}
Br-Y g 8O 5 0682 rad

2

Il at the saddle location shall be determined as follows.

{3,%,} <{0.78R 1 =0.78,[31.5625(2875) = 7.4302 in|
e width (0.5b + x;) extends beyond-the limit of a, as shown in Figure 4.15.2, then the width x;

uced such as not to exceed a.

{(0.5b+x,)=0.5(8.0)+ 74302 =11.4302 in} < {a =41.0 in} Satisfied

cumferential stresses.in.the cylindrical shell without stiffening ring(s).

dle support shall'be calculated as follows.

__ =Kok -0.7492(50459.0)(0.1)
© (B rx +x,) 2.875(8.0+7.4302+7.4302)

=-57.5 psi

lindrical

shall be

b of the

wh

ra-the coefficient Vb s found in Tahlg 4 15 14
e+ HeteH—A—S1edReHI—adB18-4a4—o—

1+cosa 1+COS[1.9648]
K5 = =

~ m—a+sina-cosa 7 —(1.9648)+sin[1.9648]- cos[1.9648]

=0.7492

k=0.1 when the vessel is welded to the saddle support
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The circumferential compressive membrane plus bending stress at Points G and H of Figure 4.15.6 Sketch

(@)

is determined as follows.

If L = 8R,,, then the circumferential compressive membrane plus bending stress shall be computed using
Equation (4.15.24).

Since {L = 292.0 in} > {8R,,, = 8(31.5625) = 252.5 in}, the criterion is satisfied.

tha
AW
Acq

Paragra

Th

Co
dus

strgss in the web,of\the saddle. The following provides one possible method of calculating the tens

bern
acd

ThT stresses at g5 and g, may be reduced by adding a reinforcement or wear plate<at.the saddle

ThI horizontal force at the minimum section at the low point of the saddle is given by Equation (4

o. = _Q _3K7Q
T 4t(b+x +x,) 2f
—(50459.0) 3(0.0504)(50459.0) )
o, = - > =-653.4 psi
4(2.875)(8+7.4302+7.4302) 2(2.875)

is welded to the cylindrical shell.

ear plate was not specified in this problem.

eptance Criteria:

{| o, |5 57.5] psi} < {S =23500 psi} True
{|o, [=653.4] psi} <{1.255 =1.25(23500)= 29375 psi|< ~ True

ph 4.15.3.6, Horizontal Splitting Force:

saddle shall be designed to resist this force.

1+cos f—0.5sin” B
T —f+sin fB-cos

ol

1+ cos [2.0682] —0.5sin’ [2.0682]
T— (2.0682) +sin [2.0682] -CoS [2.0682]

F, = (50459.0)( }: 10545.1 Ibs

to the weight loading of the vessel. The splitting force is used to calculate tension stress and

ding stresslin the web and its acceptance criteria. However, other methods may also be
eptable/by-the Manufacturer and accepted by the Authorized Inspector.

Th

mémbrane stress is given by,

location

15.42).

mmentary: The horizontal splitting force is equal to the sum of all the horizontal reactions at th¢ saddle

bending
tion and
deemed

N

{at =%} <{0.65,}

where A, is the cross-sectional area of the web at the low point of the saddle with units of in?, and S, is the

yield stress of the saddle material with units of psi.

4-249


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

The bending stress is given by,

{a,, = Fhfd‘:} <{0.665,}

where d is the moment arm of the horizontal splitting force, measured from the center of gravity of the
saddle arc to the bottom of the saddle baseplate with units of in, ¢ is the distance from the centroid of the

saddle composite section to the extreme fiber with units of in, I is the moment of inertia of the composite
section of the saddle with units of in*, and Sy is the yield stress of the saddle material with units of pst.

A
\ A

292 in. Tan/Tan

3in.
2:1|Elliptical '
Hehd i — i
| x |
| l8.00in. 60 in. |
|
| |
| ] B | 0=123°
N i |
1 1
2:1 Elliptical
Head
16.50 in.
| it
- e .

41.00 in.

Figure E4.15.1 — Saddle Details
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4.15.2 Example E4.15.2 — Vertical Vessel, Skirt Design

Determine if the proposed cylindrical vessel skirt is adequately designed considering the following loading
conditions.

Skirt Data:

e Material = SA—-516, Grade 70
e Design Temperature = 300°F

e SkirHnsideDiameter = 150-0-in

e Thigkness = 0.625 in

e Corfosion Allowance = 0.0 in

e Length of Skirt = 147.0 in

e Allowable Stress at Design Temperature = 22400 psi

e Modulus of Elasticity at Design Temperature = 28.3E+06 psi

e Yielfl Strength at Design Temperature = 33600 psi

e Desjgn Loads = See Table E4:15.2.3

Adjust variable for corrosion and determine outside dimensions.

D
R

t40.625 — Corosion Allowance =0.625—-0.0 =0.625"in

Per Paragraph 4.1.5.3.

This exgmple uses paragraph 4.1.5.3 which provides specific requirements to account for both design Ig

design

(Table 4.1.1 and Table 4.1.2, respectively) are shown in this example problem in Table E4.15.2.1 ar

E4.15.2

operatin

1.0.
Per Par

In acco

and corficalshells subjected to internal pressure plus supplemental loads of applied net section axi

DO
RO

=150.0+ 2(C0rr0si0n Allowance) =150.0+ 2(0.0) =150/,0"in
=0.5D = 0.5(150.0) =75.01in

=150.0+ 2(Unc0rroded Thickness) =150.0++ 2(0.625) =151.25in
=0.5D, = 0.5(151.25) =75.625 in

[bad combinations used in the design of a vessel. These design loads and design load comk

2 for reference. The_.load factor, Qp, shown in Table 4.1.2 is used to simulate the maximum an

]agraph 4.346

dance.with paragraph 4.3.10.1, the following procedure shall be used to design cylindrical, s

ads and
inations
d Table
icipated

g pressure acting simultaneously with the occasional loads specified. For this example, problem, (1, =

bherical,
b| force,

bending oment, and torstonal moment.  Determine applicabiitty of the Tutes of paragrapn 4.3.10.2 b

satisfac

tion of the following requirements.

e The section of interest is at least 2.5v Rt away from any major structural discontinuity.

) Sh
. Th

2.5JRt =2.5,/(75.0)(0.625) =17.1163 in  True

ear force is not applicable.
e shell R/t ratio is greater than 3.0, or:
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R/t:ﬂ:u0.0 >3.0 True
0.625

In accordance with Paragraph 4.3.10.2, the following procedure shall be used to determine the acceptance
criteria for stresses developed in cylindrical, spherical, and conical shells subjected to internal pressure plus
supplemental loads of applied net section axial force, bending moment, and torsional moment. By inspection of
the results shown in Table E4.15.2.3 and Table E4.15.2.4, Design Load Combination 5 is determined to the

governing load combination.
interest

b)

orDasian L oad Combination 5 arg-
g

The pressure, net section axial force, and bending moment at the location of

QP+P. =1.0P+P =0.0 psi

£
M

ST
as

No
bern
ber

=-363500 /bs
=29110000 in—Ibs

EP 1 — Calculate the membrane stress for the cylindrical shell. For the skirt/ weld joint efficien
' = 1.0.

e: 0 is defined as the angle measured around the circumference, from the direction of the
ding moment to the point under consideration. For this exampleyproblem 6 = 0.0 deg to maxi

ding stress.
Oom = P = 00 =0.0 psi
"~ E(D,-D) 10(15125-150.0) 7

1| PD’ 4F 32MD, ¢os[6]
O = 7| 112 >t 2 Nt 4 4

E\D;-D* z(D}-D*) z(DS-D*)

0.0(150.0)’ s 4(~363500)

1 [ L(15125) ~(150,0)7) #((151.25)" - (150.0)" )~

o =

" 101 32(29110000)(151.25)cos[0.0]
7((15125)" - (150.0)')

sm

0.0+ (—1229.0724) +2624.6357 =1395.5633 psi
|o.o# (—1229.0724) —2624.6357 =-3853.7081 psi

16/ D, 16(0.0)(151.25)
= _

=0.0 psi

#(D;-D')  z((15125)' ~(150.0)')

Cy is set

applied
mize the

STEP 2 - Calculate the principal stresses.
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o, = 05(G¢9m +0,, +\/(Ge9m “Oum )2 +4(T)2)

0.5(0+(1395.5633)+\/(0—(1395.5633))2 +4(0)’ j =1395.5633 psi

O, =

0.5(O+(—3853.7081) + \/(0—(—3853.7081))2 +4(0)’ ) =0.0 psi

ouzO.S(O'n +0 —\V/(O'ﬂ —o )2+4rz)

ST

Sin
ads

ST
allg

Sin

0.5(0+(1395.5633)—\/(O—(1395.5633))2 +4(0)° ) =0.0 psi

O, =

0.5(0+(—3853.7081) —\/(0 ~(~3853.7081)) +4(0)’ j = -3853.7081. psi

o,=0,=0.0 psi For stress on the outside surface

EP 3 — Check the allowable stress acceptance criteria.

0.5

o, =%[(q —0'2)2 +(o, —03)2 +(o, —61)2:|

_ 0.5

1 [(0-(1395.5633))" +((1395.5633) 0] +

— =1395.6 psi

| ((0)-(0)) "

1 |(0—(~3853.7081)) +((~3853.7081)-0) +

— =3853.7 psi

| ((0)-(0)) "
{ae = 1395.6} ,

<{S =22400 psi} True
o, =3853.7

ce the maximumitensile principal stress is less than the acceptance criteria, the skirt sq

quately designed.

wable ‘eompressive stress using paragraph 4.4.12.2 with A = 0.15.

ce a5, is compressive, {0, = —3853.7 psi < 0}, a compressive stress check is required.

In accordance with paragraph 4.4.12.2.b, the value of F, is calculated as follows, with A = 0.15.

1)

STEP 4.1 — Calculate the predicted elastic buckling stress, Fy,.

C.Et 0.6482(28.3E +06)(0.625)
F -_— p—y
“ D 151.25

o

=75801.9008 psi

where,
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b, _B1l2 _,h0
{0625
M, =t 970 513818

T JRi J75.625(0.625)

Since D, /t < 1247, calculate C, as follows:

I

. FUTC .
C. =mm|———=, 0.9 |=min

DY , 0.9 1=0.6482
(389+ “j 389+
t

Since M, = 15, calculate ¢ as follows:

c=10
STEP 4.2 — Calculate the predicted inelastic buckling stress, F;., per paragraph 4.4.3.
The equations for the allowable compressive stress consider both the'predicted elastic buckling stress
and predicted inelastic buckling stress. The predicted elastic bdekling stress, F,,, is determingd based
on the geometry of the component and the loading under-consideration as provided in subsequent

applicable paragraphs. The predicted inelastic buckling:stress, F;., is determined using the fpollowing
procedure.

i) STEP 4.2.1 — Calculate the predicted elastic buckling stress, F.,.
F_=75801.9008 psi (as determinedin STEP 2 above)

i) STEP 4.2.2 — Calculate the elastic buckling ratio factor, 4,.

4, =L J TBOLI008 55067851

© E  283E+06

i) STEP 4.2.3 — Solve for'the predicted inelastic buckling stress, F;., through the determipation of
the material’'s tangent modulus, E;, based on the stress-strain curve model at thg design
temperature per\paragraph 3-D.5.1. The value of F;. is solved for using an iterative procedure
such that the~following relationship is satisfied (see Table 4.4.2).

SEE EXAMPLE PROBLEM E4.4.1 FOR THE ITERATIVE PROCEDURE.
22246247292 psi

STER'4.3 — Calculate the value of design factor, F'S per paragraph 4.4.2.

Since 0.555,, < F;. < S,,, calculate FS as follows:

24624.7292

FS§=2.407-0.741 i =2.407-0.741
S 33600

y

j =1.8639
STEP 4.4 — Calculate the allowable axial compressive membrane stress as follows:
F o= i _24624.7292
“ FS 1.8639

STEP 4.5 — Compare the calculated axial compressive membrane stress, o, to the allowable axial

=13211.4004 psi
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compressive membrane stress, F,, per following criteria.

{O‘sm =3853.7 psi} < {F;a =13211.4 psi} True

The allowable compressive stress criterion is satisfied.
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Table E4.15.2.1 — Design Loads

Table 4.1.1 — Design Loads

Design Load L.
Description
Parameter

P Internal of External Specified Design Pressure (see paragraph 4.1.5.2.a)

PS Sidi.lb ilUduI IrIUIlI ilqullj Ul 'uui'r\ IIIdiClidib (C.y., bdi.diyb'l)
Dead weight of the vessel, contents, and appurtenances at the logation|of
interest, including the following:
» Weight of vessel including internals, supports (e.g., skirts, lugs, saddles,
and legs), and appurtenances (e.g., platforms, ladders, eic.)
» Weight of vessel contents under design and test conditions
+ Refractory linings, insulation

D + Static reactions from the weight of attached equipment, such as motofs,
machinery, other vessels, and piping
» Transportation loads (the static forces obtained as equivalent to the
dynamic loads experienced during normal operation of a transport vessgl
[see paragraph 1.2.1.2(b)]
» Appurtenance live loading

L « Effects of fluid flow, steady stateror transient
+ Loads resulting from waye-dction

E Earthquake loads [seeqparagraph 4.1.5.3(b)]

w Wind loads [see paragraph 4.1.5.3(b)]

Ss Snow loads

F Loeads due to deflagration
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Table E4.15.2.2 — Design Load Combinations

Table 4.1.2 — Design Load Combinations

General Primary Membrane

Design Load Combination [Note (1) and (2)] Allowable Stress [Note (3]

P+P+D S
P+P +D+L S
P+P +D+S, S
QP+P +D+0.75L+0.75S, S
QP+P,+D+(0.6W or0.7E) S
QP+ P, +D+0.75(0.6W or 0.7E)+0.75L+0.75S| S
0.6D+(0.6W 0r0.7E) [Note (4)] S
F+D+F See Annex 4-D
Other load combinations as defined in the UDS S

Notes:

1)| The parameters used in the Design Load Combination column are defined in Table 4.1.1.
2)| See paragraph 4.1.5.3 for additional requirements.

3)| S is the allowable stress for the load case combination [see paragraph 4.1.5.3(c)].

4) [ This load combination addresses an qverturning condition for foundation design. It does pot
apply to design of anchorage (if any)'te-the foundation. Refer to ASCE/SEI 7, 2.4.1 Exceptioh 2
for an additional reduction to W that'may be applicable.
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Table E4.15.2.3 — Design Loads (Net-Section Axial Force and Bending Moment)
at the Base of The Skirt

Design Load L Magnitude of Pressure, Force
Description
Parameter and Moment

Internal or External Specified Design
P Pressure (see paragraph 4.1.5.2.a); The skirt | P = 0.0

is_ not pnressurized
L

Static head from liquid or bulk materials (e.g.,
P; catalyst); The skirt does not contain liquid | P, = 0.0
head.

The dead weight of the vessel including skirt, Dy = —363500 lbs

D contents, and appurtenances at the location (
. Dy = 0.0\ — lbs
of interest.
L Appurtenance live loading and effects of fluid | Lp¢='—85700 lbs
flow Ly =90580 in — lbs
EF == 00 le
E Earthquake loads ,
Ey = 18550000 in — lbs
Wr = 0.0 lbs
w Wind Loads
Wy = 48516667 in — lbs
S¢g = 0.0 lbs
Ss Snow Loads .
Seuy = 0.0 in — lbs
Fr =0.01bs
F Loads due to Deflagration

Fyy = 0.0 in — lbs

Baged on these loads, the skirtiis required to be designed for the design load combinations shown fin Table
E4]15.2.4. Note that this table is given in terms of the design load combinations shown Table 4.1.P (Table
E415.2.2 of this example).

4-258


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3-2022

Table E4.15.2.4 — Design Load Combination at the Base of the Skirt

General
. Primary
Load . L Magnitude of Pressure,
Design Load Combination Membrane
Case Force and Moment
Allowable
Stress
P=P =0.0 psi
1 P+P+D F, =-363500 lbs S
M, =0.0in-Ibs
P=P =0.0 psi
2 P+P+D+L F, =—-449200 lbs S
M, =90580 in—Ibs
P=P =0.0 psi
3 P+P +D+S, F, =-363500'[bs S
M, =0,0/in—1bs
QR= P =0.0 psi
4 QP+P +D+0.75L+0.75S, F, =-427775 Ilbs S
M, =67935 in—Ibs
QP =P =0.0 psi
5 QP+P +D+(0.6Wor0.7E) F, =-363500 /bs S
M =29110000 in —Ibs
QP =P =0.0 psi
QP+ P, +D+0.75(0:6W or 0.7E ) + ‘
6 F, =-427775 Ibs S
0.75L+0.75S, .
M =21900435 in—Ibs
F, =-218100 /bs
7 O.6D+(0.6W0r 0.7E) M, =29110000 in—Ibs S
P=P =0.0 psi
o | PiD+F F, =-363500 Jbs 3994’*8”9"
M, =0.0 in—Ibs ]
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4.16 Flanged Joints
4.16.1 Example E4.16.1 — Integral Type

Determine if the stresses in the heat exchanger girth flange are with acceptable limits, considering the following
design conditions. The flange is of an integral type and is attached to a cylindrical shell with a Category C, Type

PTB-3-2022

1 butt weld and has been 100% radiographically examined. See Figure E4.16.1.

Genera[Datx

e Cylinder Material

e Desjgn Conditions

SA-516, Grade 70
135 psig @ 650°F

e Alloyable Stress at Design Temperature 18800 psi

e Allowable Stress at Ambient Temperature 25300 psi

e Corfosion Allowance 0.125in
Flange Data:

e Matgrial SA~105

e Alloyable Stress at Design Temperature 17800 psi

e Alloyable Stress at Ambient Temperature 24000 psi

e Modulus of Elasticity at Design Temperature 26.0E +06 psi
e Modulus of Elasticity at Ambient Temperature 29.4E +06 psi

Bolt Data:

e Mategrial SA—-193, Grade B7
e Alloyable Stress at Design Temperature 25000 psi

e Allojvable Stress at Ambient Temperature 25000 psi

e Diameter 0.751in

. NurTber of Bolts 44

e Root area 0.302 in?

Gasket Data:

e Matgrial

Flat Metal Jacketed (Iron/Soft Steel)

e Gasket Factor

3./5

e Seating Stress 7600 psi
e Inside Diameter 29.0in
e Outside Diameter 30.01in

Evaluate the girth flange in accordance with paragraph 4.16.

Paragraph 4.16.6, Design Bolt Load. The procedure to determine the bolt loads for the operating and gasket
seating conditions is shown below.
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STEP 1 — Determine the design pressure and temperature of the flanged joint.

P =135 psig at 650°F

STEP 2 — Select a gasket and determine the gasket factors m and y from Table 4.16.1.

m=23.75
y =7600 psi

STEP 3 — Determine the width of the gasket, N, basic gasket seating width, b,, the effective gasket seating

Wi

I, b, andthe focation of the gasket Teaction, G.

fromn Table 4.16.3, Facing Sketch Detail 2, Column I,

wh

for

the

ST

=2

w

. _W+3N _0.125+3(0.500)

. =0.20311n
8

ere,

w=raised nubbin width=0.125 in

b, < 0.25 in,
b=h, =0.2031in

G =0.5(30.0+29.0)=29.5 in

W, =H +H , = 0.785G?P + (2b- zGmP)

g

N =0.5(GOD—GID) = 0.5(30.0—29.0) = 0.500 in

G = mean diameter of the gasket contact.face

EP 4 — Determine the design bolt load fer the operating condition.

EP 5 — Determine the deSign bolt load for the gasket seating condition.

W ( A, . A ijg _ (5-7221213'2880) 25000 = 237626.3 Ibs

refore, from Figure 4.16.8 the location of the gasket'reaction is calculated as follows.

for non—self —energized gaskets

W, =0.785(29.5)" (135)-+2(0.2031)(7)(29.5)(3.75)(135) =111282.7 Ibs

bre, the parameter A4, is the actual cross-sectional area of the bolts that is selected such that 4| >

A, =(Number of bolts)(Root area of one bolt) =44(0.302) =13.2880 in

W0+FA+4M—E W
A, = max G| == ||=max (
S, S

bg

A, =max[4.4513, 5.7221]=5.7221 in’

and,
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and F, = 0 and Mg = 0 since there are no externally applied net-section forces and bending moments.
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W, = 7bGy for non—self —energized gaskets
W, = 7(0.2031)(29.5)(7600) =143052.5 Ibs

ph 4.16.7, Flange Design Procedure. The procedure in this paragraph can be used to design circular
loose or reverse flanges, subject to internal or external pressure, and external loadings. The procedure

ptes bothrastrengthrcheckand-a rigidity check for ftange rotatior:

bl force F, and bending moment Mg.
P =135 psig at 650°F

F,=0

M. =0

the corresponding actual bolt load area A4,,, from paragraph 4.16.6.

W, =111282.7 Ibs
W, =237626.3 Ibs

A =13.2880 in?

etermine the bolt load, the following geometric parameters are required.

Flange bore

B =[26.0+2(Corrosion.Allowance) | =[ 26.0+2(0.125) | = 26.25 in
Bolt circle diameter
C=3125in

Outside diameterof the flange
A=32875in

Flangethickness
t=1.625-0.1875=1.4375 Iin

Paragra
integral,
incorpor
a) ST
axi
b) ST
ang
c) ST
to g
1)
2)
3)
4)
5)

Thickness of the hub at the large end
g, :[O.S(Hub OD at Back of Flange —Uncorroded Bore)—Corrosion AIIowance]
9, =[0.5(27.625-26.0)—0.125 | = 0.6875 in
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EP 1 — Determine the design pressure and temperature of the flanged joint and the externahnet-section

P 2 — Determine the design bolt loads for operating condition W, and'the gasket seating condftion W,

EP 3 — Determine an initial flange geometry (see Figure E4.16.1) in addition to the information yequired
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6) Thickness of the hub at the small end
d, :(Hub Thickness at Cylinder Attachment —Corrosion AIIowance)
g, =(0.4375-0.125)=0.3125 in
7) Hub length
h=2.125in
d)

STEP 4 — Determine the flange stress factors using the equations in Tables 4.16.4 and 4.16.5.
Tall)le 4.16.4:

_A_32875_ .,
B 26.25
2
v =—1 | 0.66845+5.71690| K120 K
K-1 K? -
1

T 1.0524-1

(1.2524)" log,, [1.2524]
0.66845 +5.71690 ) = 8.7565
(1.2524)" -1

o K?(1+8552460g,, K) -1 _ (1.2524)" (1+8.55246log,, [1.2524]) -1 18178
(1.04720+1.9448K") (K -1)  (1.04720+1,9448(1.2524)" )(1.2524-1)

). K?(1+8.55246l0g,, K)~1 (1.2524) {1 +8.55246log,, [1.2524]) -1 0695
1.36136(K*~1)(K-1)  1.36136((1.2524)' -1)(1.2524-1)

= =4.5180

(K*-1) ((2.2524)7 1)

(K?+1) ((1.2524)2 +1)

h, =/Bg, =4/(26.25)(0.3125) = 2.8641 in

=9 06875 _ 5 5000
g, (03125

) L 2125 04
h, ~ 2.8641

=17.0557 in’®
\Y 0.1578

e= F_07695 _ 0.2687 in*
h ~ 2.8641

4 - Yg5h, _ (9.6225)(0.3125)" (2.8641)

| _te+l t°_14375(0.2687)+1 (1.4375)°
=

+ =0.9369
1.8175 17.0557
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Where from Table 4.16.5,

0.897697 -0.297012In[ X |+9.5257(10°)In[X, ]+
0.123586(In[ X, )" +0. 0358580(In ) -
F =|0.194422(In[ X, ])(In[X,])—0.0181259(In[ X )

]

0.0129360(In[ X, )" ~0.0377693(In[ X, ])(In|

0.0273791(In[ X, )" (In[,])
0.897697 —0.297012In[2.20]+9.5257 (10" ) In[0.7419] +
0.123586(In[2.20])° +0.0358580(In[0.7419])" —

F =| 0.194422(In[2.20])(In[0.7419]) - 0.0181259(In[2.20]) +

0.0273791(In[2.20])° (In[0.7419])
F =0.7695

For 0.5< X, <2.0,

0.0144868 — 0.135977 0 0461919 ) (6} 5602718 N 0. 0528829
g X, X X

\/ =

0.244313 0.113929 0.00928265 0.0266293 0.217008

0.0129360(In [0.7419])° ~0.0377693(In[2.20]) (In [0.7419 ]}

XX, | XT X XxE XX,
0135977 0.0461919 0.560718 0.0529829
2.20 0.7419 ~ (220)°  (0.7419)’
0.244313 () 0.113929 0.00929265  0.0266293

0.0144868 —

+

0.217008

(2.20)(0.7419)Jr (220 (0.7419)°  (2.20)(0.7419)
V =0.1578

~ (2.20)°(0.7419)
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0.0927779-0.0336633X, +0.964176 ng +

0.0566286 X, +0.347074 X ? —4.18699 X ;
1-5.96093(10°°) X, +1.62904X,, +

3.49329X? +1.39052 X ?

0.0927779 - 0.0336633(2.20) +0.964176(2.20)° +

0.0566286(0.7419)+0.347074(0. 741 q)z —4.18699(0.741 0)3

f =max|1.0,

e) ST

f) STE
des

app
flan

with
thes

Wh

f =max|1.0

1-5.96093(10°)(2.20) +1.62904(0.7419) +

3.49329(2.20)° +1.39052(0.7419)’

f =1.0

EP 5 — Determine the flange forces.

H, = 0.785B%P =0.785(26.25)" (135) = 73023.4 Ibs
H =0.785G2P =0.785(29.5)" (135) = 92224.7 Ibs
H, =H —H_ =92224.7-73023.4 =19201.3 Ibs

He =W, —H =111282.7 —92224.7 =19058.0 Ibs

P 6 — Determine the flange moment for the operating condition. When specified by the user or i

ied in calculating the flange moment for internal pressure using the equations in Table 4.16.11.
e moment M, for the operating condition and flange moment M, for the gasket seating conditig

e equations, hp, hy, and h; aredétermined from Table 4.16.6.

M, = abs[((HDhD +Hhy+Hghg ) By + Moe)FS] Internal Pressure

M, =abs] ((73023 4(2.1563) +19201.3(1.6875) + 19058.0(0.875))-1.0+ 0.0)1.0 |
M, = 206538,3:in — Ibs

put correction for bolt spacing Bsc =1 is used for the calculation of the rigidity index in STEP 1Q.

S

gnated agent, the maximum bolt spacing, Bgxux, and the bolt spacing correction factor, Bgc, shall be

The
1

In

ere, per Table 4.16.6:
h e C-B-g, _3125-26.25-0.6875 _ 2 1563 in
2 2
- C-G _3125-295 _ 0.875 in
2
h. = %{—C ; B he} = %{—31'25_ 2625 +o.875} =1.6875 in
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And, per Table 4.16.11, the maximum bolt spacing Bgnqx @nd the bolt spacing correction factor Bg. are
calculated as follows. This calculation is only required when specified by the user or his designated agent.

& (075 6(1.4375)
m+0.5 3.75+0.5

B, =max| 1, / B 1|1 22312 _ 87151 |-1
2a+t 2(0.75)+1.4375

=3.5294 in

The actual bolt spacing is determined using the following equation.

#C  m(31.25)

B, = = =2.2312 in
No. of bolts 44

Andl the procedure provides the designer the ability to add an externally applied nét-section axial fgrce and
bending moment to the bolt load for the operating condition. These externally’ applied loads i
bending moment, referenced as M,,, which is calculated from Equation 4.16:16.

Ey

= 0 and Mg = 0 since there are no externally applied net-section forces and bending. There

flarjge cross-section bending moment of inertia, I and polar momeént of inertia, I,, from Table 4

negd not be calculated. Therefore,

M, =4M_ ! : o +F,h, =0 in—Ibs
038461, +1 | | (C-2hy)

Andl Fg = 1.0 for non-split rings, see paragraph 4,16'8.

ST

ST
equ

EP 7 — Determine the flange moment for gasket seating condition.

W (C-G)B.-F
.= o 2) < S Internal Pressure
| 237626.3(31.25-29%5) 1.1
.=
2

=207923.0 in—Ibs

EP 8 — Determing~the flange stresses for the operating and gasket seating conditions u
ations in Table 4.16.8.

Nofe: As provided in paragraph 4.16.13 for the definition of B — If B < 20g-, the designer may s

the

For

value of By for B in the equation for Sy, where,

integral flanges when f > 1.0,

hduce a

ore, the
16.7 do

5ing  the

Ibstitute

Bl:B-'_go

Since {B = 26.25 in} > {20g,; = 20(0.6875) = 13.75 in}, the value of B shall be used to determine the
value of Sy.

Operating Condition:

_fM,  (1.0)(206538.3)
" LofB  (0.9369)(0.6875) (26.25)

~17767.8 psi
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(1.33te+1)M, [(1.33)(1.4375)(0.2687)+1](2065338.3)

L= h - ; =6151.9 psi
Lt°B (0.9369)(1.4375)" (26.25)
. :Yzﬂ—zsR = (8'7565)(2206538'3) —4.5180(6151.9) = 5547.3 psi
t°B (1.4375)"(26.25)
Gasket Seating Condition:
fiM (1.0)(207923.0)
S, =—= = —— — =T17886.9 psi
Lg;B  (0.9369)(0.6875)" (26.25)
: 1.33)(1.4375)(0.2680)+1 |(207923.0
Lt°B (0.9369)(1.4375) (26.25)
S; :m—zsR = (8'7565)(207923'0)—4.5180(6193.1):5584.7 psi

t’B (1.4375)° (26.25)

STEP 9 — Check the flange stress acceptance criteria. The criteriadelow shall be evaluated. If th
criteria are satisfied, go to STEP 10. If the stress criteria are/not satisfied, re-proportion th
dimensions and go to STEP 4.

Allgwable normal stress — The criteria to evaluate the normal stresses for the operating and gasket
corditions are shown in Table 4.16.9, for integral-type flanges.

Opgrating Condition:
S, <min[1.5S, 255, |

{S,, =17767.8 psi} <{min[1.5(17800), 2.5(18800) | = 26700 psi| True
{Sg =6151.9 psi} <{S, =17800 psi} True
{S; =5547.3 psi} < {S, =17800 psi} True

(S, +Sg) 17767 8+6151.9)

- =11959.9 psi ;< {S,, =17800 psi} True

{ (Su®Sr) _(17767.8+5547.3)

3 , —11657.6 psi}s{sm =17800 psi| True

e stress
b flange

seating

Gasket Seating Condition:
S, <min[1.5S, 255, |

{S,, =17886.9 psi} < {min[1.5(24000), 2.5(25300) | =36000 psi} True
{Sp =6193.1 psi} <{S, =24000 psi| True
{S; =5584.7 psi} <{S, =24000 psi} True
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{(sH +S;) (17886.9+6193.1)
2

{(SH +S;) (17886.9+5584.7)
2 2

= > =12040.0 psi}é{sf = 24000 psi} True

= =11735.8 pSi}S{Sf = 24000 psi} True

i) STEP 10 — Check the flange rigidity criterion in Table 4.16.10.

If the flange rigidity criterion is satisfied,

then the design is complete. If the flange rigidity criterion is not satisfied, then re-proportion the flange

dinpertsiorsardgo to STEP-3:
Opgrating Condition:
_ 52.14VM <
LE,giK/h,
{J _ 52.14(0.1578)(206538.3)
(0.9369)(26.OE+06)(0.3125)2(0.3)(2.8641)

where,

K, =0.3 for integral flanges

G

[

ket Seating Condition:
52.14VM,
J="0"T0 <,
LE,g2K,h,
S 52.14(0.1578)(207923.0)
(0.9369)(29.4E +06)(0.3125)/(0.3)(2.8641)

where,

K, =0.3 for integral flanges

Since the acceptance criteria-ate’satisfied, the design is complete.

=O.8314}£1.0 True

:0.7402}31.0 True
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- 3.751n. »
lae—2.125in.———»«+—1.625in.——»
44 —0.875 in.
Dia. Drilled
Holes
A
0.1875 in.L<s] 32.875in. O.D.
0.375in. R. |
30 ‘\y 31.250 in. B.C.
i 10°\ il ]
0.125in. 30.125 in. Tuin
Y
T . 29.375in.
0.063 in.
0.438in. 0.016 in.—»
y.625 in. 26.00 in. I.D.

Figure E4.16.1 — Flanged Jaints
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4.16.2 Example E4.16.2 — Loose Type

Determine if the stresses in the ASME B16.5, Class 300, NPS 20 Slip—on Flange are with acceptable limits,
considering the following design conditions. The flange is of a loose type with hub and is attached to a
cylindrical shell with Category C fillet welds, see Figure 4.16.5 Sketch (a).

General Data:

e Cylinder Material = SA-516, Grade 70
e DesjgrmContditions = 450-pste@-6560°F
e Alloyable Stress at Design Temperature = 18800 psi

e Alloyable Stress at Ambient Temperature = 25300 psi

e Corfosion Allowance = 0.0in

Flange Pata:

e Matgrial = SA-105

e Alloyable Stress at Design Temperature = 17800 psi

e Allowable Stress at Ambient Temperature = 24000)psi

e Modulus of Elasticity at Design Temperature = 26.0E+06 psi

e Modulus of Elasticity at Ambient Temperature = 29.4E +06 psi
Bolt Dala:

e Matgrial = SA-193, Grade B7
e Alloyable Stress at Design Temperature = 25000 psi

e Alloyable Stress at Ambient Temperatdre = 25000 psi

e Diampeter = 1.25in

. Nur:[lber of Bolts = 24

e Root area = 0.929 in?

Gasket Data:

e Material = Kammprofile

e Gasdket Fagtar = 2.0

e Sealing-Sfress = 2500 psi

e Insite-Diameter = 20-875h

e Outside Diameter = 22.875in

Evaluate the flange in accordance with paragraph 4.16.

Paragraph 4.16.6, Design Bolt Load. The procedure to determine the bolt loads for the operating and gasket
seating conditions is shown below.
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STEP 1 - Determine the design pressure and temperature of the flanged joint

P =450 psig at 650°F

STEP 2 — Select a gasket and determine the gasket factors m and y from Table 4.16.1.

m=2.0
y =2500 psi

Note: Table 4.16.1 provides a list of many commonly used gasket materials and contact facings with

sug

effq
sug

For

ST
d

w

gested design vatues of 7it and—y that Tave generafly proved satsfactory i actual SErvice Wi
ctive seating width b given in Table 4.16.3. The design values and other details given in_thisf
gested only and are not mandatory.

this example, gasket manufacturer’s suggested m and y values were used.

EP 3 — Determine the width of the gasket, N, basic gasket seating width, b,, the'effective gaske
th, b, and the location of the gasket reaction, G.

N =0.5(GOD —GID) = 0.5(22.875-20.875)=1.0 in

frofn Table 4.16.3, Facing Sketch Detail 1a, Column II,

for

wh

ST

ST

b, =N _19_¢500in
2 2
b, > 0.25 in,

b=C,./b, =(0.5)4/0.500 =0.3536 in
G =G, —2b=22.875-2(0.3536) = 22:1678 in

Ere,
C, =0.5, for US Customary Units
G, = min[Gasket OD, Flange Face OD]=min[22.875, 23.0]=22.875 in

EP 4 — Determine the.design bolt load for the operating condition.

W, =H+H_ =+ 0.78562P+(2b-7szP) for non—self —energized gaskets
W, = 0.785(22.1678)2 (450)+2(0.3536)()(22.1678)(2.0)(450) = 217916.9 Ibs

EP 5~ Determine the design bolt load for the gasket seating condition.

PN using
hble are

seating

(A _+ ANS (8 7167 22 2060125000
Tm o/~a X 7
2 2

W, = =387658.8 Ibs

where, the parameter A4, is the actual cross-sectional area of the bolts that is selected such that 4, = A,,.

A, =(Number of bolts)(Root area of one bolt) =24(0.929) = 22.2960 in
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aM,
WotFat—5" | (W, (217916.9+0.0+0.0j (61563.7)
A, =max | — | |=max :
S, Su, 25000 25000

A, = max [8.7167, 2.4625] = 8.7167 in’

and,

W_ = zbGy for non—self —energized gaskets

W, = (0.3536)(22.1678)(2500) = 61563.7 Ibs

and F, = 0 and Mg = 0 since there are no externally applied net-section forces and bending"’moms

Paragraph 4.16.7, Flange Design Procedure. The procedure in this paragraph canibe used to design
integral,|loose or reverse flanges, subject to internal or external pressure, and external loadings. The pr
incorporates both a strength check and a rigidity check for flange rotation.

a) STEP 1 - Determine the design pressure and temperature of the flanged joint.

P =450 psig at 650°F

F,=0

M. =0

b) STEP 2 — Determine the design bolt loads for operating condition W, and the gasket seating cond
and the corresponding actual bolt load area A, from paragraph 4.16.6.

W, =217916.9 Ibs
W, =387658.8 Ibs

A =22.2960 in®

c) STEP 3 - Determine an.initial flange geometry, in addition to the information required to determing)
loaf, the following geomietric parameters are required. The flange is an ASME B16.5, Class 300,
Slig—on Flange.

1) | Flange bere
B=20.20 in

nts.

circular
bcedure

tion Wg,

the bolt
NPS 20

2) | Belt circle diameter

C=27.0in
3) Outside diameter of the flange
A=30.5in

4) Flange thickness
t=2441in
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Thickness of the hub at the large end
g, =1.460 in

Thickness of the hub at the small end

g, =1.460 in

Hub length
h=1.25in

EP 4 — Determine the flange stress factors using the equations in Tables 4.16.4 and 4.16.5.

Table 4.16.4:

_A_305 1.5099
B 20.20

Y = 1 0.66845+5.71690 %
K-1 K?-1

(1.5099)" log,, [1.5099]
(1.5099)" -

B 1
1.5099-1

{0.66845+5.71690 } < 4.8850
K?(1+8.55246l0g, K )~1  (1.5099)° (1+8.55246log,, [1.5099]) -1

- : - 2 ~1.7064
(1.04720+1.9448K*)(K ~1) (1.04720#1.9448(1.5099) }(1.5099 1)

2
U - K?(1+8.55246log,, K )-1 (1.5099) (1+8.55246|og10 [1.5099])-1:5.3681

1.36136(K* ~1)(K-1) _{1.36136((1.5099)° -1)(1.5099-1)

(K2 +1) (15099 )

(Kz—l (15099 1) o0t

h, = /By, =/(20:20)(1.46) =5.4307
g, 1460

X, == 210
g¢ 1.460
o o 12 pasp
n 0.4507
:3681)(1.460)° (5.4307
4 Vg h, _ (5.3681)(L460)° (5.430 )=5.5014 s
V, 11.2955
_ R 32556 _ cggsin
h, ~5.4307
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te+l t°_244(0.5995)+1 (2.44’

L = + =
T d 1.7064 5.5014

=4.0838

Where from Table 4.16.5,
For 0.1< X, <£0.25,

0.941074+0.176139(In[ X, ])-0.188556(In[ X, ]) +

2

00689847(In||:XU—|\2+0 523798(In[X, ])" -
0.513894(In[ X, J)(In[X,])

1+0.379392(In[ X, ])+0.184520(In[ X, ])-

0.00605208(|n[x ]) ~0.00358934(In[ X, )’ +

0.110179(In[ X, J)(In[X,])

0.941074+0.176139(In[1.0])—0.188556 In[0,2302]) +

0.0689847(In[1.0])" +0.523798(In[0.2302]) >
0.513894(In[1.0])(In[0.2302])

1+0.379392(In[1.0]) +0.184520(In [0.2302]) -

0.00605208(In[L.0])° —0.00358934(1n[0.2302]) +
0.110179(In[1.0])(Inf0.2302])

F =3.2556
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For 0.1< X, <0.25,

6.57683-0.115516X , +1.39499, /X (In[ X, ])+

In[v,]= o.3o734o(|n[xg])2 ~8.30849,/X ; +2.62307(In[ X, ])+
7.035052(10°)
Xh

0.239498X, (In[ X, ])—2.96125(In[ X, ])+

6.57683-0.115516(1.0) +1.394994/1.0(In1.0) +

In[V, ] =| 0.307340(In[1.0])° -8.30849v1.0 +2.62307(In[1.0]) +
74035052(10°* )
0.2302

0.239498(0.2302) (In[0.2302]) - 2.96125(In [0.2302]) +

In [VL] =2.4244
V. =exp [2.4244] =11.2955
f=10
e) STEP 5 - Determine the flange forces.
H, =0.785B°P = 0.785(20.20)2 (450) =144140:1 Ibs
H =0.785G*P = 0.785(22.1678)2 (450) =173591.1 Ibs
H, =H -H_, =173591.1-144140.2=29451.0 Ibs
H, =W, —H =217916.9-173591.1=44325.8 Ibs

f) STHP 6 — Determine the flange ‘moment for the operating condition. When specified by the user or his
designated agent, the maxjmum bolt spacing, B, 4, @nd the bolt spacing correction factor, Bg., shall be

applied in calculating the(flange moment for internal pressure using the equations in Table 4.16.11. [The
flange moment M,, for.the operating condition and flange moment M, for the gasket seating conditiop

withput correctionor bolt spacing Bs. = 1 is used for the calculation of the rigidity index in STEP 1d. In
thege equations,hp, hy, and h; are determined from Table 4.16.6.

M, =abs[((HDhD +H:h + Hghg ) B + M, ) Fs] Internal Pressure

M, =682818.4 in—Ibs
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Where, per Table 4.16.6:

_C-B_27.0-20.20

cal

ho =3.40in
2 2
h, = C-G _ 27.0-22.1678 _24161in
2 2
h, = hp +hy _3.40+24161 29081 in
2
Anji, per Table 4.16.11, the maximum bolt spacing B4, and the bolt spacing correction factor
culated as follows. This calculation is only required when specified by the user or his desighated
6(2.44 .
Bo = 2atr— Ot 2(1.25) +(—) =8.3560 in
m+0.5 2.0+05

The actual bolt spacing is determined using the following equation:

Andl the procedure provides the designer the ability to,add an externally applied net-section axial f¢

bern
ber

Fy
flan
nee

Andl Fg = 1.0 for nenssplit rings, see paragraph 4.16.8.

ST

B, =max|1, |- |=|1] |- 3333 _ggssgl g
2a+t 2(1.25) + 2.44

B - 7C ~ 7(27.0)
* No.of bolts 24

=3.5343in

ding moment to the bolt load for the operating condition. These externally applied loads i
ding moment, referenced as M,,, which iscalculated from Equation 4.16.16.

= 0 and Mg = 0 since there are no.externally applied net-section forces and bending. There
ge cross-section bending moment of inertia, I and polar moment of inertia, I,,, from Table 4

d not be calculated. Therefore}

| h
M, =4M | —2—|+F;h
” E{0.3846Ip+l} {(C—ZhD)} AP

EP 7 — Determine the flange moment for gasket seating condition.

W/(C -G)B.-F
S 1 )BscFs Internal Pressure

Bgc are
agent.

rce and
nduce a

ore, the
16.7 do

: 2
387658 8(2T0= 221678 )T
M, = 1 ”2 e 936622.4 in—Ibs

STEP 8 — Determine the flange stresses for the operating and gasket seating conditions using the
equations in Table 4.16.8.

Note: As provided in paragraph 4.16.13 for the definition of B — If B < 20g,, the designer may substitute

the

value of B, for B in the equation for Sy, where,
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rintegral flanges when f < 1.0 and for loose type flanges,

B, =B+g,

Although, {B = 20.20 in} < {20g,; = 20(1.46) = 29.2 in}, the value of B will be used to determine the
value of Sy.

Operating Condition:

S, = > = > =4095.1 psi
Lt*B (4.0838)(2.44)"(20.20)
S; = Yzﬂ - 7S, = (4'8850)2(682818'4) - 2.5627(4095.1) =17241.1 pSi
t’B (2.44)"(20.20)
Gagket Seating Condition:
fM . :
M (L0)(esee24) e
Lo;B  (4.0838)(1.460)" (20.20)
1.33te+1)M 1.33)(2.44)(0.5995) +1-{936622.4
. :( e:_ ) g :I:( )( )( )2+ ]( ):56173 ps|
Lt*B (4.0838)(2.44)(20.20)
YM . .
S, =—2-2ZS, = (4 8850)2(936622 4) = 2.5627(5617.3) = 23649.6 psi
t°B (2.44)"(20.20)
STEP 9 — Check the flange stress,acceptance criteria. The criteria below shall be evaluated. If th

criteria are satisfied, go to SFER" 10. If the stress criteria are not satisfied, re-proportion th
dimensions and go to STEP 4,

Allgwable normal stress(—)The criteria to evaluate the normal stresses for the operating and gasket
conditions are shown.in/Table 4.16.9, for loose type flanges with a hub.

Op

o _MM, __ (10)(6828184)
L= _

=3883.1 psi

Ly, B—(4.1032)(T.460]) (20.20)

(L33te+1)M, [(1.33)(244)(0.5995)+1](682818.4)

e stress
e flange

seating

brating Condition:

S, <158,

{Sf-=3883.1 psi} < {1.5(17800) = 26700 psi | True
{Sq =4095.1 psi} <{S, =17800 psi| True
{S; =17241.1 psi} <{S, =17800 psi} True

(S, +Sg) 3883 1+4095.1)

=3989.1 pSi}S{Sf =17800 psi| True
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{(sH +S;) (3883.1+17241.4)

B > =10562.3 pSi}S{Sf =17800 psi} True

Gasket Seating Condition:

S, <158,
{S,, =5326.5 psi} <{1.5(24000) =36000 psi} True
{S, =5617.3 psi} <{S, =24000 psi} True
{S; =23649.6 psi}<{S, =24000 psi} True

STEP 10 — Check the flange rigidity criterion in Table 4.16.13. Jf the flange rigidity criterion is 9
theh the design is complete. If the flange rigidity criterion is fiot”satisfied, then re-proportion th

dini

Opgrating Condition:

where,

G

QD

{(sH +5z) _ (5326.5+5617.3)

ket Seating Condition:

; =5471.9 psi} <{S, =24000 psi} Trde

{(SH ZST) _ (5326.5+223649-6) _14488.1 psi}g {sf = 24000 psi} True

ensions and go to STEP 3.

_ 5214V, M, _
LE,g2K.h,

52.14(11.2955)(682818.4
{J = ( I ) =1.6359}Sl.0 Not Satisfied

(4.0838)(26.0E +06)(1.460)" (0.2)(5.4307)

K, =0.2 for loose type-flanges

ALV
LEngK,_hO

atisfied,
b flange

52.14(11.2955)(936622.4) e
J= =1.9844),<1.0 Not Satisfied

(4.0838)(29 AE + 06)(1.460)°(0.2)(5.4307)
C y VAN 7X 7 X 7

where,

K, =0.2 for loose type flanges
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Since the flange rigidity criterion is not satisfied for either the operating condition or the gasket seating condition,
the flange dimensions should be re-proportioned, and the design procedure shall be performed beginning with
STEP 3.

NOTE: Although the proposed ASME B16.5 slip-on flange is shown not to satisfy the flange rigidity acceptance
criteria of VIII-2 paragraph 4.16 Design Rules for Flanged Joints, Table 4.16.10, ASME B16.5-2020, Table 2—
1.1C, Pressure—Temperature Ratings for Group 1.1 Materials, states an ASME Class 300 flange is permitted to
operate at a pressure of 550 psi for a coincident temperature of 650°F.
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417 Clamped Connections
4.17.1 Example E4.17.1 — Flange and Clamp Design Procedure

Using the data shown below, see Figure E4.17.1, determine if the clamp design satisfied paragraph 4.17,
Design Rules for Clamped Connections.

General Data:

e Desjgn Conditions = 3000 psi(@200°F
e Corfosion Allowance = 0.0 in
Clamp:
e Matgrial = SA—-216, Grade WCB
e Insifle Diameter = 43.75 in
e Thigkness = 7.6255in
o Widih = 28.0in
e Gap = 14.0 in
e Lug|height = 15.0 in
e Lug|Width = 28.0in
e Lip Length = 2.75in
e Radjal Distance from Connection Centerline to Bolts = 32.25in
e Distance from W to the point where the clamp lug = 3.7 in
joing the clamp body
e Allowable Stress @ Design Temperature = 22000 psi
e Allowable Stress @ Ambient Temperature = 24000 psi
Hub:
e Material = SA—-105
¢ Insigle Diameter = 18.0 in
e Pipg End Neck Thickness = 12.75 in
e Shoplder End Neck Thickness = 12.75 in
e Shoplder Thickness = 7.321in
e Shoplder Height = 2.75in
e FricfionAngle = 5 deg
e Shoulder Transition Angle = 10 deg
e Allowable Stress @ Design Temperature = 22000 psi
e Allowable Stress @ ambient Temperature = 24000 psi
Bolt Data:
e Material = SA—-193, Grade B7
e Allowable Stress @ Design Temperature = 23000 psi
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e Allowable Stress @ Gasket Temperature = 23000 psi

e Diameter = 1.75 in

e Number of Bolts = 2

e Root area = 1.980 in’

Gasket Data:

e Material = Self Energizing O-ring Type
L] GagketReactiontocation = 19-6-r:

. Ga%ket Factor = 0

e Sealing Stress = 0 psi

Evaluat¢ the clamp in accordance with Paragraph 4.17.

Paragraph 4.17.4, Design Bolt Loads. The procedure to determine the bolt loads for the operating andl gasket
seating fonditions are shown below.

a) STEP 1 - Determine the design pressure and temperature of the flanged joint

P =3000 psig at 200°F

b) STEP 2 — Select a gasket and determine the gasket factors m and y from Table 4.16.1.
m=0.0 for self —energized gaskets

y=0.0

c) STHP 3 — Determine the width of the gasket, N, basic gasket seating width, b,, the effective gasket peating
width, b, and the location of the gasket reaction,-G.

N=0.0 for self —energized-gaskets
Frgm Table 4.16.3, Facing Sketch Detail (not required because gasket is self-energized).
b=2 =20 _0.0m
2 2
Fol b, < 0.25 in.,
b=b=0.0in

Therefore, thedoCation of the gasket reaction is calculated as follows.

G =medn diameter of the gasket contact face
G=19.0 in

d) STEP 4 — Determine the flange forces for the bolt load calculation.
H=0.785G’P = 0.785(19.0)2 (3000) =850155.0 /bs
H,=0.0 ( for self —energized gaskets)

H =0.0 ( for self —energized gaskets)
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STEP 5 — Determine the design bolt load for the operating condition.

2 2

W,==(H+H,)tan[¢— u]==(850155.0+0)-tan[10— 5] = 47351.1 Ibs
V3 T

STEP 6 — Determine the minimum required total bolt load for the gasket seating and assembly conditions.

W, =2 H, tan[g+u]=2(0.0)tan[10+5] = 0.0 lbs
T T
(1 L [/ 1_ 2’

v 04 I AW L (Qeni1aa O\, [1a . <1 1460
\11 TIII)}Ldlll-(/ITHJ ﬂ\OJUlJJ.UTU} Ldlll_lUTJJ il i JOAV)

V!’gz—

(o) 1L

A-0
V.7 US>

3 [

STEP 7 — Determine the design bolt load for the gasket seating and assembly condition.

W, = (Am +Ab)Sbg :(3.1526+3.96)23000 =163589.8 Ibs

The total cross-sectional area of bolts A,, required for the operating condition, gasket seatihg, and
asgembly condition is determined as follows.

W, Wa W

A =max , , —=2
25, 25, 25,

A, =max ﬂ:mz%, L:O.O, 1450209 _ 3 15061 |=3.1526 fin?
2(23000) 2(23000) 2(23000)

~

The actual bolt area is calculated as follows (using twd 1.75-inches diameter bolts).

A = (Number of bolts)(Root area of one bolt) = 2(1.980) =3.96 in’

Verify that the actual bolt area is equal to er'greater than the total required area.

{4,=3.96 in’} 2{4, =3.1526 in’ | True

Altg¢rnatively, if controlled bolting/(e.g., bolt tensioning or torque control) techniques are used to agsemble
the| clamp, assembly design bolt load may be calculated as follows. Note: This calculation is shown for
infgrmational purposes only and will not be used in the example problem.

W,=24,-S,.< 2(3.1526)23000 =145019.6 Ibs

Paragraph 4.17:5 Flange and Clamp Design Procedure. The procedure to design a clamp connection is shown

below.

a)

STEP 1 — Determine the design pressure and temperature of the flange joint.
See above data.

STEP 2 — Determine an initial flange and clamp geometry see Figures 4.17.1(c) and 4.17.2(a) and Figure
E4.17.1 of this example.

STEP 3 — Determine the design bolt loads for operating condition, W,, and the gasket seating and
assembly condition, Wg, from paragraph 4.17.4.2.
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W, =47351.1 Ibs
W, =163589.8 Ibs

d) STEP 4 - Determine the flange forces, H, H,, and H,, from paragraph 4.17.4.2, Step 4.

H, =0.785B°P = 0.785(18.0)" (3000) = 763020.0 /bs

1571, 1.571(47351.1)
G=tan[¢+,u]_(H p): tan[10+5]

—~(850155.0+0) = —572533.0 Ibs

H,.=H-H, =850155.0-763020.0=87135.0 /bs

e) STEP 5 — Determine the flange moment for the operating condition.

M, =M, +M_.+M,+M, +M,+M,

wher

(B+ 46.375—(18.0+12.75
-H { g‘} 763020.0{ (2 )}5961093.811”

=-572533. O(O 0) 0.0 /bs

H_h,
CB+
2

=1214444.1 in—Ibs

18.0419.0
}87135'0{46.375_( n )}

M,=H, [g‘ 2g°j 763020.0(%):0.0 in—Ibs

M, = PBTﬂG ~h ) = 3000(18.0)(7.321)(@(%—3 6396) 25957.3 Ibs

M, :1.571WO(Z—T+(C_+WJ

46.375—43.5)tan[10]
2

M, = 1.571(47351.1)(3.6396 -7.321+ ( j =-254998.8 Ibs

ang,

A=B+2(g, +g,)=18.0+2(12.75+2.75)=49.0 in

M, =5961093.8+0.0+1214444.1+0.0+25957.3 + (—254998.8) =6946496.4 in—1bs

N=B+2g =18.0+2(12.75)=43.5 in

(4+C) (49+43.75)

C= = =46.375in
2 2

F_ g +hie, _ (7.321)°12.75+(7.0785) 2.75 3639 in
2(Tg, +hg,) 2(7.321(12.75)+7.0785(2.75))
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2.75tan[10]

——=7.321- =7.0786 in

STEP 6 — Determine the flange moment for the gasket seating condition.

0.785W,(C—-G) 0.785(163589.8)(46.375-19.0) 13119810.2 in—Ih
_ _ = Z In—ILDS

¢ tan [¢+ u] tan[10+5]
STEP 7 — Determine the hub factors.
1.818 — 3.305¢7
F,=l+—|T-h+——""1
! Bg, { & (0-53+§)}
F, :1+& 7.321-3.6396 + 3'2305(498'4148) =1.5146
18(12.75) (12.75)°(0.5(18.0)+7.7123)
3 3
I, :%+nghz—(g2h2 +g1T)f_12
3 3
I, = 12'75(;'321) + 2.75(7.0785) —(2.75(7.0786)+12.75(7.321))(3.6396)2 =498.41

Tg, +hg, (28, +8,) _ 7.321(12.75) +7.0786(2175)(2(12.75) +2.75)
2(Tg, +hg,) 2(7.321(12:75) +7.0786(2.75))

g:

STEP 8 — Determine the reaction shear force at the hub neck for the operating condition.

_1.818M, 1.818(6946496.4)

F

_ — 550389.8 Ibs
wABg 1.5146,(18.0)(12:75)

0

STEP 9 — Determine the reactiontshear force at the hub neck for the gasket seating condition.
1.818M,  1.818(13119810.2)

= = =1039518.3 Ibs
F,\Bg, 1(5146,/(18.0)(12.75)

STEP 10 — Determine the clamp factors.

e, =B, —%—IC —X= 32.25—@—2.75—2.7009 =4.9241 in

ang,

=7.7123 in

48 in'

2
10=(i+ﬁjcf+A3—lC—AcX2
34 3

38.5(2.75)’

1

c

(97.23188 N 91.1389j(7.625)2 N
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(Cw—cfj c’-05(c,-c,) (28—7'625j(7.625)2 ~0.5(28.0-14.0)(2.75)°
yol2 3 23

A 227.0577
X =2.7009 in

and,

wh

ST

4,=(C,-2C,)C, =(28.0-2(7.625))7.625=97.2188 in’
4, =1.571C? =1.571(7.625)" =91.3389 in’
4,=(C,-C,)I =(28.0-14.0)2.75=38.5 in’

EP 11 — Determine the hub stress correction factor, f, based on g4, go, h, and B using Table 4.

Table 4.16.5 and L,,, using the following equation.

¢ g, 1275

x o h_ 00 _ o

h, Bg, 180(1275)

0.0927779-0.0336633X , + 0.964176)(; +

0.0566286.X, +0.347074X —4.18699.X
1-5.96093(10)" X, +1.62904.X,, +

3.49329X2 +1.39052.X;

v & _1275

f =max]| 1.0,

0.0927779 - 0.0336633(1)+0.964176(1)" +

0:0566286(1)+0.347074(0) - 4.18699(0)
1-5.96093(10) " 1+1.62904(0) +
3.49329(0) +1.39052(0)

fi=tax[1.0, 1.0294] =1.0294

f =max| 1.0,

and,

l,=1-0.5(C—C)=2.75-0.5(46.375—-43.75)=1.4375 in
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STEP 12 — Determine the flange and clamp stresses for the operating and gasket seating conditions using
the equations in Table 4.17.1.

Operating Condition — Location: Flange:

Longitudinal Stress:

2
Slo=f{ PB ___ 191M, }

4g1(B+g1) g12(B+g1)FH

i 3000(18.0)“ 1.91(6946496.4 ) i .
S, =1.0294 + 5 =2442.0 psi
4(12.75)(18.0+12.75) (12.75) (18.0+12.75)1.5146
Lame Hoop Stress:
2 2 2 2
S,, =P(%j =3000 (43'5)2 +(18'0)2 =4239.6 psi
N’-B (43.5)" —(18.0)
Axipl Shear Stress:
75(47351.1
5. = 0.75W, _ 0.75(47351.1) _ 12746 psi
T(B+2g )tan[gp—p] 7.321(18.0+2(12.75))tari{10—5]
Ragial Shear Stress:
4 .
- 04770, _ 0.477(550389.8) _ 6698 psi
gl(B+gl) 12.75(18.0+12.75)
Opgrating Condition — Location: Clamp:
Longitudinal Stress:
5o W [1 36+2)
2C tan[¢—,u] C C
3(7.625+2(1.4375
S, = 4T3 ! + ( ( 5 )) =3926.8 psi
2(46.375)tan[10-5]| 7.625 (7.625)
Tamgential Stress:
m(l MHQ—XW
0o A | 7 T
214 I |
- 47351.1{ L, |4.9241|-(7.625—2.7009)} 4517 poi
2 227.0577 1652.4435
Lip Shear Stress:
1.5(47351.1
_ LW, _ 5(47351.1) ~1250.4 psi

e (C,-C,)Ctan[p—u] (28.0-14.0)(46.375)tan[10-5]
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Lug Bending Stress:

_3W,L, _3(47351.1)(3.7) _ 83.4 psi

Y LI 280(15.0)

Bearing Stress at clamp-to-hub contact:

w 473511
S,, = 0 - = 2223.0 psi
" (A-C)Ctan[g—p] (49.0—43.75)(46.375)tan[10—5] P

Gapket Seating/Assembly Condition — Location: Flange:
Longitudinal Stress:

191M, 1.91(13119810.2)
Sy = f| 55— [=1.029 .
g (B+g)F, (12.75)7 (18.0+12.75)(1.5146)

=3407.0 psi

Lame Hoop Stress:

S,, =0.0

Axipl Shear Stress:

0.751, 0.75(163589.8) _
S,, = = =1437.8 psi
© T(B+2g)tan[¢+u] 7.321(18.0+2(12.75))tan[10+5]

Raglial Shear Stress:

04779,  0.477(1039518.3)
% g (B+g) 1275(18.0+1275)

=1264.7 psi

Gagket Seating/Assembly Condition— Location: Clamp:

Longitudinal Stress:

¢ " {i+3(c,+2lm)}
> 2Ctan[¢+ul{ C, C’

163589.8 1 3(7.625+2(1.4375))
+
7.625 7.625°

=4429.6 psi
¥ 2(46:375)tan[10+5] } P

Tangential Stress:

-

B A )i

6g
2 C C

_&F+i%i-kbz—x)J

SG

_ 163589.8{ I |49241(7.625-2.7009)

=1560.4 psi
¢ 2 227.0577 1652.4435
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Lip Shear Stress:

15w, 1.5(163589.8) ,
S, = = =1410.5 psi
¢ (¢,-C,)Ctan[g+u] (28.0-14.0)(46.375)tan[10+5]
Lug Bending Stress:
3W L 1 . .
= gza :3( 63589 8)(223 7):288.2 psi
L., 28.0(15.0)
BeJaring Stress at clamp-to-hub contact:
w
= £ = 163589.8 =2507.6 psi

o (A4-C)Ctan[p+u] (49.0-43.75)(46.375)tan[10+5]

STEP 13 — Check the flange stress acceptance criteria for the operating and gasket seating condifons are

shagwn in Table 24-8.

Opegrating Condition — Location: Flange:

(8, =2442.0 psi} <{1.5S,, =33000 psi} True
{8, =4239.6 psi} <{S,, =22000 psi} True
{8, =1274.6 psi} <{0.8S, =17600 psi} True
(8,, =669.6 psi} <{0.8S, =17600 psi} True
Opgrating Condition — Location: Clamp:
{8, =3926.8 psi} <{1.5S,, =33000 psi} True
{Ss, =451.7 psi} <{1.5S_,=33000 psi} True
{8, =1250.4 psi} < {085, =17600 psi} True
(S, =83.4 psi}<Y{S., =22000 psi} True
{8,, =2223:0 psi} <{l.6min[S,,, S.,] = 35200 psi} True
Gapket Seatifig/Assembly Condition — Location: Flange:
{8§;,=3407.1 psi} <{1.5S, =33000 psi} True
{S,, =0.0 psif <{S,, =22000 psi} True
{S,, =1437.8 psi} <{0.8S,, =17600 psi} True
{S,, =1264.7 psi} <{0.85, =17600 psi} True
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Gasket Seating/Assembly Condition — Location: Clamp:

{Ss, =4429.6 psi} <{1.55_ =33000 psi| True
{See =1560.4 psi} <{1.55_ =33000 psi True
{S,, =1410.5 psi} <{0.85, =17600 psi} True
{S,, =288.2 psi} <{S,_, =22000 psi| True
{Sy, =2507.6 psif<{1.6min[$,,, S, | =35200 psi| True

g)

Since the acceptance criteria are satisfied, the design is complete.
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Hub
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B
_——— — — — , Clamp Clamp
BY ¥ B INote (1) L/iNeutral Axis
~ Neutral Axis
_»
/Note 2
} : T
Ln |
v L
Section A-A
Notes:

1) See Figure 4.17.2 for sction B-B
2) Clamp may have spherical depressions at bolt holes to facilitate the use of spherical nuts

N
NN

Section B-B

Figure E4.17.1 — Typical Hub and Clamp Configuration
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4.18 Tubesheets in Shell and Tube Heat Exchangers

4.18.1

Example E4.18.1 — U-Tube Tubesheet Integral with Shell and Channel

A U-tube heat exchanger is to be designed with the tubesheet construction in accordance with configuration a
as shown in VIII-2, Figure 4.18.4, Configuration a.

e The shell side design condition is -10 to 60 psig at 500°F, and the tube side design condition is
-15 to 140 psig at 500°F.

tube material is SA-249, Type 316 (S31600). The tubes are 0.75-inch outside diameter and 0

65-inch

e The
thick.
e The

tubs
grod
unty
corr|
take

e The
the

e The
cha

Data Sglmmary:
The datd summary consists of those variables fromcthe nomenclature (see VIII-2, paragraph 4.18.15) thg

applicab

De

sheet has 76 tube holes on a 1.0-inch square pattern with one centerline pass lane and-no pass
ves. The largest center-to-center distance between adjacent tube rows is 2.25-inches, the leng
bed lane is 11.626-inches, and the radius to the outermost tube hole center is’5.438-inches. Th
psion allowance on the tubesheet. The tubes are full-strength welded to-the tubesheet with 1
n for expansion.

shell material is SA-312, Type 316 (S31600) welded pipe. The shelkinside diameter is 12.39-ing
shell thickness is 0.18-inch.

channel material is SA-240, Type 316 (S31600). The channel inside diameter is 12.313-inches
nel thickness is 0.313-inch.

le to this configuration.

5ign Conditions:

Psd,max = 60 psig

Psamin = -10 psig
P dmax = 140 psig
Pdmin = -15 psig

7= 500°F

7. =S00°F

tubesheet material is SA-240, Type 316 (S31600). The tubesheet diameter is 12.939-inchgs. The

partition
th of the
bre is no
o credit

hes and

and the

t are

75=3500°F

Tubes:

,=0.75 in.

Eir=25.9E6 psi from Table TM-1 of Section II, Part D at T

Sir = 18,000 psi from Table SA of Section II, Part D at 7 (for seamless tube, SA-213)
t:=0.065 in.
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The tubes are SA-249, Type 316 (welded). VIII-2, paragraph 4.18.15 requires the use of the allowable
stress for the equivalent seamless product, which is SA-213, Type 316.

Tubesheet:

Tube Pattern: Square
A=12.939 in.
AL =26.16 in.?

c: =0 in.

E = 25.9E6 psi from Table TM-1 of Section II, Part D at T
) = 0.521 in. (assumed)

1o =0 in.

.71 =11.626 in.

p=1.0 in.

o =5.438 in.

S = 18,000 psi from Table SA of Section II, Part D at T

S, = 20,000 psi from Table Y-1 of Section II, Part D at.7’
U1 =2.25 in.

o = 0 for no tube expansion

Shell:

D; = 12.39 in.

Es = 25.9E6 psi from Table TM-1 of Section II, Part D at T

Ss = 18,000 psi from TableSA of Section II, Part D at 7§ (for seamless pipe, SA-312)
ts =0.180 in.

vs = 0.31 from Table’/PRD of Section I, Part D for High Alloy Steels (300 Series)

The shell is SA2312, Type 316 welded pipe. VIII-2, paragraph 4.18.15 requires the use of the
allowable stress for the equivalent seamless product, which is SA-312, Type 316 seamless pipe

Channel:

=12313 in

E.=25.9E6 psi from Table TM-1 of Section II, Part D at 7¢

Se = 18,000 psi from Table 5A of Section II, Part D at 7.

te=0.313 in.

Ve =0.31 from Table PRD of Section II, Part D for High Alloy Steels (300 Series)
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Calculation Procedure:

The calculation procedure for a U-tube heat exchanger tubesheet is given in VIII-2, paragraph 4.18.7.4. The
calculation results are shown for the loading cases required to be analyzed (see paragraph 4.18.7.3).

a) STEP 1 - Calculate D,, u, /* and hé from VIII-2, paragraph 4.18.6.4(a).
D,=11.626 in.
1=0.2500
H—="0-7560-n
p*=1.152 in
1t=0.3489
hg =0 in
b) STEP 2 - Calculate ps and p.. For each loading case, list the tubesheet loads @nd the calculated vplue of
M5 for configuration a.
os = 1.066
o =1.059
Summary Table for Tubesheet Loads.and STEP 2
Loading Case (;f;si) (;)Sti) (Il/ltj; (inﬁf/ﬁr )
1 -10 140 0 -160.1
2 60 -15 0 87.03
3 60 140 0 -77.14
4 -10 -15 0 4.030]
c) STEP 3 - Calculate 4/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate £*.
i/p = 0.5210
E*/E = 0.4452
v¥=0.2539
E* = 11.53£6 psi
d) STEP 4 -'Fof configuration a, calculate shell coefficients f, ks, As, s and ;.

Bi=1.206 in."!

ks = 33.60E3 Ib

As = 32.26E6 psi
8= 6.956E-6 in.3/Ib
@, = 0.4894 in.2
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For configuration a, calculate channel coefficients ., k¢, A¢, O and ..
B:=0.9129 in."!
ke=0.1337E6 [b
Ae=111.0E6 psi

0 =3.951E-6 in.%/Ib

we=0.7535 in.?

e) STEP 5 - Calculate K and F for configuration a.
K=1.113
F'=9.446
fy  STEPS 6 thru 8 — For each loading case, calculate M*, M,, M,, M and tubesheetbending stress ¢-
Summary Table for STEPS 6 thru 8
Loagling M* M, M, M o 25
Cgse (in.-Ib/in.) (in.-Ib/in.) (in.-Ib/in.) (in.-Ibfin ) (psi) (ppi)
-49.75 568.2 -462.6 568.2 35,990 36,po0
y 46.36 -282.0 2334 282.0 17,870 36,p00
-1.014 305.5 -244.3 305.5 19,350 36,p00
4 -2.378 -19.33 15.04 19.33 1,224 36,p00
For Loading Cases 1-4 |0] < 2S. The bending stress criterion for the tubesheet is satisfied.
g) STEP 9 - Check the criterion below for the largest value of |Ps — P/ and calculate the shear stress, if

required.

True

4th
{|P, — P;| = 150.0 psi}'< { g -min[0.8S,0.533S, | = 477.7 psi}

o

Sinlce the above criterion is.satisfied, the shear stress is not required to be calculated.

h) STEP 10 — For each loading case, calculate the stresses in the shell and channel for configuration @, and
chgck the acceptance-criterion. The shell thickness shall be 0.18 in. for a minimum length of 2.688 |in.
adjpcent to the tubesheet, and the channel thickness shall be 0.313 in. for a minimum length of 3.534 in.
adjpcent to thextubesheet.

Summary Table for STEP 10, Shell Results
Loading€ase O o Os- | SS‘
(psi) (psi) (psi) (psi)
1 -169.6 -17,600 17,770 27,000
2 1,018 12,210 13,230 27,000
3 1,018 -5,336 6,354 27,000
4 -169.6 -53.91 2235 27,000

For Design Loading Cases 1 - 4 |os| < 1.5S;. The stress criterion for the shell is satisfied.
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Summary Table for STEP 10, Channel Results

Loading Case (GpcS’S (‘;;ib) ( r?;ci) 1(p5sk|5;c
1 1,343 25,290 26,640 27,000
2 -143.9 -11,690 11,830 27,000
3 1,343 14,630 15,970 27,000
4 -143.9 -1,023 1,167 27,000

For Design Loading Cases 1-4 || < 1.5S.. The stress criterion for the channel is satisfied.

The calgulation procedure is complete, and the unit geometry is acceptable for the given design eonditipns and

assumefl tubesheet thickness.
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Example E4.18.2 — U-Tube Tubesheet Gasketed with Shell and Channel

A U-tube heat exchanger is to be designed with the tubesheet construction in accordance with configuration d as
shown in VIII-2, Figure 4.18.4, Configuration d.

e The shell side design condition is -15 to 10 psig at 300°F and the tube side design condition is 0 to 135 psig

at 300°F.

e The tube material is SB-111, Admiralty (C44300). The tubes are 0.625 in. outside diameter and 0.065 in.
thick.

e The sheet has

386

tube holes on a 0.75 in. equilateral triangular pattern with one centerline pass lane and no pass

grogves. The largest center-to-center distance between adjacent tube rows is 1.75 in., the‘lengt
untybed lane is 16.813 in. and the radius to the outermost tube hole center is 8.094 in. There is a (

corr|
e The

19.375 in., the inside diameter is 18.625 in., and the gasket factors are y = 10,000"psi and m = 3.0.

gas
The
are

Data Summary:

The dat

applicalyle to this configuration.

De

channel flange gasket consists of a ring gasket with a centerline rib. The ring,gasket outside dia

et width is 0.375 in., the length is 18.625 in., and the rib gasket factors.are y = 9,000 psi and m
shell flange gasket outside diameter is 19.375 in., the inside diameteris 18.625 in., and the gask¢g

B summary consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15)

5ign Conditions:

Tubes:

Psa,max = 10 psig
Psdmin = -15 psig
Pdmax = 135 psig
Pd,min = 0 psig
7'=300°F

T = 300°F

pbsion allowance on the tube side. The tubes are expanded for the full thickness of.the tubesheet.

partition
of the
D.125 in.

meter is
The rib
= 3.75.
t factors

y = 10,000 psi and m = 3.0. The effective gasket width for both gaskets is per VIlI-2 paragraph 4.16, Table
4.14.3, sketch (1a). There are (24) 0.75 in. diameter SA-193-B7 bolts on a 20.875 in. bolt circle.

that are

(7 =10.625 in.

Ei;r=15.3E6 psi from Table TM-3 of Section II, Part D at T’
Sit= 10,000 psi from Table 5B of Section II, Part D at T’
t:=0.065 in.
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Tubesheet:

Tube Pattern: Triangular

Assume an uncorroded tubesheet thickness of 1.405 inches.
A=20in.

A1=29.42 in?

¢ =0.125 in.

DE = 18.625 1n.
E = 28.3E6 psi from Table TM-1 of Section II, Part D at T

i = 1.405 in. — 0.125 in. = 1.28 in. (assumed)

G =19.00 in. (G per VIII-2 paragraph 4.16)
G =19.00 in. (G per VIII-2 paragraph 4.16)

1o =0 in.

.11 =16.813 in.
p =0.75 in.

o = 8.094 in.

S = 17,700 psi from Table SA of Section II, Part D-at' T
S = 17,700 psi from Table SA of Section II, Part D at T
S, = 26,500 psi from Table Y-1 of Section\H; Part D at T’
U1 = 1.75 in.

Wnie = 50,854 Ib (W, per VIII-2 paragraph 4.16)

Wnis = 3,505 Ib (W, per VIII=2 paragraph 4.16)

o = 1.0 for full length tubee€xpansion

Calculé[ion Procedure:

The tub
extensid
at Ty is

sheet is not extended as a flange but has an unflanged extension. The calculation procedure fd
n is given in V-2, paragraph 4.18.5.4(c). The minimum required thickness of this extension ca

)1 £40:05561 in.

r this
culated

The calculation procedure for a U-tube heat exchanger tubesheet is given in VIII-Z, paragraph 4.18.7.4.
calculation results are shown for the loading cases required to be analyzed (see paragraph 4.18.7.3).

a) STEP 1 - Calculate D,, i, * and h"Q from VIII-2, paragraph 4.18.6.4(a).

D,=16.813 in.
1=0.1667

d*=0.5802 in.
p*=0.8053 in.
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1*=0.2794
hg =0 in.
b) STEP 2 - Calculate ps and pc.. For each loading case, list the tubesheet loads and the calculated value of
Ms for configuration d.
ps=1.130
pe=1.130
Summary Table for Tubesheet Loads and STEP 2
Logading Case (fssi) (;)sti) (II/E;; (in.ZEIIbT/L?r )
1 -15 135 50,854 -785.(
2 10 0 3,505 52.33
3 10 135 50,854 -654.1
4 -15 0 0 -78.5(
c) STEP 3 - Calculate 4/p. Determine E*/E and v* from VIII-2, paragfaph 4.18.6.4(b) and calculate £*.
i/p = 1.707
E*/E = 0.2647
v¥=0.3579
E* =7.491E6 psi
d) STEP 4 — For configuration d, skip STEP 4 and’proceed to STEP 5.
e) STEP 5 - Calculate the diameter ratio K-and the coefficient I for configuration d.
K =1.190
F=0.4211
f)  STEPS 6 thru 8 — For eachrloading case, calculate M*, M), M,, M and tubesheet bending stress ¢
Summary Table for STEPS 6 thru 8
Loagling A M, M, M o 25
Cgse (in-Ib/in.) (in.-Ib/in.) (in.-Ib/in.) (in.-Ib/in.) (psi) (psi)
-785.0 -159.8 -2,384 2,384 31,250 35,400
y 52.33 10.65 159.0 159.0 2,083 35,400
-6541 -T331 -T,987 T,987 26,040 35,400
4 -78.50 -15.98 -238.4 2384 3,125 35,400

For Loading Cases 1-4 |0 < 2S. The bending stress criterion for the tubesheet is satisfied.
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g) STEP 9 - Check the criterion below for the largest value of |Ps — P;| and calculate the shear stress,
if required.

duh
(P, — P,| = 150.0 psi} < { l’;

o

-min[0.8S,0.533S, | = 717.8 psi} True

Since the above criterion is satisfied, the shear stress is not required to be calculated.

The calculation procedure is complete, and the unit geometry is acceptable for the given design conditions and
assumed tubesheet thickness.

4-302


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3 2022

4.18.3 Example E4.18.3 — U-Tube Tubesheet Gasketed with Shell and Channel

A U-tube heat exchanger is to be designed with the tubesheet construction in accordance with configuration d as
shown in VIII-2, Figure 4.18.4UHX-12.1 Configuration d.

Data Summary:

The shell side design condition is 0 to 375 psig at 500°F and the tube side design condition is 0 to 75 psig at

500

°F.

The tube material is SB-111, 90/10 Copper-Nickel (C70600). The tubes are 0.75 in. outside diameter and
0.049 in. thick.

The
has

in. deep pass partition groove. The largest center-to-center distance between adjacent tube fows is

the
a 0.

thickness.

The

45.38 in., the inside diameter is 44.38 in., and the gasket factors are y = 10;000 psi and m = 3.0.

gas
she

10,d

The

The dat

applicalyle to this configuration.

De

1,534 tube holes on a 0.9375 in. equilateral triangular pattern with one centerline pass lane and

ength of the untubed lane 41.75 in., and the radius to the outermost tube hole center is20.5 in.
125 in. corrosion allowance on the tube side. The tubes are expanded for one:half of the tu

channel flange gasket consists of a ring gasket with a centerline rib. The ring.gasket outside dig

et width is 0.50 in., the length is 44.38 in., and the rib gasket factors are'y = 9,000 psi and m = 3.
| flange gasket outside diameter is 44.0 in., the inside diameter is43.0 in., and the gasket factors

tubesheet shall be designed for a differential design pressure of 300 psi.

B summary consists of those variables from,the nomenclature (see VIII-2, paragraph 4.18.15)

5ign Conditions:

Tubes:

Psdmax = 375 psig
Pidmax = 75 psig
7= 500°F

77 = 500°F

dt = 075 in.

besheet

4 0.1875

2.25in.,
There is
besheet

meter is
The rib
75. The
arey =

00 psi and m = 3.0. The effective gasket width for both gaskets)isper VIII-2 paragraph 4.16, Tabl¢ 4.16.3,
skefch (1a). There are (52) 1.0 in. diameter SA-193-B7 bolts onva 46.75 in. bolt circle.

that are

E7=T16.5E6 psitrom Tablc TM-3of Section 11, Part D at 7
Sit= 8,000 psi from Table 5B of Section II, Part D at T’
t:=0.049 in.
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Tubesheet:

Tube Pattern: Triangular

Assume an uncorroded tubesheet thickness of 4.275 inches.
A =48.88 in.

AL =93.94 in?

¢ =0.125 in.

DE = 44.38 1n.

E = 27.1E6 psi from Table TM-1 of Section II, Part D at T
G. = 44.88 in. (G per VIII-2 paragraph 4.16)

G =43.50 in. (G per VIII-2 paragraph 4.16)

h =4.275 in. — 0.125 in. = 4.15 in. (assumed)

1. = 0.1875 in.

L1 =41.75 in.

p = 0.9375 in.

o =20.5 in.

S = 20,600 psi from Table SA of Section II, Part D-at' 7
S = 20,600 psi from Table SA of Section I, Part D at T
Sy =31,000 psi from Table Y-1 of Section{I, Part D at T
U1 =2.25 in.

Wnie = 140,682 Ib (W, per VIII-2'patagraph 4.16)

Wnis = 633,863 [b (W, per VIII-2 paragraph 4.16)
lo=0.50

Calculé[ion Procedure:

The tubgsheet is extended as a flange but has no bolt loads applied to the extension. The calculation pr|
for this ¢xtension is given in VIII-2, paragraph 4.18.5.4(c). The minimum required thickness of the exten
calculatgd at 7zis:

1 =40:2080 in.

bcedure
Sion

The calculation procedure for a U-tube heat exchanger tubesheet is given in VIII-Z, paragraph 4.18.7.4.
calculation results are shown for the loading cases required to be analyzed (see paragraph 4.18.7.3).

a) STEP 1 - Calculate D,, i, * and h"Q from VIII-2, paragraph 4.18.6.4(a).

D, =41.75 in.
1=0.2000
d*=0.7381 in.
p*=0.9714 in.
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1= 0.2402
hly = 0.06250 in.

b) STEP 2 - Calculate ps and p.. For Loading Case 3, list the tubesheet loads and the calculated value of
Ms for configuration d.

0= 1.042
0e=1.075
Summary Table Tor Tubesheet Loads and STEP 2
Logading Case (fssi) (;)sti) (II/E;; (in.ZEIIbT/L?r )

1 N/A N/A N/A N/A
2 N/A N/A N/A N/A
3 375 75 633,863 2,251
4 N/A N/A NIA N/A

c) STEP 3 - Calculate 4/p. Determine E*/E and v* from VIII-2, paragfaph 4.18.6.4(b) and calculate £*.
i/p = 4.427

E*/E =0.2043

v¥=0.4069

E* = 5.537E6 psi

d) STEP 4 — For configuration d, skip STEP 4 and’proceed to STEP 5.

e) STEP 5 - Calculate the diameter ratio K-and the coefficient I for configuration d.
K=1.171

F=0.4577

f)  STEPS 6 thru 8 — For Loading Case 3, calculate M*, M), M,, M and tubesheet bending stress o

Summary Table for STEPS 6 thru 8

Loagling A M, M, M o 25
Cyse @in>-b/in.) (in.-Ib/in.) (in.-Ib/in.) (in.-Ib/in.) (psi) (psi)
N/A N/A N/A N/A N/A Nl’A
2 N/A N/A N/A N/A N/A NtA
5,586 -T,299 26,540 26,540 39,670 27200
4 N/A N/A N/A N/A N/A N/A

For Loading Cases 1-4 |0 < 2S. The bending stress criterion for the tubesheet is satisfied.

g) STEP 9 - Check the criterion below for the largest value of |Ps — P4 and calculate the shear stress, if
required.

4uh
(P, — P,| = 300.0 psi} < { 5‘

o

-min[0.8S,0.533S, | = 1310 psi} True
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Since the above criterion is satisfied, the shear stress is not required to be calculated.

The calculation procedure is complete, and the unit geometry is acceptable for the given design conditions and
assumed tubesheet thickness.
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4.18.4 Example E4.18.4 — U-Tube Tubesheet Gasketed with Shell and Integral with Channel, Extended as
a Flange

A U-tube heat exchanger is to be designed with the tubesheet construction in accordance with configuration e as
shown in VIII-2, Figure 4.18.4, Configuration e.

e The shell side design condition is 0 to 650 psig at 400°F, and the tube side design condition is 0 to 650 psig
at 400°F.

e  The tube material is SA-179 (K10200). The tubes are 0.75 in. outside diameter and 0.085 in. thick.

) Th
haj
Th
is 2
allg
. Th
fac
ske

e Th
thid

b 496 tube holes on a 1.0 in. square pattern with one centerline pass lane and no pass partition
p largest center-to-center distance between adjacent tube rows is 1.375 in., the length ofith€ untu
P6.25 in., and the radius to the outermost tube hole center is 12.75 in. There is@0.125 in.
wance on the tube side. The tubes are expanded for the full thickness of the tubesheet.

b shell flange gasket outside diameter is 32.875 in., the inside diameter.is:31.875 in., and thg

tch (1a). There are (36) 1.125 in. diameter SA-193-B7 bolts on a 35.0_in. bolt circle.

b channel material is SA-516, Grade 70 (K02700). The channelinside diameter is 31 in. and the
kness is 0.625 in.

Data Summary:

The dat
applicab

De

B summary consists of those variables from the-nomenclature (see VIII-2, paragraph 4.18.15)
le to this configuration.

5ign Conditions:

Psd,max = 650 psig
Psamin = 0 psig
P dmax = 650 psig
Pd.min = 0 psig

b tubesheet material is SA-516, Grade 70 (K02700). The tubesheet diameter is 37.25 in. The tn.j]besheet

rooves.
ped lane
orrosion

gasket

tors are y = 10,000 psi and m = 3.0. The effective gasket width is per VIll-Zparagraph 4.16, Tabl¢ 4.16.3,

channel

that are

T=400°F
T.=70°F
T. = 400°F
T =400°F

Tubes:
di=0.75 in.

Eir=27.9E6 psi from Table TM-1 of Section I, Part D at T’

Sit= 13,400 psi from Table 1A of Section II, Part D at T
t,=0.085 in.
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Tubesheet:

Tube Pattern: Square

Assume an uncorroded tubesheet thickness of 3.625 inches.
A=37.251in.

AL =36.09 in.?

C=35.01n.

c: = 0.125 1n.

E = 27.9E6 psi from Table TM-1 of Section II, Part D at T
Gy =32.375 in. (G per VIII-2 paragraph 4.16)

) = 3.625 in. — 0.125 in. = 3.50 in. (assumed)

1o = 0 in.

.11 =26.25 in.

p = 1.0 in.

o =12.75 in.

S = 21,600 psi from Table 5A of Section II, Part D at I
S = 21,600 psi from Table 5A of Section 11, Part D at 7
S, = 32,500 psi from Table Y-1 of Section II, Rart D at T’
Ur1 = 1.375 in.

Wnis = 633,930 [b (W, per VIII-2 paragraph 4.16)

Ws = 644,565 Ib (W, per VIII-2 patagraph 4.16)

o = 1.0 for full length tube expansion

Channel:

D.=31.0 in.

E. = 27.9E6 psi-from Table TM-1 of Section II, Part D at 7.

Sc = 21,6000)psi from Table SA of Section II, Part D at 7¢

S),c = 32,500 psi from Table Y-1 of Section II, Part D at 7,

Spse= 65,000 psi max[3S, 25,,c] (per VIII-2 paragraph 4.1.6.3) at T

t. =0.625 in.
v = 0.30 from Table PRD of Section II, Part D for Carbon Steels
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Calculation Procedure:

The tubesheet is extended as a flange. The calculation procedure for a flanged extension is given in VIII-2,

paragraph 4.18.5.4(a).

thicknesses for the operating condition (at 7%) and gasket seating condition (at 7%):

hr=max (1.563, 1.576) = 1.576 in.

The minimum required thickness of the flanged extension is the maximum of required

The calculation procedure for a U-tube heat exchanger tubesheet is given in VIII-2, paragraph 4.18.7.4. The

calculati
a) ST
by ST

on results are shown for the loading cases required to be analyzed (see paragraph 4.18.7.3).
P 1 — Calculate Do, u, 17 and hé from VIII-2, paragraph 4.18.7.6(a).

D, =26.25 in.

1= 0.2500

(*=0.6361 in.

p*=1.035 in.

= 0.3855

hg =0 in.

EP 2 — Calculate ps and pc. For each loading case, list the tubesheet loads and the calculated

value of

M7s for configuration e.
o, = 1.233
o =1.181
Summary Table for Tubesheet Loads and STEP 2
Logading Case (pf;si) (F{;ti) (?;:; (inﬁrlb;r )
1 0 650 0 -12,13p
2 650 0 633,930 16,47(
3 650 650 633,930 4,337
c) STEP 3 - Calculate k/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate £*.
1/p = 3.500
E*E =0.4413
v¥&0.3179

d) STEP 4 - For configuration e, shell coefficients 4. =0, ks =0, A, =0, &= 0 and @, = 0.

E*=T123TE6 psi

For configuration e, calculate channel coefficients /., ke, A¢, O and ..

B = 0.4089 in."!
ke=0.5101E6 Ib
Ae =7.646E6 psi
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&= 11.71E-6 in.>/lb

w.=17.013 in.?
e) STEP 5 - Calculate the diameter ratio K and the coefficient I for configuration e.
K=1.419
F=0.9645
fy  STEPS 6 thru 8 — For each loading case, calculate M*, M), M,, M and tubesheet bending stress o.
Summary Table for STEPS 6 thru 8
Loaling M* M, M, M o 25
Cgse (in.-Ibfin.) (in.-Ib/in.) (in.-Ib/in.) (in.-Ib/in.) (psi) (pbi)
-7,572 3,018 -20,200 20,200 25,670 43,p00
y 26,560 6,646 29,870 29,870 39,750 43,00
18,980 9,664 9,664 9,664 12,280 43,00
Forl Loading Cases 1-3 |0] < 2S. The bending stress criterion for the tubesheet is satisfied.
g) STEP 9 - Check the criterion below for the largest value of |Ps — P#vand calculate the shear stress, [if
required.
o (Auh .
{|P, — P,| = 650.0 psi} < { o min[0.8S, 0:533S, | = 2304 pSl} True
o
Sinlce the above criterion is satisfied, the shear stress:is not required to be calculated.

h) STEP 10 - For each loading case, calculate the,stresses in the channel for configuration e, and chgck the
acdeptance criterion. The channel thickness-shall be 0.625 in. for a minimum length of 7.923 in. adjacent
to the tubesheet.

Summary‘Table for STEP 10, Channel Results
; : 1.58; Spsle
Loadipg Case Ocm Oc,b o Se ¢
(psi) (psi) (psi) (psi) (ps))
1 7,904 54,420 62,320 32,400 65,0p0
2 0 -56,470 56,470 32,400 65,0p0
3 7,901 -2,048 9,948 32,400 65,0p0
Foll Design~Loading Cases 1 and 2 |o¢| > 1.5S.. For Design Loading Case 3 |o¢ < 1.5Sc. The stress
criterion-for the channel is not satisfied. For Design Loading Cases 1 and 2, since |o¢| < Sps., Ogtion 3 in
STEP TTis permitted.

i) STEP 11 — The design shall be reconsidered by using one or a combination of the following options.

e Option 1 — Increase the tubesheet thickness and return to STEP 1.

e Option 2 — Increase the integral channel thickness and return to STEP 1.

e Option 3 — Perform the simplified elastic-plastic calculation procedures as defined in VIII-2,
paragraph 4.18.7.4, STEP 11 (c)(3) with a reduced effective modulus.
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Since the total axial stress in the channel o is between 1.5S,; and Sps, for Design Condition Loading Cases
1 and 2, the procedure of VIII-2, paragraph 4.18.7.4, STEP 11 (c)(3) may be performed to determine if the
tubesheet stresses are acceptable when the plasticity of the channel occurs.

The results for the effect of plasticity for Design Condition Loading Cases 1 and 2 are shown below.

Summary Results for STEP 11,
Elastic-Plastic lteration Results per VIlI-1, paragraph UHX-12.5.11, Option 3
Design Condition Loading Case 1 2
158 psi 32,400 32,400
Oc, pSi 62,320 56,470
E;, psi 19.36E6 20.34E6
ke, ID 0.3539E6 0,3718E6
Ae 5.305E6 5.573E6
F 0.8348 0.8497
M, in.-Ib/in. 2,242 7,928
M,, in.-lb/in. -20,980 31,150
M, in.-Ib/in. 20,980 31,150
|ol, psi 26,660 39,580

The final calculated tubesheet bending stresses of 26,660’ psi (Loading Case 1) and 39,580 psi (Loading
Case 2) are less than the allowable tubesheet bending stress of 25 = 43,000 psi. As such, this geometry
mekts the requirement of VIII-2, paragraph 4.18.7.:.4” The intermediate results for the elastic-plastic fiteration
are| shown above.

The calgulation procedure is complete, and the tnit geometry is acceptable for the given design conditions and
assumefl tubesheet thickness.
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4.18.5 Example E4.18.5 — Fixed Tubesheet Exchanger, Configuration b, Tubesheet Integral with Shell,
Extended as a Flange and Gasketed on the Channel Side

A fixed tubesheet heat exchanger is to be designed with the tubesheet construction in accordance with
configuration b as shown in VIII-2, Figure 4.18.5, Configuration b.

e For the Design Condition, the shell side design pressure is 0 to 150 psig at 700°F, and the tube side design
pressure is 0 to 400 psig at 700°F.

e There is one operating condition. For Operating Condition 1, the operating pressures and operating metal

tem
550

e The
uns
tube

e The
has
outq
face
allo

e The
is 0
insid
weld

e The

fact
sket

ETatures are assumed to be the same as the Design Condition. The Shetl mean metal tempe
F, and the tube mean metal temperature is 510°F.

tube material is SA-214 Welded (K01807). The tubes are 1 in. outside diameter and 0:083in. th
ipported tube span under consideration is between 2 tube supports, and the length’of the unsu
span is 59 inches.

tubesheet material is SA-516, Grade 70 (K02700). The tubesheet diameteris 40.5 in. The tu
649 tube holes on a 1.25 in. equilateral triangular pattern. There is_n® pass partition lane,
rmost tube radius from the tubesheet center is 16.625 in. The distance between the outer tu
s is 168 in. The option for the effect of differential radial expansiafr is not required. There is no ¢
vance on the tubesheet. The tubes are expanded to 95% of the.tubesheet thickness.

1875 in. There is no corrosion allowance on the shell. ZThe shell contains an expansion joint th
e diameter of 38.5 in. and an axial rigidity of 11,388 Ib/in. The efficiency of the shell circum
ed joint (Category B) is 1.0.

channel flange gasket outside diameter is.87.3125 in., the inside diameter is 36.3125 in., and th

ch (1a). There are (68) 0.75 in. diameter SA-193-B7 bolts on a 38.875 in. bolt circle.

Data Summary:

The datJa summary consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15) tha

applicab

Design Conditions:

le to this configuration:

Psd,max =150 pSlg
P sdmin® — 0 pSs lg

ature is

ck. The
pported

besheet
and the
besheet
orrosion

shell material is SA-516, Grade 70 (K02700). The shell inside diameter is 34.75 in. and the shell té]:ickness

has an
ferential

b gasket

prs are y = 7,600 psi and m = 3.75. The effective gasket width is per VIII-2 paragraph 4.16, Tabl¢ 4.16.3,

t are

p . — 400 5
TTax TOUPSTY

Piamin =0 psig

T=700°F
T.=70°F
Ty = T00°F
Ts="700°F
T:=700°F
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Operating Conditions:

Pso1.max = 150 psig
Pso1min = 0 psig
Pro1.max = 400 psig
Pio1 min = 0 psig

Tubes:

71 =700°F
{51 =700
1 =T700°F
Ts,m1 = 550°F
Ttm1 = S10°F
;= 1.0 in.

E, = 25.5E6 psi from Table TM-1 of Section II, Part D at T«& Tn
Eir = 25.5E6 psi from Table TM-1 of Section II, Part Dat T

fc = 1 for an unsupported tube span between two tubesupports

=59 in.

(=59 in.

S; = 10,500 psi from Table 1A of Section II, Part D at 7; & T (see explanation below)
Sir= 10,500 psi from Table 1A of Section II, Part D at 7 (see explanation below)

S),r = 18,600 psi from Table ¥-1 of Section II, Part D at 7: & Tn

t: = 0.083 in.

om1 = 7.3E-6 in./in-%F from Table TE-1 of Section II, Part D at 7}

vi = 0.30 from Table PRD of Section II, Part D for Carbon Steels

Since the tubés are SA-214 (welded), VIII-2, paragraph 4.18.15 requires that the allowable stres
welded tubes be divided by 0.85 if the equivalent seamless product is not available. In this case,
Grade- A2 (K01807) could be used as the equivalent seamless product, but the alternative
llustrated in this example. When the welded tube allowable stresses are divided by 0.85, the

s for the
SA-556,

will be
esulting

allowable stresses are d; = 12,535 pst and d;7 = 12,353 psi.
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Tubesheet:
Tube Pattern: Triangular
A=40.5 in.
Az =0 in.? for no pass lanes
C=38.875in.

c¢:=0in.

F=25.5E£6 psi trom lable TM-1 ot Section 11, Part D at 1" & 11
G.=36.8125 in. (G per VIII-2 paragraph 4.16)

a. = 18.41 in.

) = 3.0625 in. (assumed)

1o = 0 in.

;=168 in.

L = 161.875 in.

N; = 649

p =1.25 in.

o = 16.625 in.

S = 18,100 psi from Table 5A of Section II, Part'D at T & T

S = 25,300 psi from Table 5A of Section Ik Part D at 7,

S = 18,100 psi from Table 1A of Section II, Part D at 7

S, = 27,200 psi from Table Y-1 pf\Section II, Part D at T & T
Sps = 54,400 psi max[3S, 28y (per VIII-2 paragraph 4.1.6.3) at T & T
Wie = 512,473 Ib (W, pex VIII-2 paragraph 4.16)

We.=1512,937 Ib (W, per VIII-2 paragraph 4.16)

o =0.9500

Shell:

D ;=385 in.
Ds.=34.75 in.

as=17.38 in.

Es=25.5E6 psi from Table TM-1 of Section II, Part D at 75 & T
Esw=1.0

K;=11,388 Ib/in.

Ss = 18,100 psi from Table SA of Section II, Part D at Ts & T
Sys = 27,200 psi from Table Y-1 of Section I, Part D at 7 & Ty
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Sps;s = 54,400 psi max[3S;, 25),s] (per VIII-2 paragraph 4.1.6.3) at Ty & Ts1
t,=0.1875 in.

as,m1 = 1.30E-6 in./in./ °F from Table TE-1 of Section II, Part D at T 1
vs = 0.30 from Table PRD of Section II, Part D for Carbon Steels

Calculation Procedure:

The tub

osheet is extended as a flnngp The calculation prnm:\rlllrp faor a flangpd extension is gi\/nn i

VIII-2,

paragra
thicknes

The cal

4.18.8.4

paragra

a) ST
hg

Ca

bh 4.18.5.4(a). The minimum required thickness of the flanged extension is the maximum-of
ses for the operating condition (at 7%) and gasket seating condition (at 7%):

)1 = max (1.228, 1.168) = 1.228 in.

culation procedure for a tubesheets of a fixed tubesheet heat exchanger is given'in VIII-2, p3
The following results are for the design and operating loading cases required to be analyZ
bh 4.18.8.3). This example illustrates the calculation of both the elastic and elastic-plastic solutig

P 1 — Calculate D,, u, (* and h"Q from VIII-2, paragraph 4.18.4.6(a). For the operating loadin
=0.

D, = 34.25 in.
.= 0.2000
(*=0.8924 in.
p*=1.250 in.
f=0.2861

hg =0 in.
culate ao, Po, Pc, Xs and x;.
(,=17.13 in.
o, =1.015

o =1.075

s = 0.4467

e =0.6152

EP 2 =Calculate the shell axial stiffness K, tube axial stiffness K; and stiffness factors K and |

required

ragraph
ed (see
ns.

) cases,

= 3.242F6 Ib/in.

K:=37.67E3 Ib/in.
Ks:=0.1326
J=3.500E-3

For configuration b, calculate shell coefficients [, ks, As and 6.

B =0.7102 in."!
ks =21.87E3 Ib
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As = 0.8794E6 psi
O =53.67E-6 in.’/lb

For configuration b, channel coefficients . =0, kc =0, 4. =0 and & = 0.

STEP 3 — Calculate 4/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate £*.

Ca

ST

Ca

ST
for

hip = 2.450
E*E =0.2630

)i =10.3640

E* = 6.706E6 psi

culate X, and parameters Z,, Z4, Z\, Z, and Z,, from VIII-2, Table 4.18.3.
X. = 3.963

Vo= 6.547

Vqa=0.02461

/, =0.06426

/w = 0.06426

/m=0.3715

EP 4 — Calculate the diameter ratio K and the coefficiefit £
K =1.182

= 0.4888

culate @, 01, O-1, Q> and U.

D = 0.6667

01 =-0.02264

0-1 =2.856

02 = 6.888

U=13.78

EP 5 — Calculate 7, ws, wg, W, ws and . Use the loads listed in the table below to calculate th
an elastic'solution in the corroded condition.

w, ~2.685 in.? wi = —2.654 in.?

B results

(=10 in? wr=19682 in?

7 =-0.06022
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Summary Table for Step 5 — Design Condition

%
Loading Case (é)ssi) (F{Zi) (i}r: ) (II/Itjf)
1 0 400 0 512,473
2 150 0 0 0
3 150 400 0 512,473
Summary Table for Step 5 — Operating Condition 1
%
Loading Case (;)ssi) (;Dsti) (ijr:) (II/Ef)
1 0 400 -0.04727 512,937
2 150 0 -0.04727 512,937
3 150 400 -0.04727 512,937
4 0 0 -0.04727 512,937
f)  STEP 6 — For each loading case, calculate Py, P{, Py, Po, Pw, Prim and:effective pressure Pe.
Summary Table for STEP 6 — Design Condition
Loafling 124 P/ Py Po Pw Prim Pe
Cgse (psi) (psi) (psi) (psi) (psi) (psi) (psi)
0 0.8620E6 0 0 230.7 181.9 1399.4
? -46,390 0 0 0 0 18.70 121.50
B -46,390 0.8620E6 0 0 230.7 200.6 1420.9
Summary Tablexfor STEP 6 — Operating Condition 1
Loafling P/ P/ Py Po Py Prim P
Case (psi) (psi) (psi) (psi) (psi) (psi) psi)
0 0-8620E6 -1,254 0 230.9 181.9 -400.0
? -46,390 0 -1,254 0 230.9 18.70 -p1.97
B -46,390 0.8620E6 -1,254 0 230.9 200.6 -121.5
4 0 0 -1,254 0 230.9 0 -(.4744
g) STEP 7_%FElastic Iteration: Calculate (>, O3 and F, the tubesheet bending stress and the ajlowable

tubpsheet bending stress.

Summary Table for STEP 7 — Design Condition

,

Loading Case (%]%) 03 Fon h (inilg (Ltji) (lpig
1 -7,041 0.09758 0.09751 3.0625 25,540 27,150
2 -319.0 0.07858 0.09006 3.0625 1,269 27,150
3 -7,360 0.09661 0.09713 3.0625 26,810 27,150
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Summary Table for STEP 7 — Operating Condition 1

oading Case o s Fin i oo oo

1 -7,044 0.09747 0.09747 3.0625 25,570 54,400

2 -4,259 1.300 0.6705 3.0625 9,660 54,400

3 -7,363 0.09650 0.09709 3.0625 26,830 54,400

4 -3,940 56.63 28.42 3.0625 8,840 54,400
For Design Loading Cases 1-3 |a{ < 1.5S, and for Operation Condition 1, Loading Cases 1-4 |a<.§ps. The

bern

ding stress criterion for the tubesheet is satisfied.

h) STEP 8 — Check the criterion below for the largest value of P. and calculate the shear stress, if requiired.
o (2uh .
{|P,] = 421.5 psi} < -min[0.8S, 0.533S, | = 1035 psi True
a, Y
Sinlce the above criterion is satisfied, the shear stress is not required to besgalCulated.
i) STEP 9 — For each loading case, calculate the axial tube stress and the allowable axial tube stress based
on tube buckling.
= 0.3255 in
F; = 181.2
C:=164.5
Summary Table for STEP 9 — Design Condition
Loading Case Fimin O-t’.l Fimax 07’.2
(psi) (psi)
1 -1.081 -4,024 3.808 7,570
2 -1.011 268.9 3.658 864.7
3 -1.077 -3,755 3.801 8,434
Summary Table for STEP 9 — Design Condition (continued)
. S Ot mi Sit
Loadipg Case Ot,max t £min F y
° (psi) (psi) (psi) S (ps))
1 7,570 12,353 -4,024 1.346 5,693
2 864.7 12,353
3 8434 2,353 =3,755 7350 5,677
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Summary Table for STEP 9 — Operating Condition 1

)

Loading Case Fimin o5 Fimax 012
(psi) (psi)
1 -1.081 -4,207 3.807 7,581
2 -5.520 -322.2 13.33 2,137
3 -1.077 -3,758 3.800 8,445
4 -213.2 -600.4 451.8 1,272
Summary Table for STEP 9 — Operating Condition 1 (continued)
. 25, Ot mi S
Loadipg Case Ot,max j £min F y
J (psi) (psi) (psi) ? (ps))
1 7,581 24,706 -4,207 1.346 5,691
2 2,137 24,706 -322.2 1.250 6,149
3 8,445 24,706 -3,758 1.350 5,615
4 1,272 24,706 -600.4 1.250 6,149
For Design Loading Cases 1-3 Ormax < S, and for Operation Condition 1, Loading Cases 1-4 oimjx < 25..

The axial tension stress criterion for the tube is satisfied.

For

ST
the

all Loading Cases, |0;,min| < Si». The buckling criteriefi-for the tube is satisfied.

EP 10 — For each loading case, calculate the axjallmembrane stress in each shell section and dg¢termine
maximum allowable longitudinal compressive stress.

Summary Table for"'STEP 10 — Design Condition

Lloading Case gss’l's *%isi,)w (iss,li»)
1 26.08 18,100
2 -764.8 18,100 8,505
3 -738.7 18,100 8,505

Summary Table for STEP 10 — Operating Condition 1

Uoading.€ase gss’l's ‘(S;I: ;; (‘gséli’)
1 0.05859 54,400
2 -786.1 54,400 8,505
3 -764.8 54,400 8,505
4 -21.24 54,400 8,505
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For Design Loading Cases 1-3 |0y m| < SsEs,w, and for Operation Condition 1, Loading Cases 1-4 |0ym| <

Spss. The axial membrane stress criterion for the shell is satisfied.

For all Loading Cases where the value of gy, is negative, |0; | < Ss 5. The longitudinal compressive stress

criterion for the shell is satisfied.

k) STEP 11 — For each loading case, calculate the stresses in the shell for configuration b, and check the
acceptance criterion. The shell thickness shall be 0.1875 in. for a minimum length of 4.595 in. adjacent to
the tubesheet.

Summary Table for STEP 11 — Design Condition
. 1.58 Sy
Loadihg Case Os,m Os,b Os s s
(psi) (psi) (psi) (psi) (ps|)
1 26.08 -42,440 42,470 27,150 54,4p0
2 -764.8 19,210 19,980 27,150 54,4D0
3 -738.7 -23,230 23,970 27;450 54,4D0
Summary Table for STEP 11 — Operating Condition 1
: Sps,
Loafding Case Os,m Os,b e s
(psi) (psi) (psi) (psi)
1 0.05859 -42,480 42,480 54,40(
2 -786.1 8,633 9,419 54,40(
3 -764.8 -23;270 24,040 54,40(
4 -21.24 -10,580 10,600 54,40(
For Design Loading Case 1 |os| > 1.5Ss:.For Design Loading Cases 2 and 3 |o;| < 1.5 and for Operation
Copdition 1, Loading Cases 1-4 |os| <.Sps;s. The stress criterion for the shell is not satisfied. Fof Design
Loading Case 1, since |0s| < Sps;, Option 3 in STEP 12 is permitted.
) STEP 12 — The design shall bejreconsidered by using one or a combination of the following options|.
e | Option 1 — Increasethetubesheet thickness and return to STEP 1.
e | Option 2 — Increase the integral shell and/or channel thickness and return to STEP 1.
¢ | Option 3 — Refform the elastic-plastic calculation procedures as defined in VIII-2, paragraph
4.18.8.6(c).
Since the tetal axial stress in the shell o1 is between 1.5S;1 and Spss,1 for Design Condition Loadihg Case
1, the_procedure of paragraph 4.18.8.6(c) may be performed to determine if the tubesheet stregses are

b d ! + } PERTY P TRT
aCLU}JLdUIU WIHICTT T Pidsttlity Ut STl OCLUTS.

The results for the effect of plasticity for Design Condition Loading Case 1 are shown below.

4-321


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3 2022

Summary Results for STEP 12,

Elastic-Plastic Iteration Results per VIII-2, paragraph 4.18.8.6(c).

Design Condition Loading Case 1
S, psi 27,200
fact 0.7759
E; psi 19.78E6
ks, Ib 16,960
i 0-6823£6
F 0.4701
¢ 0.6412
O1 -0.02149
Oxn 2.865
Oz 6:941
U 13.88
Pw, psi 232.5
Prim, psi 183.3
Pe, psi -399.4
02, 1b -7,095
0 0.09965
Fu 0.09832
|01, psi 25,750

The final calculated tubesheet bending ;stress of 25,750 psi (Loading Case 1) is less than the 4
tubpsheet bending stress of 27,150 psi. As such, this geometry meets the requirement of VIII-2, pa
4.1B.8.6. The intermediate results-for the elastic-plastic iteration are shown above.

The calq

assumefl tubesheet thickness.

ulation procedure is comptete, and the unit geometry is acceptable for the given design conditi

lowable
ragraph

ons and
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4.18.6 Example E4.18.6 — Fixed Tubesheet Exchanger, Configuration b, Tubesheet Integral with Shell,
Extended as a Flange and Gasketed on the Channel Side

A fixed tubesheet heat exchanger is to be designed with the tubesheet construction in accordance with
configuration b as shown in VIII-2, Figure 4.18.5, Configuration b.

Data Summary:

For the Design Condition, the shell side design pressure is 0 to 335 psig at 675°F, and the tube side design
pressure is 0 to 1040 psig at 650°F.

There is one operating condition. For Operating Condition 1, the operating pressures and operating metal

tem
550

The
uns
tube

The
has
radi
The
allo

The
0.5
tubg
and
294
is 0
The
fact
sket

eratures are assumed 1o be the same as the Design Condition. —The shet mean metat tempe
F, and the tube mean metal temperature is 490°F.

tube material is SA-214 (K01807). The tubes are 0.75 in. outside diameter and 0.083 'in. thi
ipported tube span under consideration is between 2 tube supports, and the length’of the unsy
span is 34 inches.

tubesheet material is SA-516, Grade 70 (K02700). The tubesheet diameteriisv32.875 in. The tu
434 tube holes on a 0.9375 in. triangular pattern. There is no pass partition lane and the outerm
s from the tubesheet center is 10.406 in. The distance between the guter tubesheet faces is 144
option for the effect of differential radial expansion is not required. There is a 0.125 in. ¢
vance on both sides of the tubesheet. The tubes are expanded+for a length of 4.374 in.

shell material is SA-516, Grade 70 (K02700). The shell.outside diameter is 24 in. and the thic
n. There is a 0.125 in. corrosion allowance on the shell. There is also a shell band adjacent
sheet. The shell bands are 1.25 in. thick and 9.75 in:Mong with a 0.125 in. corrosion allowance. T
shell band materials are the same. The shell.contains an expansion joint that has an inside dia
6 in. and an axial rigidity of 14,759 Ib/in. The efficiency of shell circumferential welded joint (Cat
85.

brs are y = 26,000 psi and m = 6,5.- The effective gasket width is per VIII-2 paragraph 4.16, Tabl
ch (1a). There are (28) 1.375\in. diameter SA-193-B7 bolts on a 30.125 in. bolt circle.

The dat
applicab

Design Conditions:

h summary consists of those variables from the nomenclature (see VIII-1, paragraph UHX-5.1)
le to this copfiguration.

Psd,max =335 pSlg

Fature is

ck. The
pported

besheet
ost tube
1.375 in.
orrosion

Kness is
to each
he shell
meter of
bgory B)

channel flange gasket outside diameter is 26.125 in., the inside diameter is 25.125 in., and thI gasket

4.16.3,

that are

Psd,min = OpSlg
Pramax = 1040 psig
Piamin =0 psig

T=675F
Ty =70°F
Tie = 675°F
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Ts=675F
T, = 675°F

Operating Conditions:

Psol,max =335 pszg
Psol,min = OpSlg
Pro1.max = 1040 psig

Pio1,min = 0 psig
11 =675°F
T51=675°F
11 =675°F
Ts,m1 = 550°F
Tm1 = 490°F
Tubes:
,=0.75 in.

E, = 25.75E6 psi from Table TM-1 of Section II, Part D at 7; & T
Eir=25.75E6 psi from Table TM-1 of Section II; Part D at T

fc =1 for an unsupported tube span between'two tube supports

=34 in.
t= 34 in.

S; = 10,700 psi from Table- 3A of Section II, Part D at 7; & T (see explanation below)
Sir= 10,700 psi from Table 1A of Section II, Part D at 7 (see explanation below)

S),: = 18,950 psi from Table Y-1 of Section II, Part D at 7; & Tn

t: = 0.083 in.

o;m1 = 7.28E-6 in./in./ °F from Table TE-1 of Section II, Part D at 77,1

vi = 0830/from Table PRD of Section II, Part D for Carbon Steels

Sincesthe tubes are SA-214 (welded), VIII-2, paragraph 4.18.15 requires that the allowable stres

5 for the

welded tubes be divided by 0.85 if the equivalent seamless product is not available. In this case, SA-556,
Grade A2 (K01807) could be used as the equivalent seamless product, but the alternative will be illustrated
in this example. When the welded tube allowable stresses are divided by 0.85, the resulting allowable

stresses are S; = 12,588 psi and Sir = 12,588 psi.
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Tubesheet:

Tube Pattern: Triangular

Assume an uncorroded tubesheet thickness of 4.75 inches.
A=32.875in.

AL = 0 in.% for no pass lanes

C=30.125 in.

c: = 0.125 1n.

E = 25.575E6 psi from Table TM-1 of Section II, Part D at 7 & T
G =25.625 in. (G per VIII-2 paragraph 4.16)

a. = 12.81 in.

hh = 4.75 in. — 0.125 in. -0.125 in. = 4.500 in. (assumed)

1o =0 in.

L = 144.125 in.

[ = 144.125 in. — 2(4.50 in.) = 135.125 in.

o=4.374 in.

N: =434

p = 0.9375 in.

o =10.406 in.

S = 18,450 psi from Table 1A of Section II, Part D at 7 & T
S« = 20,000 psi from Table 1A of Section II, Part D at 7,

Sre = 18,450 psi from Table<l'A of Section I, Part D at T

S, = 27,700 psi from Table Y-1 of Section II, Part D at T & T
Sps = 55,400 psi max{3S, 2Sy] (per VIII-2 paragraph 4.1.6.3) at T & T
Winie = 808,456 16 W1 per VIII-2 paragraph 4.16)
W.=808,478"lb (W per VIII-2 paragraph 4.16)

o = 0.9720

Shgll Band (Adjacent to Tubesheet):

Dy =23.25in.

as=11.63 in.

Eg1=25.75E6 psi from Table TM-1 of Section II, Part D at 7y & T
Egw1=0.85

01 =9.75in. +0.125 in. = 9.875 in.
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01=9.75in. +0.125 in. = 9.875 in.

Ss,1 = 18,450 psi from Table 1A of Section II, Part D at 7 & T

Sys,1 = 27,700 psi from Table Y-1 of Section II, Part D at 7 & T

Sps,s,1 = 55,400 psi max[3S;,1, 25),5,1] (per VIII-2 paragraph 4.1.6.3) at T & T
ts1=1.125 in.

s,m11 = 7.30E-6 in./in./ °F from Table TE-1 of Section II, Part D at 7 1

V51 = 0.30 from Table PRD of Section II, Part D for Carbon Steels

Shell:

Dy =29.46 in.

D =23.25 in.

E; = 25.75E6 psi from Table TM-1 of Section I, Part D at Ts & Tt
s = 0.85

K= 14,759 Ib/in.

Ss = 18,450 psi from Table 1A of Section II, Part D at 75& T

S),s = 27,700 psi from Table Y-1 of Section II, Part Drat 7 & T

Sps,s = 55,400 psi max[3S;, 2S),5] (per VIII-2 patagraph 4.1.6.3) at Ts & T
ts = 0.375 in.

s m1 = 7.30E-6 in./in./ °F from Table FE*1 of Section II, Part D at T 1
vs = 0.30 from Table PRD of Section' 11, Part D for Carbon Steels

Calculation Procedure:

The tubpsheet is extended as a flange. The calculation procedure for a flanged extension is given in VIII-2,
paragraph 4.18.5.4(a). Theinimum required thickness of the flanged extension is the maximum of fequired
thicknegses for the operating condition (at 7%.) and gasket seating condition (at 74):

1, = max (2.704, 2.597) = 2.704 in.

The calgulationprecedure for a tubesheets of a fixed tubesheet heat exchanger is given in VIII-2, pgragraph
4.18.8.4 The-following results are for the design and operating loading cases required to be analyZed (see
paragraph4:18.8.3). This example illustrates the calculation of both the elastic and elastic-plastic solutipns for a
shell that has a thickened shell band adjacent to the tubesheet.

a) STEP 1 - Calculate Do, 4, 1* and h;, from VIII-2, paragraph 4.18.6.4(a). For the operating loading cases,
h, = 0.
g

D, =21.562 in.
1= 0.2000
d*=0.6392 in.
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p*=0.9375 in.
1*=0.3182

hg =0 in.

lculate ao, Os, Pe, Xs and x;.
ao,=10.78 in.

ps=1.078

o= 1.188
s = 0.4749
= 0.6816

P 2 — Calculate the shell axial stiffness K, tube axial stiffness K; and stiffness/factors K;; and
K, = 5.876E6 Ib/in.

K: = 33.14E3 Iblin.

s = 0.4085

J = 2.505E-3

For configuration b, calculate shell coefficients f, ks, As and &,

5 = 0.3471 in."

ks = 2.331E6 Ib

s = 13.50E6 psi

5 = 3.965E-6 in.3/Ib

For configuration b, channel coefficients. %= 0, ke = 0, Ac =0and o, = 0.

ST

Ca

P 3 — Calculate /#/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate
)1/p = 4.800

E*/E =0.3051

vt=0.3423

E* = 7.804E6-psi

culate X, and’parameters Z,, Za, Zy, Z\» and Z,, from VIII-2, Table 4.18.3.

X, =11995

/:~10.8092

.

Zqa=0.1745
Z,=0.1605
Zyw=0.1605
Zn=10.6679

STEP 4 — Calculate the diameter ratio K and the coefficient F..

K=1.525
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@ =2.747
Q1 =-0.1280
Q1 =1.221
Qz2 = 0.5952
U=1.190
e) STEP 5 - Calculate 7, ws, ws, W, w; and . Use the loads listed in the table below to calculate'the results
for jan elastic solution in the corroded condition.
w; = 8.865 in.? wi = —8.495 in.?
w. = 0in? w; = 8.659 in?
=—-0.2087
Summary Table for Step 5 — Design Condition
*
roping Case oo oo ) o
1 0 1040 0 808,456
2 335 0 0 0
3 335 1040 0 808,456
Summary Table for Stép 5 — Operating Condition 1
. P *
Loading Case (pssi) (;f;ti) (ijr: ) (II/Zf)
1 0 1040 -0.06032 808,478
2 335 0 -0.06032 808,478
3 335 1040 -0.06032 808,478
4 0 0 -0.06032 808,478
f)  STEP 6 — For each-loading case, calculate Py, P{, Py, Pw, Pw, Prim and effective pressure Pe.
Summary Table for STEP 6 — Design Condition
Loapling 24 P/ Py Po Pw Prim Pe
Case (psi) (psi) (psi) (psi) (psi) (psi) (psi)
1 1.017E6 0 0 275.0 92.23 -1,039
2 -0.1674E6 0 0 0 0 29.14 -171.0
3 -0.1674E6 1.017E6 0 0 275.0 121.4 -1,210

4-328



https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

PTB-3 2022

Summary Table for STEP 6 — Operating Condition 1
Loading P/ P/ Py Po Pw Prim Pe
Case (psi) (psi) (psi) (psi) (psi) (psi) (psi)
1 0 1.017E6 -2,376 0 275.0 92.23 -1,042
2 -0.1674E6 0 -2,376 0 275.0 29.14 -173.2
3 -0.1674E6 1.017E6 -2,376 0 275.0 1214 -1,213
4 0 0 -2,376 0 275.0 0 -2.148
g) STEP 7 — Elastic Iteration: Calculate (2, O3 and F, the tubesheet bending stress and the lallowable
tubesheet bending stress.
Summary Table for STEP 7 — Design Condition
'
Loalding Case (%% 0; Fo h (inglg (l)os-ii) apig
1 -12,650 0.08150 0.1986 4.500 22,330 271,675
2 -1,004 -0.02696 0.1574 4:500 2,913 271,675
3 -13,650 0.06617 0.1927 4.500 25,240 271,675
Summary Table for STEP 7 — Operating Condition 1
ofin Case i O i | em | e
1 -12,650 0.08101 0.1984 4.500 22,360 55,400
2 -10,480 0.91341 0.5333 4.500 9,995 55,400
3 -13,650 0:06578 0.1926 4.500 25,280 55,400
4 -9,473 75.77 37.94 4.500 8,817 55,400
For Design Loading Cases 1-3{a] < 1.5S, and for Operation Condition 1, Loading Cases 1-4 |a} < §prs. The
bending stress criterion forthe tubesheet is satisfied.
h) STEP 8 — Check the eriterion below for the largest value of P. and calculate the shear stress, if requiired.
{|P.}£1213 psi} < {25 h min[0.8S,0.533S, | = 2464 psi} True
o
Sinlce the ‘above criterion is satisfied, the shear stress is not required to be calculated.
i) STERY9™— For each loading case, calculate the axial tube stress and the allowable axial tube stress based

on tube buckling.

re=0.2376in
Fr=143.1
C:=163.8
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Summary Table for STEP 9 — Design Condition

)

Loading Case Fimin o5 Fimax 012
(psi) (psi)
1 0.4598 -1,118 1.487 4,047
2 0.5904 1,258 1.349 1,886
3 0.4782 140.2 1.468 5,933
Summary Table for STEP 9 — Design Condition (continued)
, S Ot mi S
Loadipg Case Ot,max t £min F y
? (psi) (psi) (psi) ? (ps)
1 4,047 12,588 -1,118 2.000 5,336
2 1,886 12,588
3 5,933 12,588 2
Summary Table for STEP 9 — Operating Condition 1
Loading Case Fimin Or1 Fimax 02
(psi) (psi)
1 0.4604 -1,110 1.487 4,061
2 -0.5417 315.9 2.545 2,902
3 0.4787 148.5 1.467 5,947
4 -90.69 2942.2 97.82 1,016
Summary Table for STEP 9 — Operating Condition 1 (continued)
, 25, Ot.mi S,
Loadihg Case Ot,max ! fmin F. !
? (psi) (psi) (psi) ) (ps))
1 4,061 25,176 -1,110 2.000 5,336
2 2,902 25,176
3 5,947 25,176
4 1,016 25,176 -942.2 1.250 8,538
Fol Design Loading Cases 1-3 0rmax < S;, and for Operation Condition 1, Loading Cases 1-4 Oymgx < 25
The¢ axial tension stress criterion for the tube is satisfied.

For all Loading Cases |0;min| < Sw. The buckling criterion for the tube is satisfied.

STEP 10 — For each loading case, calculate the axial membrane stress in each shell section and determine

the maximum allowable longitudinal compressive stress.
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Summary Table for STEP 10 — Shell Band — Design Condition
. Ss.1E. Ss.b,1
Loading Case Osm,1 s, 165, w b,
(psi) (psi) (psi)
1 3.369 15,683
2 -493.9 15,683 12,580
3 -490.5 15,683 12,580
Summary Table for STEP 10— ShefBand — Operating Condition 1
Ljoading Case Osm1 Spss 1 Ssa
? (psi) (psi) (psi)
1 -6.926 55,400 12,580
2 -503.0 55,400 12,580
3 -500.8 55,400 12,580
4 -9.103 55,400 12,580

For| Design Loading Cases 1-3 |Gs,m 1| < S, 1Es,w, and for Operation<Condition 1, Loading Cases 1-ft | Gsm, 1
< Ypss 1. The axial membrane stress criterion for the shell band.is‘satisfied.

Lo

For all Loading Cases where the value of o5 1 is negative,.[0sm 1| < Ss,51. The longitudinal compressive
strgss criterion for the shell band is satisfied.

Summary Table for STEP 10 =Main Shell — Design Condition
loading Case Os,m SsEsw Ssb
) (psi) (psi) (psi)
1 10.43 15,683
2 -1,5629 15,683 10,800
3 <1,518 15,683 10,800
Summary-Table for STEP 10 — Main Shell — Operating Condition 1
, Sps, Ss.b
loading Case Os,m S "
° (psi) (psi) (psi)
1 -21.44 55,400 10,800
2 -1,557 55,400 10,800
3 -1,550 55,400 10,800
4 -28.18 55,400 10,800

For Design Loading Cases 1-3 |0y, < SsEjs,w, and for Operation Condition 1, Loading Cases 1-4 |0ym| <
Sprss. The axial membrane stress criterion for the main shell is satisfied.

For all Loading Cases where the value of o5, is negative, |Osm| < Ss5. The longitudinal compressive stress
criterion for the main shell is satisfied.
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k) STEP 11 — For each loading case, calculate the stresses in the shell band for configuration b, and check the
acceptance criterion. The shell band thickness shall be 1.125 in. for a minimum length of 9.206 in adjacent
to the tubesheet.

Summary Table for STEP 11, Shell Band Results — Design Condition
Loading Case OTv,ml,l Usb O_x. 15S§1 SPS,ZV,I
° (psi) (psi) (psi) (psi) (psi)
1 3.369 -41,040 41,040 27,675 55,400
2 -493.9 617.7 1,112 27,675 55,4P0
3 -490.5 -40,420 40,910 27,675 55,4D0
Summary Table for STEP 11, Shell Band Results — Operating Condition{1
. SPs.s,1
Loafing Case Os,m,1 Os,b e 5
(psi) (psi) (psi) (psi)
1 -6.926 -41,070 41,080 55,40(
2 -503.0 -19,410 19,920 55,40(
3 -500.8 -40,460 40,960 55,40(
4 -9.103 -20,030 20,040 55,40(

For Design Loading Cases 1 and 3 |os| > 1.5S;1. For Design Loading Case 2 |os| < 1.5S5,1 and for Operation
Condition 1, Loading Cases 1-4 |0;| < Spss,1. The stress criterion for the shell band is not satisfied. For

Desgign Loading Cases 1 and 3, since |os| < Spss;1Option 3 in STEP 12 is permitted.

[) STEP 12 — The design shall be reconsidered,By) using one or a combination of the following options.

Sj

e Option 1 — Increase the tubesheet thickness and return to STEP 1.
e Option 2 — Increase the integralshell and/or channel thickness and return to STEP 1.

e Option 3 — Perform the elastic-plastic calculation procedures as defined in VIII-2, paragraph
4.18.8.6(c).

nce the total axial stress.in the shell band oy, 1 is between 1.5S5,1 and Sps;s,1 for Design Condition |Loading

Cases 1 and 3, the pracedure of VIII-2, paragraph 4.18.8.6(c) may be performed to determine if the tybesheet

Th

strlsses are acceptable when the plasticity of the shell occurs.

results forthe effect of plasticity for Design Condition Loading Cases 1 and 3 are shown below,
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Summary Results for STEP 12,
Elastic-Plastic lteration Results per VIII-2, paragraph 4.18.8.6(c)

Design Condition Loading Case 1 3
Ss. psi 27,700 27,700
fact 0.8074 0.8163
E; psi 20.79E6 21.02E6
ks, b 1.882E6 1.903E6
s 46-96£6 11-02F6
F 1.828 1.838
1/ 2.453 2.467
O1 -0.1196 2041200
O 1.231 1.231
(077) 0.6395 0.6373
U 1.279 1.275
Pw, psi 2955 294.5
Prim, psi 99.10 130.0
Pe, psi -1,039 -1,210
Oy, Ib -13,590 -14,620
03 0.1055 0.08787
Fi 0:2077 0.2010
|ol, psi 23,350 26,320
The final calculated tubesheet bending stresses of 23,350 psi (Loading Case 1) and 26,320 psi &toading
Casge 3) are less than the allowable tubesheet bending stress of 27,675 psi. As such, this geometiy meets
the| requirement of VIII-2, paragraph 4.18.8.6. The intermediate results for the elastic-plastic itergtion are
shqwn above.

The calq

assumefl tubesheet thickfness.

ulation procedure is(complete, and the unit geometry is acceptable for the given design conditijons and
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Example E4.18.7 — Fixed Tubesheet Exchanger, Configuration a

A fixed tubesheet heat exchanger with the tubesheet construction in accordance with configuration a as shown in
VIII-2, Figure 4.18.5, Configuration a.

e For the Design Condition, the shell side design pressure is 0 to 325 psig at 400°F, and the tube side design
pressure is 0 to 200 psig at 300°F. The tube design temperature is 300°F.

e There is one operating condition. For Operating Condition 1, the operating pressures and operating metal

temperatures are assumed to be the same as those for the Design Condition.

The shell mean metal

tem

berature is 151°F, and the tube mean metal temperature is 113°F.

e The|tube material is SA-249, Type 304L (S30403). The tubes are 1 in. outside diameter and-0.049 |n. thick.
The| unsupported tube span under consideration is between 2 tube supports, and the length of the
unsypported tube span is 48 inches.

o Theltubesheet material is SA-240, Type 304L (S30403). The tubesheet diameter js,43.125in. The tubesheet
has|955 tube holes on a 1.25 in. equilateral triangular pattern. There is ne-pass partition lane [and the
outgrmost tube radius from the tubesheet center is 20.125 in. The distance“between the outer tupesheet
facgs is 240 in. The option for the effect of differential radial expansion is-hot required. There is no cprrosion
alloyvance on the tubesheet. The tubes are expanded from the tube'Side face of the tubesheet to §.125 in.
from the shell side face of the tubesheet.

o Thelshell material is SA-240, Type 304L (S30403). The shelkinside diameter is 42 in. and the shell thickness
is 06625 in. There is no corrosion allowance on the shelkand no expansion joint in the shell. The efficiency
of shell circumferential welded joint (Category B) is 0.85.

e The|channel material is SA-516, Grade 70 (K027Q0). The inside diameter of the channel is 42.12% in. and
the ghannel thickness is 0.375 in. There is no*cerrosion allowance on the channel.

For this| example, first assume a value of-1.375 in. for the tubesheet thickness and perform the calculation

procedure described below starting at STEP™. The data shown below will be the same except as follows:

h =1.375 in.
= 1.25 in.
p=0.9091

[, =237.25 i

In STER 7, the calculated bending stresses for the tubesheet are less than the allowable stresses for all thg Design

Loading|Cases-and for all the Operating Condition 1 Loading Cases. The maximum Design Loading Case fpending

stress i 23,480 psi, which is less than the allowable of 23,700 psi and the maximum Operating Case |pending

stress 40,360 psi, which is less than the allowable of 47,400 psi. The bending stress criterion for the tubesheet
is satisfied.

In STEP 8, check the criterion below for the largest value of P, and calculate the shear stress, if required.

2uh
{|P,] = 262 psi} < { :

(o]

-min[0.85,0.533S, | = 249 psi} False

The above criterion is not satisfied.
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Calculate the shear stress 7 for Operating Condition 1, Loading Case 1.

The tub
1.500 in

Ap = 1406.25 in?
C,=135in
=-9906 psi

1
4u

) (G

{lt] = 9906 psi } < {(

}) P, = 9432 psi} False

Data Summary:

The dat
applicab

le to this configuration.

Design Conditions:

Psamax = 325 psig
Psa,min = 0 psig
Pramax = 200 psig
Pta,min = 0 psig

T = 400°F
Ta=T70°F

T. = 300°F

Ts = 400°F

T: = 300°F

Opkrating Conditions:

Psot.max = 325 pSIg

ESheet 1S oversiressed for Operating condition T, Loading Case 1. Increase the tubesheet thic
and return to STEP 1 of the calculation procedure in paragraph 4.18.8.4.

B summary consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15)

Psot,min = O{psig
Pto1,ma =200 psig
Pionmin = 0 psig

T4 = 400°F

Te1 = 300°F

Ts1 = 400°F

Tn = 300°F

Tom = 151°F

Tom = 113°F
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Tubes:

di=1.0in.

E:= 27.0E6 psi from Table TM-1 of Section Il, Part D at T; & Tn

Eir = 26.4E6 psi from Table TM-1 of Section I, Part D at T

k =1 for an unsupported tube span between two tube supports

(=48 in.

L=A48in.

St = 16,700 psi from Table 5A of Section I, Part D at T; & T (see explanation below)

Sir = 15,800 psi from Table 5A of Section I, Part D at T (see explanation below)

Syt = 19,200 psi from Table Y-1 of Section I, Part D at T; & Ty

tr = 0.049 in.

arm1 = 8.652E-6 in./in./ °F from Table TE-1 of Section II, Part D at %

v = 0.31 from Table PRD of Section Il, Part D for High Alloy Steels (300 Series)
Since the tubes are SA-249, Type 304L (welded), VIII-2, paragraph 4/18:15 requires that the allowab

e stress

for the welded tubes be divided by 0.85 if the equivalent seamless‘product is not available. In this case, SA-
213, Type 304L could be used as the equivalent seamless product, but the alternative will be illus

thid example. When the welded tube allowable stresses are’divided by 0.85, the resulting allowable
arel.S; = 16,706 psi and S;r= 15,765 psi.

Tubesheet:

Tube Pattern: Triangular

A=43.125in.

AL =0 in.2 for no pass lanes

ct=0in.

E = 26.4E6 psi from Table TM-1 of Section Il, Part D at T & T4
h =1.500 in.(assumed)

hg=0in.

Lt =,240"in.

L=-237 in.

Ve =1.375 in.

N, = 955

rated in
btresses

p=1.25in.

ro =20.125in.

S = 15,800 psi from Table 5A of Section Il, PartD at T & T+

Sy = 17,500 psi from Table Y-1 of Section Il, PartD at T & T4

Sps = 47,400 psi max[3S, 2Sy] (per VIII-2 paragraph 4.1.6.3) at T & Ti
p=0.9167
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Ds =42 in.

as=21.00 in.

Es = 26.4E6 psi from Table TM-1 of Section I, Part D at Ts & Ts1
Esw=0.85

Ss = 15,800 psi from Table 5A of Section Il, Part D at Ts & T
Sy,s = 17,500 psi from Table Y-1 of Section I, Part D at Ts & Tt

Channel:

Sps,s = 47,400 psi max[3Ss, 2S,s] (per VIII-2 paragraph 4.1.6.3) at Ts & Ts1

ts = 0.5625 in.

asm = 8.802E-6 in./in./ °F from Table TE-1 of Section II, Part D at Tsm1

vs = 0.31 from Table PRD of Section Il, Part D for High Alloy Steels (300-Series)

D;=42.125 in.

ac=21.06 in.

E. = 28.3E6 psi from Table TM-1 of Section Il, Part D.at Tc & Te1

Sc = 22,400 psi from Table 5A of Section Il, Part Dat T & Te1

Sy,c = 33,600 psi from Table Y-1 of Section I, Rart D at T. & Te

Spsc = 67,200 psi max[3S;, 2S,.c] (per VllI-2'paragraph 4.1.6.3) at T & T¢1
t-=0.375in.

v = 0.30 from Table PRD of Sectionll, Part D for Carbon Steels

Calculation Procedure:

The calgulation procedure for the tubesheets of a fixed tubesheet heat exchanger is given in VIII-2, p3
4.18.8.4. The following results are-for'the design and operating loading cases required to be analyzed (
2, paradgraph 4.18.8.3). This example illustrates the calculation of both the elastic and elastic-plastic soly

a) STEP 1 - Calculate B,y 71, 1£* and hg'] from VIII-2, paragraph 4.18.6.4(a). For the operating loadin

h|=o.

Do = 41.25R-
1 = 0.2000
0d*=.0.9104 in.

p*=1.250 in.
u=02717
hg =0in.
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culate ao, pOs, Pc, Xs and x;.
ao = 20.63 in.

ps=1.018

pe=1.021

xs = 0.4388

x; = 0.5434

STEP 2 — Calculate the shell axial stiffness K, tube axial stiffness K; and stiffness factors K, ; and J.

For

For

ST

Ca

K = 8.378E6 [b/in.

K: = 16.68E3 [b/in.

K, = 0.5260

/=1.0

configuration a, calculate shell coefficients [, ks, As and o.

3. = 0.3709 in."!

ts =0.3213E6 Ib

s = 41.05E6 psi

5 = 25.09E-6 in.*/Ib

configuration a, calculate channel coefficients [, k&, Ac and .

3. = 0.4554 in.”!

e = 0.1245E6 Ib

e = 17.86E6 psi

0. = 35.53E-6 in.%/Ib

EP 3 — Calculate 4/p. Detefmine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate
hip = 1.200

F*/E = 0.2723

v*=0.3439
F*=7.188E£6. psi

culate X}yand parameters Z,, Z4, Z,, Zy and Z,, from VIII-2, Table 4.18.3.
X5.=-6.586

Z2=170.6
Zy=5.246E-3
Z,=0.02339
Zw=10.02339
Zn=0.2203
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d) STEP 4 — Calculate the diameter ratio K and the coefficient F.
K=1.045
F=5.484
Calculate @, QO1, Q-1, Q-2 and U.
o =7.371
01 =-0.05879
-1 = 3.641
02 =9.822
U= 19.64
e) STEP 5 - Calculate 7, ws, ws, W., w; and 7. Use the loads listed in the table below te Calculate the results
for jan elastic solution in the corroded condition.
w, = 4.739 in.? wi = —4.668 in.?
w. = 3.461 in? w; = —2.720 in?
1 =0.0
Summary Table for Step 5 — Design Condition
*
Loading Case (FI))SSi) (;f;ti) (ijr:) ng)
1 0 200 0 0
2 325 0 0 0
3 325 200 0 0
Summary_ Table for Step 5 — Operating Condition 1
E 3
Lopeing Case (rifi) o ) o
1 0 200 -0.08080 0
2 325 0 -0.08080 0
3 325 200 -0.08080 0
4 0 0 -0.08080 0
f) STER.6-< For each loading case, calculate Py, P/, Py, Pw, Pw, Prim and effective pressure P..
Summary Table for STEP 6 — Design Condition
Loading P/ P/ Py Po Pw Prim P
Case (psi) (psi) (psi) (psi) (psi) (psi) (psi)
1 0 545.5 0 0 0 -25.12 -99.74
2 630.1 0 0 0 0 70.06 122.4
3 630.1 545.5 0 0 0 44.94 22.65
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Summary Table for STEP 6 — Operating Condition 1

Loading P/ P/ Py Po Pw Prim Pe
Case (psi) (psi) (psi) (psi) (psi) (psi) (psi)
1 0 545.5 -963.0 0 0 -25.12 -268.1
2 630.1 0 -963.0 0 0 70.06 -45.93
3 630.1 545.5 -963.0 0 0 44.94 -145.7
4 0 0 -963.0 0 0 0 -168.3
g) STEP 7 — Elastic Iteration: Calculate 2, O3 and F, the tubesheet bending stress and the lallowable
tubesheet bending stress.
Summary Table for STEP 7 — Design Condition
'
Lo@ding Case (%]f) 0s Fn h (_inglg (|pos-|i) go‘;‘?
1 207.3 -0.06856 0.03428 1.500 14,280 24,700
2 -578.3 -0.08100 0.04050 1.500 20,700 24,700
3 -371.0 -0.1358 0.06790 1.500 6,420 24,700
Summary Table for STEP 7 — Operating Condition 1
Lodding Case (%?) Os Fn (i}rl1) (L(ji) g‘; f)
1 207.3 -0.06242 0.03121 1.500 34,930 47,400
2 -578.3 0.4075E-3 0.03703 1.500 7,101 47,400
3 -371.0 -0.04681 0.02341 1.500 14,240 47,400
4 0 -0.05879 0.02939 1.500 20,660 47,400
For Design Loading Cases 1-3{a] < 1.5S, and for Operation Condition 1, Loading Cases 1-4 |a} < §prs. The
bending stress criterion forthe tubesheet is satisfied.
h) STEP 8 — Check the eriterion below for the largest value of P. and calculate the shear stress, if requiired.
{|Ps1&268.1 psi} < {zcljh -min[0.8S,0.533S, | = 271 psi} True
0
Sinlce the ‘above criterion is satisfied, the shear stress is not required to be calculated.
i) STERY9™— For each loading case, calculate the axial tube stress and the allowable axial tube stress based

on tube buckling.

re=0.3367 in
Fr=142.6
C:=166.6
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Summary Table for STEP 9 — Design Condition

Loading Case Ftmin Orl Fimax 012
’ (psi) ' (psi)

1 -0.2819 -1,308 3.426 2,228

2 -0.2569 1,664 3.152 -2,325

3 -0.2187 371.6 2117 -134.1

oummary lable 1or STEF ¥ — besignh Londition (continued)

roadipg Case ©5) o ©% s o)
1 2,228 16,706 -1,308 1.537 7,148
2 2,325 16,706 -2,325 1.674 6,543
3 371.6 16,706 -134 1 2,000 5,493

Summary Table for STEP 9 — Operating Condition 1

Loading Case Fmin Ol Fimax 012
’ (psi) ’ (psi)
1 -0.2967 -1,799 3.561 8,087
2 -0.5149 1,137 4.944 3,534
3 -0.3401 -149:8 3.905 5,762
4 -0.3059 -492.3 3.641 5,859

Summary Table for,STEP 9 — Operating Condition 1 (continued)

Loadihg Case O(-;‘;’SX (f)‘sgi’) ?;g‘l‘)" F (gg)
1 8,087 33,412 -1,799 1.469 7,416
2 3,584 33,412
3 5,762 33,412 -149.3 1.298 8,445
4 5,859 33,412 -492.3 1.429 7,645
Fol Design{.6ading Cases 1-3 0rmax < S, and for Operation Condition 1, Loading Cases 1-4 Ormgx < 25:.

The axial tension stress criterion for the tube satisfied.

For all Loading Cases, [0 min| < d1». The buckling criterion for the tube satisfied.

STEP 10 — For each loading case, calculate the axial membrane stress in each shell section and
determine the maximum allowable longitudinal compressive stress.
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Summary Table for STEP 10 — Main Shell — Design Condition

Loading Case gss’r) S(SpESsi,)W (niséliy)
1 1,781 13,430 —
2 2,387 13,430 N
3 4,168 13,430 —

Summary Table for STEP TO = Main Shett—Operating Condition 1

Lloading Case (%;T) *(S;;’sl)v (issl:)
1 -1,210 47,400 6,730
2 -604.3 47,400 6,730
3 1,177 47,400 —
4 -2,991 47,400 6,730

Forl Design Loading Cases 1-3 |0s,m| < SsEs,w, and for Operation Gondition 1, Loading Cases 1-4{|0sm| <
Sr4s. The axial membrane stress criterion for the shell satisfied,

For all Loading Cases where the value of oy, is negative, |ogm| < Ss5. The longitudinal compressije stress

criterion for the shell satisfied.

STEP 11 — For each loading case, calculate the stresses in the shell and channel for configuratiop a, and
chgck the acceptance criterion. The shell thickness shall be 0.5625 in. for a minimum length of §.749 in.
adjpcent to the tubesheet, and the channel thickness shall be 0.375 in. for a minimum length of 1.154 in.
adjpcent to the tubesheet.

Summary Table forSTEP 11, Shell Results — Design Condition
: 1.58. Spy
Loading Case Os,m Os,b s Ss s
(psi) (psi) (psi) (psi) (ps|)
1 1,784 -12,320 14,100 23,700 47,4D0
2 2,387 28,550 30,940 23,700 47,4P0
3 4,168 16,230 20,400 23,700 47,4D0
Summary Table for STEP 11, Shell Results — Operating Condition 1
Loadlng Case gy,}:ri I?g,:b\ IFS‘:\ A/S.:\P:\S‘:i
ST ST PST PSSt
1 -1,210 -38,510 39,720 47,400
2 -604.3 2,360 2,964 47,400
3 1,177 -9,961 11,140 47,400
4 -2,991 -26,190 29,180 47,400
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For Design Loading Case 2 |os| > 1.5S;. For Design Loading Cases 1 and 3 |o;| < 1.5 and for Operation
Condition 1, Loading Cases 1-4 | 05| < Sps,s. The stress criterion for the shell is not satisfied. For Design
Loading Case 2, since |os| < Sps,s, Option 3 in Step 12 is permitted.

Summary Table for STEP 11, Channel Results — Design Condition

e [ 55 | @ | om | w | o
1 5,567 28,450 34,020 33,600 67,200
2 0 -9,257 9,257 33,600 67,2p0
3 5,567 19,200 24,760 33,600 67,2p0

Summary Table for STEP 11, Channel Results — Operating Condition 1

Lospiing Case oo o5 s oo
1 5,567 52,410 57,980 67,20(
2 0 14,700 14,700 67,20(
3 5,567 43,150 48,720 67,20(
4 0 23,960 23,960 67,20(
For Design Loading Case 1 |o¢| > 1.5S.. For Design Leading Cases 2 and 3 |o¢| < 1.5S. and for Operation

Co
Lod
ST
[ ]
[ ]
[ ]
Sin
the
acd

Sj

n

ndition 1, Loading Cases 1-4 |o¢| < Sps,c. The stress criterion for the channel is not satisfied. Fo
ding Case 1, since |o¢| < Sps,¢, Option 3 in Step 12 is permitted.

EP 12 — The design shall be reconsidered.by using one or a combination of the following opt
Option 1 — Increase the tubesheet thickness and return to STEP 1.

Option 2 — Increase the integraklshell and/or channel thickness and return to STEP 1.

Option 3 — Perform the elastic*plastic calculation procedures as defined in VIII-2, paragraph 4.1§
ce the total axial stress.in the shell oy is between 1.5S; and Sps;s for Design Condition Loading

procedure of VIII-2;"paragraph 4.18.8.6(c) may be performed to determine if the tubesheet stre
eptable when the-plasticity of the shell occurs.

Ce the totalaxial stress in the channel o is between 1.5S5. and Sps,. for Design Condition Loadi

1 ’

e procedure of VIII-2, paragraph 4.18.8.6(c) may be performed to determine if the tubesheet

arelacceptable when the plasticity of the channel occurs. The results are not presented for Design G
Loading Case 1, because the calculated values of fact, and fact. equal 1.0 for this case and further

r Design

ons.

8.6(c).

Case 2,
Eses are

ng Case
Btresses
ondition

plasticity

calculations are not required.

The results for the effect of plasticity for Design Condition Loading Case 2 are shown below.
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Summary Results for STEP 12,
Elastic-Plastic lteration Results per VIII-2, paragraph 4.18.8.6(c)
Design Condition Loading Case 2
S, psi 17,500
Se, psi 33,600
facts 0.7474
fact. 1.000
Es psi 19.73E6
EZ psi 28.30E6
ks, Ib 0.2402E6
As 30.68E6
ke, ID 0.1245E6
Ac 17-86E6
F 4.538
@ 6.098
O -0.05312
Oz 3.766
Oz 11.00
U 21.99
Pw, psi 0
Prim, psi 78.44
Pe, psi 120.8
o, Ib -647.5
03 -0.07832
P 0.03916
o1, psi 19,750
The final calculatéd tubesheet bending stress is 19,750 psi (Design Loading Case 1) is less than the aflowable
tubpsheet bending stress of 23,700 psi. As such, this geometry meets the requirement of VIII-2, pgragraph
4.1B.8.65%-The intermediate results for the elastic-plastic iteration are shown above.
itions and

The calgulation
assumed tubesheet thickness.
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[Intentionally Left Blank]
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Example E4.18.8 — Floating Tubesheet Heat Exchanger with an Immersed Floating Head

A floating tubesheet exchanger with an immersed floating head is to be designed as shown in VIII-2, Figure
sketch (a). The stationary tubesheet is gasketed with the shell and channel in accordance with
configuration d as shown in VIII-2, Figure 4.18.11, sketch (d) and not extended as a flange. The floating tubesheet
is not extended as a flange in accordance with configuration C as shown in VIII-2, Figure 4.18.12, sketch (c).

4.18.10,

e For the Design Condition, the shell side design pressure is 0 to 250 psig at 550°F, and the tube side design
pressure is 0 to 150 psig at 550°F.

e For

e The
larg

e The
tubsg

cenferline pass lane. There is a 0.197 in. deep pass partition groove in the stationary tubesheet o

larg
in.,

face
tubg

e The
29.9
gas
she
y=
sket

e The
gas
4.14

For this
describg

In STEH
of 28,50

these configurations, the operating conditions are not required to be considered.

tube material is SA-179 (K01200). The tubes are 0.75 in. outside diameter and 0.083-in) thi
bst equivalent unsupported buckling length of the tube is 15.375 in.

tubesheet material is SA-105 (K03504). The stationary tubesheet diameter is 29875 in. and thg
sheet diameter is 26.875 in. The tubesheet has 466 tube holes on a 1.0 inAriangular pattern

pst center-to-center distance between adjacent tube rows is 2.5 in., the length of the untubed lane
bnd the radius to the outermost tube hole center is 12.5 in. The distance between the outer tu
s is 256 in. There is no corrosion allowance on the tubesheet,The tubes are expanded to 80
sheet.

channel flange gasket consists of a ring gasket with a cénterline rib. The ring gasket outside dia
75 in., the inside diameter is 28.875 in., and the gasket factors are y = 4,000 psi and m = 3.0.
et width is 0.50 in., the length is 28.875 in., and the rib gasket factors are y = 4,000 psi and m = 3
| flange gasket outside diameter is 29.875 in., the‘inside diameter is 28.875 in., and the gasket fa
1,000 psi and m = 3.0. The effective gasketwidth for both gaskets is per VIII-1 Appendix 2, Tab
ch (1a). There are (32) 0.75 in. diameter-SA-193-B7 bolts on a 31.417 in. bolt circle.

floating head flange gasket outside )diameter is 26.875 in., the inside diameter is 26.125 in.,
et factors are y = 4,000 psi and.m = 3.0. The effective gasket width is per VIII-2 paragraph 4.1
.3, sketch (1a). There are (28)0.625 in. diameter SA-193-B7 bolts on a 27.625 in. bolt circle.

example, first assume g value of 1.75 in. for the tubesheet thickness and perform the calculation pr
d below starting ai-STEP 1. The data shown below will be the same except as follows:

h=1.75 in.
[ = 252.5n-

7, the calculated bending stress of 29,830 psi for the stationary tubesheet exceeds the allowab
0 psifor Design Loading Case 2.

ck. The

floating
vith one
hly. The
is 25.75
besheet
o of the

meter is
The rib
.0. The
tors are
e 2-5.2,

and the
B, Table

pcedure

e stress

The tubesheet is overstressed for Design Loading Case 2. Increase the tubesheet thickness to 1.8125 in and
return to Step 1 of the calculation procedure in paragraph 4.18.9.4.

Data Summary:

The data summary consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15 that are

applicable to these configurations.
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Design Conditions:

Psamax = 250 psig
Piamin =0 psig
Primax = 150 psig
Piamin =0 psig
T'=550F

V- TaVo )k m]

la al
1T7e—>o0T

7= 550°F

Tubes:

r=0.75 in.

E; = 26.9E6 psi from Table TM-1 of Section II, Part D at 7;
Eir=26.9E6 psi from Table TM-1 of Section II, Part D at T’

;= 15.375 in.

S, = 13,350 psi from Table 1A of Section II, Part D at 77
S:7= 13,350 psi from Table 1A of Section II, Part D<at' T’
S, = 20,550 psi from Table Y-1 of Section II, Part D at 7;
t: = 0.083 in.

»
-

Stdtionary and Floating Tubesheets (Common Data):

Tube Pattern: Triangular

4, =26.38 in.?

c, =0 in.

I = 26.75E6 psi front Table TM-1 of Section II, Part D at T
) = 1.8125 in. (assumed)

L1 =25.75 iy

L = 256m:

L = 252.375 in.

Ni= 466

p=1.01in.

ro=12.5in.

S§'=19,000 psi from Table 5A of Section II, Part D at T
Ste = 19,000 psi from Table SA of Section II, Part D at 7%
Sy = 28,450 psi from Table Y-1 of Section II, Part D at T
Upi =2.5in.
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p=0.80

Stationary Tubesheet:
A=29.875 in.
C=31.417 in.
Dg=29.375 in.
G.=29.375 in. (G per VIII-2 paragraph 4.16)
a. = 14.69 in.
G =29.375 in. (G per VIII-2 paragraph 4.16)
a; = 14.69 in.
o = 0.197 in.
Wnie = 128,856 Ib (W, per VIII-2 paragraph 4.16)
Wms =203,931 Ib (W, per VIII-2 paragraph 4.16)

Flgating Tubesheet:

4 =26.875 in.

C =27.625 in.

DEe =126.125 in.

G1=26.5in.

G =26.5 in. (G per VIII-2 paragraph 4406)
a.=13.25 in.

as = 13.25 in.

1o =0 in.

Wnie = 96,732 Ib (W, per/VIII-2 paragraph 4.16)

Calculation Procedure < Stationary Tubesheet:

The stafjonary tubesheet is not extended as a flange but has an unflanged extension. The calculation procedure
for this pxtensiontis*given in VIII-2, paragraph 4.18.5.4(c). The minimum required thickness of this ektension
calculatgd atLjnis:

)1,=0.1208 in.

The calculation procedure for the stationary tubesheet of a floating tubesheet heat exchanger is given in VIII-2,
paragraph 4.18.9.4. The following results are for the design loading cases required to be analyzed (see VIII-2,
paragraph 4.18.9.3).

a) STEP 1 - Calculate D,, i, * and h"Q from VIII-2, paragraph 4.18.6.4(a).
D, =25.75 in.
1 =0.2500
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d*=0.6562 in.

p*=1.068 in.

L*=0.3857

hg =0.197 in.
Calculate a,, ps, pc, xs and x;.

ao=12.88 in.

os = 1.141

o = 1.141

s = 0.6047

;= 0.7603

b) STEP 2 — For configuration d, shell coefficients 5 = 0, ks = 0, A4, = 0 and & =%
For configuration d, channel coefficients . = 0, ke = 0, Ac =0 and . = O

c) STEP 3 - Calculate #/p. Determine E*/E and v* from VIII-2, paragraph’ 4.18.6.4(b) and calculate

ji/p = 1.813

E*/E = 0.4020

v¥=10.3098

E*=10.75E6 psi

Calculate X, and parameters Z,, Z4, Z,, Z\, and Z, from VIII-2, Table 4.18.3.

Xo = 3.525

/.= 3.811

V4= 0.03511

7, =0.08232

/., = 0.08232

Vm=0.4325

d) STEP 4 - Calcdlate the diameter ratio K and the coefficient F.

K = 1.160

I =0.2551

Calculate @, Q1, Q-1, 02 and U.
@ =0.3341
01 =0.09897
e) STEP 5 - Calculate y, wg, Wg, We, Wz and Yo.
ws = 0in.? wi =1.758 in.?

w, = 0in? w; = 1.758 in?
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7w =20.0
f) STEP 6 — Use the loads listed in the table below to calculate effective pressure P. and the results for an
elastic solution in the corroded condition.
Summary Table for Step 6 — Design Condition
. P P; P w*
Loading Case 5 : ¢
? (psi) (psi) (psi) (Ibf)
1 0 150 -150.0 128,856
2 250 0 250.0 203931
3 250 150 100.0 203,931
g) STEP 7 — Elastic Iteration: Calculate (2, O3 and Fy, the tubesheet bending stress~and the ajlowable
tubesheet bending stress.
Summary Table for STEP 7 — Design Condition
. h —h! E 58
Loading Case o) F, 9 -
S (i) o5 " fin) (ps) {osi)
1 -230.4 0.1175 0.1127 1.6155 16,710 2*3,500
2 384.1 0.1175 0.1127 1.6155 27,840 2*3,500
3 -153.6 0.1175 0.1127 1.6155 11,140 2313,500
For Design Loading Cases 1-3 |0] < 1.5S. The bending'stress criterion for the tubesheet is satisfiefl.
h) STEP 8 — Check the criterion below for the largest'value of P. and calculate the shear stress, if required.

2uh
{|P,] = 250 psi} < { s

Qg

- min[0.85, 0.533S, | = 1067 psi}

True

Sinlce the above criterion is satisfied, the shear stress is not required to be calculated.
i) STEP 9 - For each loading case, calculate the axial tube stress and the allowable axial tube stress | based
on fube buckling.
 =0.2376 in
F; = 64.70
C[ =160.7
Summary Table for STEP 9 — Design Condition
Loading-Case F 5 Ot1.1 ‘p 012
’ (psi) ’ (psi)
1 -1.070 -1,764 3.458 2,600
2 -1.070 2,690 3.458 -4,584
3 -1.070 926.1 3.458 -1,984
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Summary Table for STEP 9 — Design Condition (continued)

Loading Case ‘(Té)fsnsx ( [;gsti) (()Z)rsnll)n F, (gébi)
1 2,600 13,350 -1,764 1.521 10,790
2 4,584 13,350 -4,584 1.521 10,790
3 1,984 13,350 -1,984 1.521 10,790

Fon Design Loading Cases 1-3 |07min| < S. The buckling criterion for the tube is satisfied.

Calculation Procedure — Floating Tubesheet:

The floating tubesheet is not extended as a flange but has an unflanged extension. The‘calculation procgdure for

this extgnsion is given in VIII-2, paragraph 4.18.5.4(c).

The cal
paragra
paragra

a) ST

Ca

d at T is:
= 0.1074 in.

The minimum requiredtthickness of this ektension

culation procedure for the floating tubesheet of a floating tubeSheet heat exchanger is given ip VIII-2,

bh 4.18.9.4. The following results are for the design loading'Cases required to be analyzed (see VIlI-2,
bh 4.18.9.3).

P 1 — Calculate D,, i, (7* and hé from VIII-2, paragraph 4.18.6.4(a).
D, =25.75 in.

1= 0.2500

(*=0.6562 in.

p*=1.068 in.

1= 0.3857

hg =0 in.

culate ao, Os, Pc, Xsand x;.

a, = 12.88 in:

o = 1.029

o =4.029

s\ = 0.6047

x:=0.7603

b) STEP 2 — For configuration C, shell coefficients ;= 0, k= 05, 4, =0 and & = 0.

For configuration C, channel coefficients - = 0, k. =0, A =0 and . = 0.

c) STEP 3 - Calculate 4/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate E*.

hlp=1.813
E*/E = 0.4020

4-352


https://asmenormdoc.com/api2/?name=ASME PTB-3 2022.pdf

Ca

PTB-3 2022

v¥=0.3098

E*=10.75E6 psi

Iculate X, and parameters Z,, Z4, Zy, Z\w and Zy, from VIII-2, Table 4.18.3.
Xo=3.525

Z,=3.811
Z4=0.03511
7, =0708232
/v =0.08232
/m = 0.4325
d) STEP 4 — Calculate the diameter ratio K and the coefficient F.
K =1.044
F=0.07341
Calculate @, QO1, O-1, Q-2 and U.
F = 0.09615
D; = 0.02036
e) STEP 5 - Calculate g, ws, W3, W, w; and gb.
ws = 0 in.? wi =0.07134 in.2
w. = 0 in? w; = 0.07134 in?
7 =0.0
f) STEP 6 — Use the loads listed in the table below to calculate effective pressure Pe and the resuls for an
elagtic solution in the corroded condition.
Summary Table for Step 6 — Design Condition
k
roping Case oo oo oo (o
1 0 150 -150.0 96,732
2 250 0 250.0 0
3 250 150 100.0 96,732
g) STER»7 — Elastic Iteration: Calculate Q2, Q3 and Fm, the tubesheet bending stress and the ajlowable

tubesheet bending stress.

Summary Table for STEP 7 — Design Condition

:
oadng Gase i o B e | e | e
1 -10.27 0.02119 0.07702 1.8125 9,068 28,500
2 1712 0.02119 0.07702 1.8125 15,110 28,500
3 6.849 0.02119 0.07702 1.8125 6,045 28,500
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For Design Loading Cases 1-3 |0 < 1.5S. The bending stress criterion for the tubesheet is satisfied.

The calculation procedure is complete, and the unit geometry is acceptable for the given design conditions and
assumed tubesheet thickness.
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4.18.9 Example E4.18.9 — Floating Tubesheet Exchanger with an Externally Sealed Floating Head

A floating tubesheet exchanger with an externally sealed (packed) floating head is to be designed as shown in
VIII-2, Figure 4.18.10, sketch (b). The stationary tubesheet is gasketed with the shell and channel in accordance
with configuration d as shown in VIII-2, Figure 4.18.11, sketch (d) and not extended as a flange. The floating
tubesheet is integral with the floating head in accordance with configuration A as shown in VIII-2, Figure 4.18.12,
sketch (a). The floating head is an assembly consisting of a channel cylinder and a formed head, both of which
are the same material.

e For

pregsure is 0 to 30 psig at 250°F.

e The
the
met

at the floating tubesheet is 235°F and the floating tubesheet metal temperature at’the rim is 200°F.

e The

0.049 in. thick. The largest equivalent unsupported buckling length of the:tube is 16 in.

e The

floafing tubesheet diameter is 47.625 in. The tubesheet has 1189/tube holes on a 1.25 in. triangula

with
the
exp

e The
are
in.,

VIII{2 paragraph 4.16, Table 4.16.3, sketch (1a). There are (40) 0.875 in. diameter SA-193-B7 bolts
in. Holt circle.
o The|floating head material is SB-265, Grade 2 (R50400). The floating head outside diameter is 47}

and

Data Summary:

e is one operating condition that shall be considered for the effect of the radial thermal expansion
loating head and floating tubesheet. For Operating Condition 1, the operating pressures and o
b| temperatures are assumed to be the same as the design values. The floatinghead metal tem

tube material is SB-338, Grade 2 Seamless (R50400). The tubes are“©,00 in. outside diamg

tubesheet material is SB-265, Grade 2 (R50400). The stationary tubesheet diameter is 51 in.

no pass partition lanes. The radius to the outermost tube hole center is 22.605 in. The distance
outer tubesheet faces is 144 in. There is no corrosjon allowance on the tubesheet. The tuU
hnded to 95.8% of the tubesheet.

channel flange gasket outside diameter is 50.375'in., the inside diameter is 48 in., and the gaske
y = 1,600 psi and m = 2.0. The shell flange-gasket outside diameter is 50.5 in., the inside diame|
hnd the gasket factors are y = 1,600 psiland m = 2.0. The effective gasket width for both gaske

the thickness in 0.31254n.

The datJa summary_consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15) th4
applicalyle to this configuration.

Defign Conditions:

ige design

pbetween
perating
Derature

ter, and

and the

pattern
between
bes are

t factors
ter is 48
(s is per
ona 52

625 in.

t are

Pgamax = 150 psig
Psimin =0 psig
Pramax = 30 psig
Piamin = 0 psig
T=250°F
T.=70°F
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T.=250°F
Tio = 250°F
T,=250°F

Operating Conditions (Floating Tubesheet Only):

Psol,max = 150ps1g
Psol,min = OpSlg

Pro1.max = 30 psig
Pio1,min = 0 psig
11 =250°F

7.1 =250°F

T! = 200°F

T!, = 235°F

Tubes:

d: = 1.00 in.

E; = 14.8EE6 psi from Table TM-5 of Section II, PartDat 7;
£ = 14.8E6 psi from Table TM-5 of Section IkPart D at 7 & T

;=16 in.
S; = 11,300 psi from Table 1B of Section' I, Part D at 7;
Si7= 11,300 psi from Table 1B of\Section II, Part D at 7 & T

S, = 28,600 psi from Table Y-1 of Section II, Part D at 7}
= 0.049 in.

Stdtionary and Floating Tubesheets:

Tube Pattern: Triangular
4, = 0 in.” fof-no pass lanes
c: = 0

' <14.8E6 psi from Table TM-5 of Section II, Part D at 7 & T

=375 (assumea)
he =0 in.

L= 144 in.
L=141.25in.
N;=1189

p=125in.
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ro =22.605 in.

S§'=11,300 psi from Table 1B of Section II, Part D at 7 & T
Sy = 28,600 psi from Table Y-1 of Section II, Part D at 7 & T
p=10.958

Stationary Tubesheet:
A=51in.

C =52 in.

Dr = 48 in.

G =49.6044 in. (G per VIII-2 paragraph 4.16)

. = 24.8 in.

G =49.7094 in. (G per VIII-2 paragraph 4.16)
;= 24.85 in.

Wnie = 65,148 b (W, per VIII-2 paragraph 4.16)
Wmis = 327,983 Ib (W, per VIII-2 paragraph 4.16)

Fldating Tubesheet:

4 = 47.625 in.

Sps = 33,900 psi limited to 3S, (per VIII-2 paragraph 4.1.6.3)at T & T}
1= 4.7E-6 in./in./ °F from Table TE-5, of Section II, Part D at T{

Fldating Head Channel Cylinder:

D. =47 in.

. =23.5 in.

;= 23.5 in.

E. = 14.8E6 psi from Table TM-5 of Section II, Part D at 7. & T¢i

Sc = 11,300 psi-from Table 1B of Section I, Part D at 7. & Te1

S),c = 28,600 psi from Table Y-1 of Section I, Part D at 7, & T¢1

Spse 33,900 psi limited to 3S. (per VIII-2 paragraph 4.1.6.3) at T & Tei
. =03125in

o= 4.77E-6 in./in./ °F from Table TE-5 of Section II, Part D at T/,
v = 0.32 from Table PRD of Section II, Part D for Titanium UNS R50400
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Calculation Procedure — Stationary Tubesheet:

The stationary tubesheet is not extended as a flange but has an unflanged extension. The calculation
procedure for this extension is given in VIII-2, paragraph 4.18.5.4(c). The minimum required thickness of this
extension calculated at T is:

h-=0.1991 in.
The calculation procedure for the stationary tubesheet of a floating tubesheet heat exchanger is given in VIII-2,

paragraph 4.18.9.4. The following results are for the design loading cases required to be analyzed (see VIII-2,
paragraph 4.18.9.3.

a) STEP 1- Calculate Do, 4, 41* and hg from VIIl-2, paragraph 4.18.6.4(a).

D, =46.21 in.

.= 0.2000

(1*=0.9061 in.

p*=1.250 in.

t=0.2751

hg =0 in.
Calculate ao, ps, pc, Xs and X.

(1, =23.10 in.

os =1.076

o =1.073

s = 0.4432

e = 0.5470

b) STEP 2 — For configuration d, shéli:coefficients . = 0, k =05, As=0and o= 0.
For configuration d, channel coefficients . =0, ke =0, Ac=0and o = 0.

c) STEP 3 - Calculate h/p:_Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate F*.

h/p = 1.100
E*/E = 0.2803
v* = 0:3374

E&="4.149E6 psi

Calculate X, and parameters Z,, Z4, Zv, Zw and Z,, from VIII-2, Table 4.18.3.

Xq=8.842
Za=3162
Zq=2.143E-3
Z,=0.01300
Zv=0.01300
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Zn=0.1634
d) STEP 4 — Calculate the diameter ratio K and the coefficient £
K=1.104
F=0.2331
Calculate @, Q1, Q-1, 02 and U.
®=03118
O = 0.06821
e) STEP 5 - Calculate ¥, wg, wg, W,, Ws and 7.
ws = 0 in.? wi =1.589 in.?
w. = 0 in? w; = 0.8867 in?
1 =—-2.272E-3
f)  STEP 6 — Use the loads listed in the table below to calculate effective pressure P. and the resulfs for an
elagtic solution in the corroded condition.
Summary Table for Step 6 — Design Cohdition
*
roping Case oo o oo o
1 0 30 -30.00 65,148
2 150 0 -23.58 327,983
3 150 30 -53.58 327,983
g) STEP 7 — Elastic Iteration: Calculate (5,03 and F, the tubesheet bending stress and the ajlowable
tubpsheet bending stress.
Summary Table for STEP 7 — Design Condition
'
Lofding Case (%?) 0s Fn h (_in;lg (|pos-1i) }325
1 A7.73 0.07416 0.05572 1.375 10,290 16,950
2 113.9 0.05010 0.04573 1.375 6,640 16,950
3 88.58 0.06201 0.05050 1.375 16,660 16,950
For Design Loading Cases 1-3 |o] < 1.5S. The bending stress criterion for the tubesheet is satisfieg.
h) STEP8—=Checkthe criterion befow for the fargest vaiue of . and catculate the shear Stress, if required.

2uh
{|P,| = 53.58 psi} < { :

o

-min[0.85,0.533S, | = 215 psi}

True

Since the above criterion is satisfied, the shear stress is not required to be calculated.
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i) STEP 9 - For each loading case, calculate the axial tube stress and the allowable axial tube stress based
on tube buckling.

r:=0.3367 in
F;=47.52
C,=101.1
Summary Table for STEP 9 — Design Condition
Loading C i b 5
oafding Case Fimin (psi) Fimax (0S)
1 -1.190 -502.2 9.494 2,586
2 -0.9846 416.8 8.539 2,580
3 -1.086 -78.31 9.011 5,134
Summary Table for STEP 9 — Design Condition (continued)
. S Ot mi Sit
Loadipg Case Ot,max t t.min F y
(psi) (psi) (psi) ’ (ps|)
1 2,586 11,300 -502.2 1.250 11,3p0
2 2580 11,300
3 5134 11,300 £78.31 1.250 11,3p0
For Design Loading Cases 1-3 o;max < S;. The axialtension stress criterion for the tube is satisfied

For

Design Loading Cases 1-3 |07 min| < Su. The buckling criterion for the tube is satisfied.

Calculation Procedure — Floating Tubesheet:

The cal
paragra
(see VII

a) ST

-2, paragraph 4.18.9.3):

EP 1 — Calculate Dgy o, 17* and h;J from VIII-2, paragraph 4.18.6.4(a).
D, =46.21 in.

11 =0.2000

(d* =0.9061 in.

p*=1.250 in.

tulation procedure for the floating tubesheet of a floating tubesheet heat exchanger is given i
bh 4.18.9.4. The following results are for the design and operating loading cases required to be 3

n VIl-2,
nalyzed

1= 0.2751
hfq =0 in.
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Calculate ao, ps, pc, Xs and x;.

ao=23.10 in.
ps=1.017
pe=1.017
xs = 0.4432
x;=0.5470

EP 2 — For configuration A, shell coefficients ;= 0, £ = 0,5, As =0 and oy, = 0.

Fon configuration A, calculate channel coefficients ., k¢, Ac and o.

5. =0.4711 in."!

ke =39.51E3 [b

e =T7.962E6 psi

o = .1003E-3 in.%/Ib

EP 3 — Calculate i/p. Determine E*/E and v* from VIII-2, paragraph’4.18.6.4(b) and calculate
ji/p = 1.100

E*/E =0.2803

v¥=0.3374

E* =4.149E6 psi

culate X, and parameters Z,, Z4, Zy, Zy and Z, from VIII-2, Table 4.18.3.
X, = 8.842

Vo= 3162

V= 2.143E-3

/,=0.01300

/., =0.01300

/m=0.1634

EP 4 — Calcllate the diameter ratio K and the coefficient F.

K =1.031

I =1.343

Calculate @, Q1, Q-1, O and U.

®=1.796
01 = -4.829E-3
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STEP 5 — Calculate v, wg, W3, W¢, W, Vo, Py and P,

w: = 0.07868 in.2
w; = —3.051 in?

According to paragraph 4.18.9.6(c),

T + T,
7": 2

=2175°F and T =

T, + T,
2

= T/ = 235°F

= 226.25°F

this example, the conservative option permitted by paragraph 4.18.9.6(c) is used to calculate P, |and P.".
. =T' =200°F and T}

EP 6 — Use the loads listed in the table below to calculate effective pressuie’P. and the resulls for an
stic solution in the corroded condition.

Summary Table for Step 6 — Design Condition

. P P; P W% P’ R
Loading Case s i e s C.
9 (psi) (psi) (psi) (Ibf) (psi) (psi)
1 0 30 -30.00 0 0 D
”“ 150 0 -5.173 0 0 D
3 150 30 -35.17 0 0 D
Summary Tablefor Step 6 — Operating Condition 1
. P P; P W P’ R
Loading Case s i e s C.
g (psi) (psi) (psi) (Ibf) (psi) (psi)
1 0 30 -30.00 0 0 34165
D 150 0 -5.173 0 0 34165
3 150 30 -35.17 0 0 34165
4 0 0 0 0 0 34165
g) STEP 7 — Elastic Iteration: Calculate (>, (O3 and F, the tubesheet bending stress and the ajlowable
tubpsheet.bending stress.
Summary Table for STEP 7 — Design Condition
. h- h! Ed 1.58
Loading Case O F, 9 =
9 (i) Os " (in (psi) (psi)
1 70.75 -0.01366 0.02277 1.375 4,207 16,950
2 9.124 -0.01144 0.02348 1.375 747.9 16,950
3 79.88 -0.01334 0.02287 1.375 4,955 16,950

4
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Summary Table for STEP 7 — Operating Condition 1

oading Case o s Fin i o oo
1 154.6 -0.02413 0.01980 1.375 3,659 33,900
2 92.95 -0.07215 0.03607 1.375 1,149 33,900
3 163.7 -0.02227 0.02032 1.375 4,402 33,900
4 83.82 0 0 1.375 3,515 33,900

For Design Loading Cases 1-3 |0 | < 1.5S, and for Operation Condition 1, Loading Cases-1-4"|o]| < Sps.
The bending stress criterion for the tubesheet is satisfied.

h) STEPS 8 and 9 — For configuration A, skips STEPS 8 and 9 and proceed to STEP 10:

i) STEP 10 — For each loading case, calculate the stresses in the channel for corifiguration A, and cIeck the

acgeptance criterion. The channel thickness shall be 0.3125 in. for a minimum length of 6.898 in.

to the tubesheet.

djacent

Summary Table for STEP 10, Channel Results — Besign Condition

oadgCase | (og) s s) o) pe
1 1,121 9,752 10,870 16,950 33,9p0
2 0 1,125 1,125 16,950 33,9p0
3 1,121 10,880 12,000 16,950 33,9p0
Summary Table for STEP (10, Channel Results — Operating Condition 1
Loagding Case (GpCS’S (‘;';b) ( pasci) f:;;
1 1,121 13,480 14,600 33,90d
2 0 4,854 4,854 33,90d
3 1,121 14,610 15,730 33,90(
4 0 3,729 3,729 33,90(

Forn Design/l.-oading Cases 1-3 |o¢| < 1.5S. and for Operation Condition 1, Loading Cases 1-4 |o¢|[< Sps.ec.
The streSs:criterion for the channel is satisfied.

The caleulation 'nmr*pdurp is r‘nmplp’rp and the unit geometry is am‘pp‘rahlp for the givpn dpeign conditions and

assumed tubesheet thickness.
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4.18.10 Example E4.18.10 — Floating Tubesheet Exchanger with an Internally Sealed Floating Tubesheet

A floating tubesheet exchanger with an internally sealed floating head is to be designed as shown in VIII-2, Figure
sketch (c). The stationary tubesheet is gasketed with the shell and channel in accordance with
configuration d as shown in VIII-2, Figure 4.18.11, sketch (d) and not extended as a flange. The floating tubesheet
is packed and sealed on its edge in accordance with configuration D as shown in VIII-2, Figure 4.18.12, sketch

4.18.10,

().

e For the Design Condition, the shell side design pressure is 0 to 150 psig at 400°F, and the tube side design

+ A00°C

pres
e For

e The
The

e The
the
patt
bety
tubs

e The
fact
dian
both
193

H fale 3 17 H
QUTU 1O U TU II\JHOIS (<1 Sk A VAV AN BN
these configurations, the operating conditions are not required to be considered.

tube material is SA-213, Type 316L (S31603). The tubes are 0.75 in. outside diaméter, and (
largest equivalent unsupported buckling length of the tube is 20.75 in.

tubesheet material is SA-240, Type 316L (S31603). The stationary tubesheet diameter is 39.87
floating tubesheet diameter is 36.875 in. The tubesheet has 1066 tube heles on a 0.9375 in. tn
brn with no pass partition lanes. The radius to the outermost tube hole center is 15.563 in. The
een the outer tubesheet faces is 155.875 in. There is no corrosion,allowance on the tubeshe
s are expanded to 88% of the tubesheet.

.065 in.

b in. and
angular
Histance
et. The

channel flange gasket outside diameter is 39.941 in., the inside diameter is 38.941 in., and th¢ gasket

prs are y = 4,000 psi and m = 3.0. The shell flange gasket outside diameter is 39.941 in., th
neter is 38.941 in., and the gasket factors are y = 4,000 psi and m = 3.0. The effective gasket

gaskets is per VIII-2 paragraph 4.16, Table 4.16.3, sketch (1a). There are (40) 0.75 in. diam
B7 bolts on a 41.625 in. bolt circle.

Data Summary:

The dat
applicab

b summary consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15)
le to these configurations.

Design Conditions:

Psdmax = 150 psig
Psamin = 0 psig
P dmax = 1715psig
P i min' =0 psig

e inside
vidth for
bter SA-

that are

'=400°F

T = 400°F
T, = 400°F

Tubes:

d;=0.75 in.

E;=26.4E6 psi from Table TM-1 of Section II, Part D at 7;

Eir=26.4E6 psi from Table TM-1 of Section II, Part D at T
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0 =20.75 in.

S: = 15,700 psi from Table 5A of Section II, Part D at 7;
Sir = 15,700 psi from Table 5A of Section II, Part D at T
Syt = 17,500 psi from Table Y-1 of Section I, Part D at 7;
t:=0.065 in.

Stationary and Floating Tubesheets (Common Data):

Tube Pattern: Triangular

4, = 0 in.? for no pass lanes

c: =0 in.

E' = 26.4E6 psi from Table TM-1 of Section II, Part D at T
1 = 1.188 in. (assumed)

1o =0 in.

L. = 155.875 in.

. = 153.499 in.

N: = 1066

p = 0.9375 in.

o =15.563 in.

S = 15,700 psi from Table SA of Section.II, Part D at T
S, = 17,500 psi from Table Y-1 of Section II, Part D at T’
o =0.88

Stationary Tubesheet:

4 =39.875 in.

C =41.625 in.

D = 38.9414n.

G. = 39,441 in. (G per VIII-2 paragraph 4.16)
a. =19:72 in.

Gy= 39.441 in. (G per VIII-2 paragraph 4.16)

as=19.72 in.
Wnie = 246,209 [b (W, per VIII-2 paragraph 4.16)
Wis = 211,036 Ib (W, per VIII-2 paragraph 4.16)

Floating Tubesheet:
A =36.875 in.
ac=18.44 in.
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as = 18.44 in.

Calculation Procedure — Stationary Tubesheet:

The stationary tubesheet is not extended as a flange but has an unflanged extension. The calculation procedure
for this extension is given in VIII-2, paragraph 4.18.5.4(c). The minimum required thickness of this extension
calculated at 7% is:

hy=10.1356 in.

The calgulation procedure for the stationary tubesheet of a floating tubesheet heat exchanger is given in VIiI-2,
paragraph 4.18.9.4. The following results are for the design loading cases required to be analyzed (VIlI-2,
paragraph 4.18.9.3).

a) STEP 1 - Calculate D,, u, * and hé from VIII-2, paragraph 4.18.6.4(a).

D, =31.876 in.

1= 0.2000

(*=0.6356 in.

p*=0.9375 in.

= 0.3220

hg =0 in.
Calculate ao, ps, pc, Xs and x;.

1, = 15.94 in.

o = 1.237

o = 1.237

s = 0.4099

;= 0.5967

b) STEP 2 — For configuration.d, shell coefficients s = 0, ks =0, A4y =0 and & = 0.
For configuration d, channel coefficients . =0, ke =0, Ac =0and &. = 0.

c) STEP 3 - Calcutate 4/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate £*.

h/p = 1267

E*(E= 0.3376

v —=06316t
E*=80913E6 psi

Calculate X, and parameters Z,, Z4, Zy, Z\, and Z, from VIII-2, Table 4.18.3.

Xa=7.399
Z,=482.2
Zi=3.691E-3
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Z,=0.01864
Z»=10.01864
Zn=0.1967
d) STEP 4 — Calculate the diameter ratio K and the coefficient £
K=1.251
F=0.4535
Calculate U, U1, U1, U2 and U.
D = 0.5969
01 =0.2024
e) STEP 5 - Calculate ¥, wg, wg, W., Wz and %.
ws = 0 in.? wi =8.003 in.?
w. = 0 in? w; = 8.003 in?
=0
fy  STEP 6 — Use the loads listed in the table below to calculate effective pressure P. and the results f¢r an
elagtic solution in the corroded condition.
Summary Table for Step 6 — Design Condition
*
roping Case oo o oo o
1 0 175 92.92 246,200
2 150 0 -79.65 211,036
3 150 175 13.27 246,200
g) STEP 7 — Elastic Iteration: Calculate (>, (3 and F, the tubesheet bending stress and the ajlowable
tubpsheet bending stress.
Summary Table for STEP 7 — Design Condition
'
Loading Case (%?) 0 Fo h (_inilg (| ;?s- i|) «pig
1 -1,253 0.09623 0.07020 1.188 21,880 28,550
2 1,074 0.09623 0.07020 1.188 18,750 28,550
3 -179.0 0.09623 0.07020 1.188 3,125 28,550
For Design Loading Cases 1-3 |0'| < 1.5S. The bending stress criterion for the tubesheet is satisfied.
h) STEP 8 — Check the criterion below for the largest value of P. and calculate the shear stress, if required.

2uh
{|P,] =92.92 psi} < { :

(o]

-min[0.85,0.533S, | = 278 psi}

True

Since the above criterion is satisfied, the shear stress is not required to be calculated.
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i) STEP 9 — For each loading case, calculate the axial tube stress and the allowable axial tube stress based
on tube buckling.

r:=0.2433 in
F;=85.30
C:=172.6
Summary Table for STEP 9 — Design Condition
Loading Case L. Oi,1 E 01,2

S T (psi) o (psi)

1 -1.129 2.485 8.220 4,647

2 -1.129 -152.1 8.220 3,833

3 -1.129 -149.6 8.220 -813.8

Summary Table for STEP 9 — Design Condition (continued)
Loadng Case | (2 oo ©% s o)

1 4,647 15,700 -4,647 1.250 10,540
2 3,833 15,700 -1524 1.250 10,540
3 813.8 15,700 -813.8 1.250 10,540

Fol Design Loading Cases 1-3 0 max < S:. The axial.tenision stress criterion for the tube is satisfied

For| Design Loading Cases 1-3 |0;min| < Si». The'buckling criterion for the tube is satisfied.

Calculation Procedure — Floating Tubesheet:

The calgulation procedure for a floating ‘tubesheet of a floating tubesheet heat exchanger is given in VIII-2,
paragraph 4.18.9.4. The following results are for the 3 Design Loading Cases required to be analyzed (ee VIII-
2, paradgraph 4.18.9.3.

a) STEP 1 - Calculate D, /1, 7* and hy from VIII-2, paragraph 4.18.6.4(a).
D, =31.876 in:

1= 0.2000

(d* = 0.6356 in.

p*=10.9375 in.

1*=0.3220

hg =0 in.

Calculate a,, ps, oc, xs and x..
ao=15.94 in.
ps=1.157
pe=1.157
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xs = 0.4099
x: = 0.5967

STEP 2 — For configuration D, shell coefficients £ = 0, ks =0, As=0and & = 0.

For configuration D, channel coefficients 3. = 0, k. =0, Ac =0 and & = 0.

STEP 3 — Calculate 4/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate £*.

Ca

ST

Ca

ST

ST
ela

hip = 1267
F*E=0.3376
v =0.3161

£+ = 8.913E6 psi

culate X, and parameters Z,, Z4, Zy, Z\ and Zy, from VIII-2, Table 4.18.3.
X, = 7.399

Vo =482.2

/a=3.691E-3

/,=0.01864

/= 0.01864

/m=0.1967

EP 4 — Calculate the diameter ratio K and the coefficient £
K =1.157

= 0.2951

culate @, 01, O-1, Q-2 and U.

D =(0.3884

01=0.1390

EP 5 — Calculate ¥, w3, @;, We, Wz and .

ws = 0 in.? w; = 3.369 in.?

w. = 0 in% w; = 3.369 in?

=0

EP 67 Use the loads listed in the table below to calculate effective pressure P. and the resul

s for an

' [ H—y ol oel HH
UG SUIIALUIT T ure CUTTUUTU CUTTUTUUTT.

Summary Table for Step 6 — Design Condition

%

Loading Case o) o oo o
1 0 175 59.19 0
2 150 0 -50.74 0
3 150 175 8.456 0
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STEP 7 - Elastic Iteration: Calculate (2, (O3 and F, the tubesheet bending stress and the allowable

tubesheet bending stress.

Summary Table for STEP 7 — Design Condition

;

oading Gase o o B e | b | e
1 -547.7 0.06612 0.05745 1.188 11,400 23,550
2 469.4 0.06612 0.05745 1.188 9,775 23,550
3 -78.24 0.06612 0.05745 1.188 1,629 28,550

The calq
assume

For| Design Loading Cases 1-3 |o| < 1.5S. The bending stress criterion for the tubesheet is satisfigd.

H tubesheet thickness.

ulation procedure is complete, and the unit geometry is acceptable for the given design conditijons and
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4.18.11 Example E4.18.11 — Fixed Tubesheet Kettle Exchanger, Configuration a, Tubesheet Integral with
Shell and Channel

A fixed tubesheet kettle heat exchanger is to be designed with the tubesheet construction in accordance with
configuration a as shown in VIII-2, Figure 4.18.5, Configuration a.

e For the Design Condition, the shell side design pressure is FV to 150 psig at 400°F, and the tube side design
pressure is FV to 180 psig at 400°F.

o There is one operating condition. For Operating Condition 1, the shell side operating pressure is 0 to 150 at

400
195

e The
uns
tube

e The
holg
tubs
the
side

e The
dian
allo

e The
thick

circiimferential welded joint (Category B) is-0:85.

e The
the
is 2

(Cafegory B) is 0.85.

e The
cha

Data Summary:

Fandthe tube side operating pressure 15 010 180 psig at 400°F . The Sheltmean metal tempe
°F, and the tube mean metal temperature is 220°F.

tube material is SA-179 (K01200). The tubes are 0.75 in. outside diameter, and 0.083'n. thi
ipported tube span under consideration is between 2 tube supports, and the length’of the unsd
span is 41.1429 in.

s on a 1 in. square pattern. There is no pass partition lane and the_outermost tube radius
sheet center is 14.25 in. The distance between the outer tubesheet faces is 287.875 in. The o
effect of differential radial expansion is not required. There is al0.125 in. corrosion allowance
s. The tubes are expanded to 100% of the tubesheet thickness:

shell material adjacent to the tubesheet (small cylinder)\is SA-516, Grade 70 (K02700). Th
neter is 30 in., the thickness is 0.50 in., and the length is 7.0625 in. There is a 0.125 in. g
vance. There is no expansion joint. The efficiency, of circumferential welded joint (Category B) i

kettle shell material (large cylinder) is SA-5165"Grade 70 (K02700). The inside diameter is 42
ness is 0.50 in., and the length is 228.125.in) There is a 0.125 in. corrosion allowance. The effig

eccentric cone material is SA-516,-Grade 70 (K02700). The inside diameter at the large end i
nside diameter at the small end.is 30 in., the thickness is 0.50 in, the half-apex angle is 30°, and th
p.8125 in. There is a 0425/ in. corrosion allowance. The efficiency of circumferential welg

channel material is"SA-516, Grade 70 (K02700). The inside diameter of the channel is 30 in.
nel is 0.50 in_thick. There is a 0.125 in. corrosion allowance on the channel.

The dat

b smmary consists of those variables from the nomenclature (see VIII-2, paragraph 4.18.15)

ature is

ck. The
pported

tubesheet material is SA-516, Grade 70 (K02700). The tubesheet diameter'is*31 in. There are T41 tube

rom the
ption for
on both

e inside
orrosion
5 0.85.

in., the
iency of

5 42 in.,
e length
ed joint

and the

that are

applica

le to this. r‘nnfigl ration

Design Conditions:

Psamax = 150 psig
Psamin = -15 psig
Pramax = 180 psig
Pramin = -15 psig
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T'=400°F
T.="70°F
T. = 400°F
Ty =400°F
T:=400°F

Operating Conditions:

Psol,max = 150ps1g
Ps01.min = OpSlg
Pro1.max = 180 psig

Pio1,min = 0 psig
7 =400°F

7.1 =400°F

151 =400°F

T =400°F
Tsm = 195°F
Tem1 = 220°F

Tubes:
;= 0.75 in.

', = 27.9E6 psi from Table TM-1 of Section II, Part D at 7; & T
Eir = 27.9E6 psi from Table TM-1 of Section II, Part D at T’

fc = 1 for an unsupported tube'span between two tube supports

=41.1429 in.

+=41.1429 in.

S; = 13,400-psi from Table 1A of Section II, Part D at 7; & T (see explanation below)
Sir= 13,400 psi from Table 1A of Section II, Part D at 7 (see explanation below)
S),4=22,200 psi from Table Y-1 of Section II, Part D at 7; & Tn

e — 0. 0QRQ2 <
T \VAAVAC oAy 74 2

Qim1 = 6.74E-6 in./in./ °F from Table TE-1 of Section II, Part D at 77,1
v: = 0.30 from Table PRD of Section II, Part D for Carbon Steels

Tubesheet:
Tube Pattern: Square

Assume an uncorroded tubesheet thickness of 2 inches.
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A=31.0in.

A1, =0 in.? for no pass lanes

c=0.125 in.

E =27.9E6 psi from Table TM-1 of Section II, Part D at 7 & T
h=2in —0.125 in. -0.125 in. = 1.75 in. (assumed)

Lrr.

[ = 287.625 in. —2(1.75 in.) = 284.125 in.

N;: = 641

p = 1.0 in.

o = 14.25 in.

S = 21,600 psi from Table 5A of Section II, Part D at T & T

Sy = 32,500 psi from Table Y-1 of Section II, Part D at T & T

Sps = 65,000 psi max[3S, 2S,] (per VIII-2 paragraph 4.1.6,3)at T & T
o=1.0

Shell (Small Cylinder):

D; =30.25 in.

s = 15.13 in.

E's = 27.9E6 psi from Table TM-1 of Section II, Part D at 75 & T

Esw = 0.85

s =7.0625 in. + 0.125 in. =7.1875 in.

Ss = 21,600 psi from Table-5SA of Section II, Part D at 7y & T

S),s = 32,500 psi from»-Table Y-1 of Section II, Part D at 7s & T

Sps.s = 65,000 psi-max[3Ss, 25),s] (per VIII-2 paragraph 4.1.6.3) at Ty & T
(s = 0.375 in:

s, m1 =©6.69E-6 in./in./ °F from Table TE-1 of Section II, Part D at T 1
vs £40:30 from Table PRD of Section II, Part D for Carbon Steels

Kettle Shell (Large Cylinder):
Dy =42.25 in.
Es1 = 27.9E6 psi from Table TM-1 of Section I, Part D at 7 & Ty
Es1w=0.85
Ls1 =228.125 in.
S5 = 21,600 psi from Table SA of Section II, Part D at 7s & T
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Sy,s,.=32,500 psi from Table Y-1 of Section II, Part D at 75 & T

Spss,. = 65,000 psi max[3S;, 25),52] (per VIII-2 paragraph 4.1.6.3) at Ty & T
ts,0 = 0.375 in.

Qsmi,L = 6.69E-6 in./in./ °F from Table TE-1 of Section II, Part D at T 1

vs,r = 0.30 from Table PRD of Section II, Part D for Carbon Steels

Eccentric Cone:

Dece,s = 30.25 in.

Dece,r =42.25 in

Eocc = 27.9E6 psi from Table TM-1 of Section II, Part D at 7 & T
Eecew = 0.85

Lccc = 20.8125 in.

ece = 21,600 psi from Table SA of Section II, Part D at s & T§;

S),ecc = 32,500 psi from Table Y-1 of Section II, Part D at Ty & 751

SPs.ccc = 65,000 psi max[3Sece, 28),ecc] (per VIII-2 paragraph’4.1.6.3) at Ty & T
fece = 0.375 in.

Qlece = 30°

Qlece,m1 = 6.69E-6 in./in./ °F from Table TE-1.6f Section II, Part D at T
Veee = 0.30 from Table PRD of Section I, Part D for Carbon Steels

Channel:
D. =30.25 in.
.= 15.13 in.

E. =27.9E6 psi fromTable TM-1 of Section II, Part D at 7. & T¢i

S = 21,600 psi from Table 1A of Section II, Part D at T, & T

S),c = 32,500¢psi from Table Y-1 of Section I, Part D at 7, & T¢1

Spsc = 65,000 psi max[3S,, 2S),c] (per VIII-2 paragraph 4.1.6.3) at .. & Te1
te = 0.375 in.

va= 0.30 from Table PRD of Section II, Part D for Carbon Steels

Calculation Procedure:

The calculation procedure for the tubesheets of a kettle type fixed tubesheet heat exchanger is given in VIII-2,
paragraph 4.18.8.4 with supplemental data provided in paragraph 4.18.8.9. The following results are for the design
and operating loading cases required to be analyzed (see VIII-2, paragraph 4.18.8.3). This example illustrates
the calculation of the elastic solution.
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EP 1 - Calculate D,, u, * and h& from VIII-2, paragraph 4.18.6.4(a).
D, =29.25 in.

1=0.2500

d*=0.6388 in.

p*=1.000 in.

1*=10.3612

g =0 in.

culate ao, Os, Pc, Xs and Xx;.
(o, = 14.63 in.

os = 1.034

o = 1.034

s = 0.5786

;= 0.7445

P 2 — Calculate the shell axial stiffnesses Kece, Ks 1, Ks, Kqtube axial stiffness K; and stiffnes
and J.

Keco = 38.69E6 Iblin.
K. = 6.142E6 Iblin.
K, = 140.1E6 Ib/in.
K:=4.371E6 Ib/in.
K, = 17.08E3 Ib/in.
K.:=0.3993

/=10

For configuration a, calculaté shell coefficients f, ks, As and .

Fo

B, = 0.5364 in.”!
fes = 0.1445E6.1b
s = 11L65E6 psi
O £18.59E-6 in.*/Ib

5 factors

configuration a, calcutate channel CoeTicients fc, ke, Ac and o
B =0.5364 in."!

ke=0.1445E6 Ib

Ae=11.65E6 psi

& = 18.59E-6 in.%/Ib
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STEP 3 — Calculate 4/p. Determine E*/E and v* from VIII-2, paragraph 4.18.6.4(b) and calculate £*.

Ca

ST

Ca

ST
for

h/p =1.750

E*E=0.4204

v¥=0.3155

E*=11.73E6 psi

Iculate X, and parameters Z,, Z4, Zy, Zw and Zy, from VIII-2, Table 4.18.3.

Xq = 4.001

Vo= 6.731

Va=0.02411

/., = 0.06420

/v =0.06420

/m=0.3743

EP 4 — Calculate the diameter ratio K and the coefficient F.
K = 1.060

F=1.454

culate @, O1, QO-1, Q-2 and U.
D =1.913

01 =-0.05165

0:1 =2.664

0-» =5.749

U=11.50

=P 5 — Calculate ¥, wg, wg; Wz, we and 7. Use the loads listed in the table below to calculate th
an elastic solution in the ¢orroded condition.

ws; = 2.889 in.? wi=-2.762in?

P results

w. = 2.889 in? w; = —2.762 in?
=0
Summary Table for Step 5 — Design Condition
Loading Case p”. p”. .7/ =
(psi) (psi) (in) (Ibf)
1 -15 180 0 0
2 150 -15 0 0
3 150 180 0 0
4 -15 -15 0 0
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Summary Table for Step 5 — Operating Condition 1
%
Loading Case (fssi) ([:iti) (i};) (I|/I|:f)
1 0 180 0.04965 0
2 150 0 0.04965 0
3 150 180 0.04965 0
4 0 0 0.04965 0

f) STEP 6 — Calculate v; and for each loading case, calculate P}, P{, Py, Po, Pw, Prim and effective ;Lressure

Pe.

A, = 926.4 in.2
Apee = 12.00 in.

Ag; = 1801 in.2
vy = 0.4756

Summary Table for STEP 6 — Design Condition

' ' ‘
oadifgCase | (T o o o | o o o
| -48.08 612.4 0 0 0 -28.96 1128.5
4 480.8 -51.04 0 0 0 24.50 103.7
B 480.8 612.4 0 0 0 -4.455 125.37
4 -48.08 -51.04 0 0 0 0.2051E-6 (9.5512
Summary Table for STEP 6 — Operating Condition 1
/ / .
oadgase | 3 ) o o | o o9 o
| 0 612:4 808.9 0 0 -26.73 31.63
? 480.8 0 808.9 0 0 22.27 2445
480.8 612.4 808.9 0 0 -4.455 125.4
4 0 0 808.9 0 0 0 150.8

g) STEP 7 — Elastic tteration: Calculate (>, (O3 and F, the tubesheet bending stress and the ajlowable

tubpsheet bending stress.

Summary Table for STEP 7 — Design Condition

1L~ Q2 pa - h - h(,J |O-| S8
LO Tl SMGJC _j s m
(Ibf) = (in) (psi) (psi)
1 313.9 -0.07449 0.03953 1.750 5,893 32,400
2 -265.6 -0.07560 0.03927 1.750 4,723 32,400
3 48.29 -0.06945 0.04072 1.750 1,198 32,400
4 -2.223E-6 -0.05165 0.04521 1.750 28.91 32,400
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Summary Table for STEP 7 — Operating Condition 1

Loading Case (%]f) 03 Fn (i}rll) (|y:ii|) (iz ‘?)
1 289.8 0.03401 0.07243 1.750 2,658 65,000
2 -241.5 -0.06088 0.04282 1.750 12,150 65,000
3 48.29 -0.04805 0.04618 1.750 6,718 65,000
4 0 -0.05165 0.04521 1.750 7,906 65,000
Forl Design Loading Cases 1-4 |0 | < 1.5S, and for Operation Condition 1, LoadingrCapes 1-4
|o| < Sps. The bending stress criterion for the tubesheet is satisfied.
STEP 8 — Check the criterion below for the largest value of P, and calculate the shear stress, if reqliired.
{IP,| = 244.5 psi} < {Z:h -min[0.8S,0.533S, | = 1033 psi} True
(o]
Sinlce the above criterion is satisfied, the shear stress is not required to betgalculated.
STEP 9 — For each loading case, calculate the axial tube stress and the allowable axial tube stregs based
on fube buckling.
= 0.2376 in
= 173.1
C,=157.5
Summary Table for STEP 9 — Design Condition
Lodding Case Fimin o1 Fimax 02
’ (psi) ’ (psi)
1 -0.4590 -1,216 2.477 1,058
2 -0.4548 874.6 2.467 -951.6
3 -0.4778 -357.7 2.518 100.4
4 -0.5442 16.81 2.664 6.147
Summary Table for STEP 9 — Design Condition (continued)
oadine Cast ) ) ps) s o)
1 1,216 13,400 -1,216 2.000 4,593
2 951.6 13,400 -951.6 2.000 4,593
3 357.7 13,400 -357.7 1.991 4,618
4 16.81 13,400
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Summary Table for STEP 9 — Operating Condition 1

Loading Case Fi min o1 Fimax 1.2
(psi) (psi)
1 -0.8637 -643.0 3.369 -1,450
2 -0.5097 1,274 2.589 -3,292
3 -0.5576 136.8 2.694 -2,321
4 -0.5442 494.5 2.664 -2,421
Summary Table for STEP 9 — Operating Condition 1 (continued)
2Sz Ot,mi St
Load{ng Case Ot,max ! fmin F.
& (psi) (psi) (psi) ' (ps|)
1 1,450 26,800 -1,450 1.565 5,848
2 3,292 26,800 -3,292 1:956 4,697
3 2,321 26,800 -2,321 1.903 4,828
4 2,421 26,800 -2,421 1.918 4,790
Fol Design Loading Cases 1-4 Ormax < S, and for Operation Condition 1, Loading Cases 1-4 Oymjx < 25
The axial tension stress criterion for the tube is satisfied.
For all Loading Cases |0rmin| < Sw. The buckling criterienfor the tube is satisfied.
j)  STEP 10 - For each loading case, calculate the axialkmembrane stress in each shell section and dgtermine

the|maximum allowable longitudinal compressive-stress.

Small Cylinder:

Summary Table for STEP 10 — Design Condition

loading Case (‘:SS’I'S S;Spisi’)w (iss,?)
1 939.8 18,360
2 1,846 18,360
3 3,074 18,360
4 -288.5 18,360 14,320

Summary Table for STEP 10 — Operating Condition 1

Loading Case (iss’l’; f:;; (is_;,?)
1 3,941 65,000
2 4,748 65,000
3 5,882 65,000
4 2,808 65,000
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For Design Loading Cases 1-4 |0y m| < SsEs,w, and for Operation Condition 1, Loading Cases 1-4 |0ym| <
Spss. The axial membrane stress criterion for the small cylinder is satisfied.

For all Loading Cases where the value of gy, is negative, |0; | < Ss 5. The longitudinal compressive stress

criterion for the small cylinder is satisfied.

Eccentric Cone:

Summary Table for STEP 10 — Design Condition

o ) s s o)
1 1,085 544.0 18,360
2 2,132 3,888 18,360
3 3,550 4,907 18,360
4 -333.2 -475.0 18,360 13460

Summary Table for STEP 10 — Operating Condition 1

e | it s )
1 4,551 3,270 65,000 —
2 5,483 6,296 65,000
3 6,792 7,237 65,000
4 3,242 2,329 65,000

For Design Loading Cases 1-4 |Occc,s,m|- @n8"|Cece,L,m| < SeccEece,w, and for Operation Condition 1,
Cases 1-4 |Oece,5,m| and |OCece,r,m| < Sespee. The axial membrane stress criterion for the eccentric

sat|sfied.

Foq all Loading Cases where the values of Oeccsm OF Oeccrm are negative, \Jm,g
|Oebe,1,m| < Sece,b. The longitudinal compressive stress criterion for the eccentric cone is satisfied.

Lafge Cylinder:

Loading
cone is

m| and

Summary Table for STEP 10 — Design Condition

loading-Case ‘(7;;')” SS’(F,LES?)L'W f;il;j
1 471.1 18,360 ---
2 3,367 18,360 ---
3 4,250 18,360 ---
4 -411.4 18,360 13,460
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Summary Table for STEP 10 — Operating Condition 1

Loading Case Os.L,m Sp S.s.L SS’L:b
(psi) (psi) (psi)
1 2,832 65,000
2 5,452 65,000
3 6,267 65,000
4 2,017 65,000
Forl Design Loading Cases 1-4 |oyrm| < SsrEsiw, and for Operation Condition 1, Loading Cases
1-4{ |05, 1,m| < Spss,1. The axial membrane stress criterion for the large cylinder is satisfied.
For all Loading Cases where the value of o1, is negative, |Osz,m| < Ss,5. The longitudinal compressive
stress criterion for the large cylinder is satisfied.
STEP 11 - For each loading case, calculate the stresses in the shell and chaniel for configuration a, and
chgck the acceptance criterion. The shell thickness shall be 0.375 in. for‘ayminimum length of §.137 in.
adjpcent to the tubesheet, and the channel thickness shall be 0.375 in&for a minimum length of 6.137 in.
adjpcent to the tubesheet.
Summary Table for STEP 11, Shell Results <DPesign Condition
Loading Case Os,m Os,b < I'SSS Spgs
(psi) (psi) {psi) (psi) (ps|)
1 939.8 -12,290 13,230 32,400 65,0p0
2 1,846 18,290 20,140 32,400 65,0p0
3 3,074 6,861 9,936 32,400 65,0p0
4 -288.5 -862.0 1,151 32,400 65,0p0
Summary Tablefor STEP 11, Shell Results — Operating Condition 1
Lodding Case Osyr Os.b Os SPS,’S
{psi) (psi) (psi) (psi)
1 3,941 5,929 9,870 65,00(
2 4,748 33,900 38,640 65,00(
3 5,882 23,340 29,230 65,00(
4 2,808 16,480 19,290 65,00(
For-Besigrteading-Cases—4—ad=S5—and-for Operation-Gonditton—t—toading Gases4—ad = Spq,

The stress criterion for the shell is satisfied.
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Summary Table for STEP 11, Channel Results — Design Condition

Loading Case 1) 51 s1) o) oo
1 3,586 22,440 26,030 32,400 65,000
2 -298.8 -9,993 10,290 32,400 65,000
3 3,586 13,430 17,010 32,400 65,000
4 -298.8 -982.6 1,281 32,400 65,000
Summary Table for STEP 11, Channel Results — Operating Condition 1
Loqding Case Oc,m Ge.b Oc SPS:c
(psi) (psi) (psi) (psi)

1 3,586 5,139 8,724 65,00(

2 0 -24,670 24,670 65,00(

3 3,586 -3,053 6,639 65,00(

4 0 -16,480 16,480 65,00(

For Design Loading Cases 1-4 |oc| < 1.5S. and for Operation Gendition 1, Loading Cases 1-4 |o¢||< Sps,c-

The stress criterion for the channel is satisfied.

The calgulation procedure is complete, and the unit geometry-is acceptable for the given design conditions and
assumef tubesheet thickness.
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4.19 Bellows Expansion Joints
4.19.1 Example E4.19.1 — U-Shaped Un-reinforced Bellows Expansion Joint and Fatigue Evaluation

Check the acceptability of a U-shaped unreinforced bellows expansion joint for the given design conditions in
accordance with paragraph 4.19.

Design Conditions:

e [Pressure (Internal) at Temperature = 50 psig @650°F
¢ Axial Movements in Compression and Extension = 2 Independent Operating, €ohditions
Operating Condition 1
e Axial Movement (Compression) = 4.5 in
e Angular Deflection = None
o Lateral Deflection = None
o Specified Number of Cycles = 1000
Operating Condition 2
e Axial Movement (Extension) = 0.75 in
e Angular Deflection = None
e Lateral Deflection = None
o Specified Number of Cycles = 5000
Bellows:
o Material = SA—-240, Type 321
e Allowable Stress = 17900 psi
e |Yield Strength = 19800 psi
¢ |Modulus of Elasticity at Design-Temperature = 25.05E+06 psi
e Modulus of Elasticity at Roonm Temperature = 28.3E+06 psi
¢ |Inside Diameter of Convolution = 48.0 in
e [Outside Diameter ¢f\Convolution = 52.0 in
e [Convolution Height = 2.0in
e Number of-Convolutions = 12
e Number of Plies = 1
e Nominal Ply Thickness = 0.048 in
e [Convolution Pitch = 1.0 in
e Mean Radius of Convolution = 0.25in
e Crest Convolution Inside Radius = 0.226 in
e Root Convolution Inside Radius = 0.226 in
e End Tangent Length = 1.25 in
¢ Installed without Cold Spring = Yes
e Circumferential welds = No
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The bellows was formed with a mandrel from a cylinder with an inside diameter of 48.0 in and preformed 100%

to the outside of the cylinder. The bellows is in as-formed condition. It is attached externally to the shell.

Collar:

Collar = None

Cylindrical shell on which the bellows is attached:

nside Diameter of Shell = 4725 1n
Thickness of Shell = 0375 in
Minimum Length of Shell on each Side of the Bellows = 10.5 in

Evaluat¢ per paragraph 4.19.

EP 1 — Check applicability of design rules per paragraph 4.19.2.
Bellows length must satisfy Nq < 3D,:

{Ng=12(1.0)=12 in} <{3D, =3(48.0) =144 in| True
Bellows thickness must satisfy nt < 0.2 in:

{nt=1(0.048)=0.048 in} <{0.2 in} True
Number of plies must satisfy n < 5:

{n=1}<{5} True
Displacement shall be essentially axial.

No angular or lateral deflection is spé&gified, so the condition is satisfied.

The rules are valid for design temperatures up to the temperatures shown in Table 4.19.1.

The material specification~-S4 — 240, Type 321 is an austenitic stainless steel and falls u
material classification of Table 3-A.3.

(T =650°F) <{Table 34.3 —800°F ) True

The fatigue equations of paragraph 4.19.5.7 are valid for austenitic stainless steels.
SA—240, Type 321 - UNS 532100

The lengdth of the cylindrical shell on each side of the bellows shall not be less than 1.8,/Dqt,.

nder the

(10.5 in} > {1.8,[D 1, =1.8,[(47.25)(0375) =7.577 in}, _ True

STEP 2 — Check the applicability of paragraph 4.19.5.2.

1)

A variation of 10% between the crest convolution radius, 7j., and the root convolution radius, 7, is

permitted.

{0.97, =0.9(0.226) = 0.203 in} <{r, =0.226 in} <{1.1r, =1.1(0.226) = 0.249 in} True
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2) Torus radius shall satisfy r; > 3t.

{r,- Lt 0.226 ! 0226 _ .26 m} > (3=3(0.048)=0.144 in}  True

3) Sidewall offset angle shall meet —15 deg < a < 15 deg.

(Z—Zi’mj (120—2(0 25)}

o =atan| ——=< | =atan =0.0de
(w=2r.) (2.0-2(0.25)) g
-15 degé{az0.0}SIS deg Trye
4) | Convolution height shall meet w < D, /3.
{w=2.0 in}S{D; 420—160111} True

c) STEP 3 — Check stresses in bellows at design conditions per paragraph 4.19.5.3. Since the bellows are
subject to internal pressure, calculations and acceptability criterialare per Table 4.19.2. The following
valyues are calculated.

D, =D, +w+nt =48.0+2.0+1(0.048) = 50.048 in

tp:t’&: ,/ 48.0 —00470m
Dm

L 1.25
k=min|| —-——= 1, 1.0 |=min ,1.01=0.5490
[(1.5« /D,;J } (1.5« /48.0(0.048)}

2
A= |27xnr +2\/{g—2r } +{w—2r }2] nt
m 2 m m 14

A= 2n(0.25)+2\/{%2(0.25)}1{2.02(0.25)}2] (1.0)(0.0470) =0.2148 in?

Talple 4.19.84s used to determine C},. The following values are calculated.

(=2 2025 _hos0 wih 00<c <10

T w (20 ‘
1827, 1820025 5966 with 02<C, <40
J , ((50.048)(0.0470)

The coefficients, ay, a1, as, a3, ay, a5 are interpolated.
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a, =1.000 a,=0.711
a, =—0.587 a, =0.662
a, =—0.589 a; =—0.646

_ 2 3 4 5
C,=o,+o,C +a,C) +a,C +a,C +

1.000 +(—0.587)(0.25)+(—0.589)(0.25) +
o _[1:000+(-0.557)(025)+(-0.589)(0.25) .

"1 (0.711)(0.25)" +(0.662)(0.25)" +(-0.646)(0.25)’

culate Stresses (Externally Attached Bellows):
umferential Membrane stress in bellows tangent due to pressure (S;).
~ P(D, +nt) LE,k

2[nt(D, +nt)LE,+t.D,LEk |

1

g 50(48.0+1(0.048)) (1.25)(25.05E +06) (0.5490) > <
= = . S1
" 2[1(0.048)(48.0+1(0.048))(1.25)(25.05E +06) +0 | P

cumferential Membrane stress in bellows end convolutions dae to pressure (S, g).
1 P[4qD,+L,(D,+nt)]E,
2 (A+nt,L)E,+1,LE,

2,E

cc c

_ 150[1.0(50.048)+1.25(48.0+1(0.048)) | (25.05E +06)
2 (0.2148+1(0.0470)(1.25))(25.05E +06) +0

=10062.9 psi

cumferential Membrane stress in bellows intermediate convolutions due to pressure (S5 ).

_ PgD, 50(1.0)(50.048)

S, = = =5824.9 psi
* 24 2(0.2148) g
fidional Membrane stréss in bellows due to pressure (S3).
P 50(2.0
S, =1 = (2.0) =1063.8 psi

2nt,, (2(1)(0.0470)

ridionalBending stress in bellows due to pressure (S,).

“PC,(w)  50(0.8295)( 20 Y

=375509 psi

T, LtJ 2(1) 00470

P
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Acceptance Criteria:

{S] =13738.7 psi} <8 =17900 psi} True

{8, =10062.9 psi} <{S=17900 psi} True

{S,, =5824.9 psi} <{S=17900 psi} True

{S,+S, =1063.8+37550.9=38614.7 psi} <{K,S=3.0(17900)=53700 psi} True
where;

K, =15Y, =15(2.0)=3.0 Jor As — Formed Bellows

and, since material SA — 240, Type 321 is an austenitic stainless steel, the yield strength’ multipli

W

r Yy, is
calgulated as follows.

2 3 4
Y, =1+9.94(K &, )-7.59(K,&,) —24(K &, ) +2.21(K ;)
Y,, =1+9.94(1.0(0.1203)) - 7.59(1.0(0.1203))" ~2.4(1.0(0.1203)) +2.21 (1.0(0.120))’
Y, =2.0517

sm

However, if {Y,,, = 2.0517} > 2.0 - Y;,,, = 2.0.

anq, the forming method factor, Ky for expanding mandrel of.roll forming,
K, =10

and the forming strain & for bellows formed 100%to the outside of the initial cylinder is:

:, J m(Hwﬂ {IH[HMH - 0.1203 infin
: i (48.0) 2(0.25)

Therefore, the bellows.meet internal pressure acceptance criteria at design conditions.

STEP 4 — Check-column instability due to internal pressure per paragraph 4.19.5.4.

p 034K, _0347(1649.0)
“ON Ng 12(1.0)

=146.8 psi

where, The axial siiffness, Kp, Is calculated using Equation 4.19.25.

« __7ED, (ij 4, 3_7[(25.05E+06)(50.048)( 1 j(o.o47oj3
"2(1-v) e AN w) o 2(1-037)(1.4193) (120 20

K, =1649.0 b/ in

and Table 4.19.4 is used to determine C;. The following values are calculated.

C, =0.2966
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The coefficients, ag, a1, as, a3, a4, a5 are interpolated.

a, =1.006 a,=5.719
a, =2.106 a, =-5.501
a, =-2.930 a; =2.067

C,=a,+a,C + a,C! +a,C +a,C +a,C;
(1.006+(2.106)(0.25)+(~2.930)(0.25)" + )
(5.719)(0.25)' +(=5.501)(0.25)" +(2.067)(0.25)' )

c 1.4193

Acg¢eptance Criterion:
{P=50 psi} £{PSC =146.8 psi} True

Therefore, the bellows meet columns instability criterion at design conditions.

e) STEP 5 - Check in-plane instability due to internal pressure per paragraph-4:19.5.5.

AS; (7[—2)
F,= 05705
D.g [1+252+(1—252+454) }
P - 0.2148(45540)( 7z =2) =512 pei
50.048(1.0)[1+2(2.1489)2 +(1—2(2.1489)2 +4(2.1489)“) | }
where,
s Si _ 375509 e
35, 3(5824.9)
ang,
S; =23§ = 2.3(19800) =45540 psi for As— Formed Bellows

Acgeptance Criterion:

{P=50 psi} S{P;l. =512 psi} True

ThTrefore, the bellows meet in-plane instability criterion at design conditions.

f)  STEP 6 — Perform a fatigue evaluation per paragraph 4.19.5.7.

There are 2 independent operating conditions. Therefore, 2 elementary evaluations are first performed,
and the cumulative damage is then calculated for the overall specified cycles.

1) STEP 6.1 — Damage for Operating Condition 1.
Calculate the equivalent axial displacement range:

The axial displacement range, Aq, is calculated using the procedure shown in paragraph 4.19.8.
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{x =—45 in} —  See design data

A =% =22 0375 in
N 12

The corresponding axial force, F,, applied to the ends of the bellows is calculated as follows.

F=Kx = 1648.7(—4.5) =-7419.2 Ibs

Since there is no lateral deflection or angular rotation.

Ag,=Aq,=0.0in

Total equivalent axial displacement per convolution:

Aq,=Aq,+Aq, +Aq,=-0.375in

Aq, =Aq, —Aq,—Aq, =-0.375in

Note that, since there is no lateral deflection or angular rotation, there-is no difference betw
"extended" side and the "compressed" side of the bellows. Both sides'are in the same state (¢

or compressed). The so-called "extended" side is actually compressed.

Since the bellows was installed without cold spring:

Initial Position Operating Position
Aq,,=0.0in Ag,, =Aq,, ==0.375in
Ag.,=0.0in Ag,, = Ag:y'=—0.375in

Total equivalent axial displacement range(per convolution:

| =maxf}-0.375

Aq =max[|Aq, |.|Aq., |-0.375[] = 0.375 in

Calculate stresses due to equivalent axial displacement range of each convolution:

Meridional membrane stress’ (Ss).

o _EnAg (25.05E +06)(0.0470) (0.375)
e 2(2.0)’(1.4193)

=913.8 psi

Meridionalbending stress (Sg).

SEt A . . -
N s, Aq _ 5(25 05E+O6)(0 0470)(0 375) 1365303 psi

° 3w, 3(2.0)(1.3474)

een the
xtended

where,

Cf =1.4193 (see STEP 4)

and Table 4.19.5 is used to determine C;. The following values are calculated.

C, =0.2966

The coefficients, o, a1, as, a3, a4, a5 are interpolated.
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a, =1.000 o, =-3.441
o, =1.228 o, =3.453
a, =1.309 o =-1.190

C,=a,+a,C +a,C’ +a,C +a,C' +a,C;
. [1.000+(1.228)(0.25)+(1.309)(0.25)2+

} 1.3474
(=3.441)(0.25)" +(3.453)(0.25)" +(~1.190)(0.25)’

Total stress range due to cyclic displacement (S;).
S, =0.7[S, +S,]+[S; +S,]
S = 0.7(1063.8 + 37550.9) + (913.8 + 136530.3) =164474.4 psi

Calculate allowable number of cycles, N,;,,, using the equations from Table’4,19.6.

{Kg [E—j S, = 1.0(MJ(164474.4) ~185813.4 psz} 565000 psi
E

; 25.05E + 06
therefore,
5 2
5.2F +06 S
Naw=| g [£o]g 38300 | = 283E 106 - =1242¢ycles
“\ g, ) 1.0('+j(164474.4)—38300
25.05E +06

Calculate the usage factor per paragraph-4.19.3.2.a.
U = Nspe /N, =1000/1242 =0.805

2) | STEP 6.2 — Damage for Operatinig Condition 2.
Calculate the equivalentraxial displacement range:
The axial displacement’range, Aq, is calculated using the procedure shown in paragraph 4.19.8.

{x =0.75 in} —  See design data

3.2 2975 6 0625 in
N 12

The)corresponding axial force, F,, applied to the ends of the bellows is calculated as follows.

F,o=Kyx =1648.7(0.75) =1236.5 Ibs

Since there is no lateral deflection or angular rotation.

Ag,=Aq,=0.0in

Total equivalent axial displacement per convolution:

Agq, =Aq, =Agq . =+0.0625in
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Note that, since there is no lateral deflection or angular rotation, there is no difference between the
"extended" side and the "compressed" side of the bellows. Both sides are in the same state (extended
or compressed). The so-called "compressed" side is actually extended.

Since the bellows was installed without cold spring:

Initial Position Operating Position
Aq,,=0.0in Aq,, =Aq,, =+0.0625 in
Agq.,=0.0in Aq,., =Aq,, =+0.0625 in

Total equivalent axial displacement range per convolution:

JAg,, [+0.0625| | = 0.0625 in

Ag =max UAqe’1 ] = max [|+0.0625

Calculate stresses due to equivalent axial displacement range of each convolution:
Meridional membrane stress (Ss).

o _BnAg (25.05E +06)(0.0470)" (0.0625)
e 2(2.0) (1.4193)

=152.3 psi

Meridional bending stress (Sg).

SEt,A : : :
o _SElAT 5(25.05E+06)(0.0470)(0.0625) 22755.1 psi

°T3wC, 3(2.0)° (1.3474)

where Cr = 1.4193 and Cy = 1.3474 (see STEP 6.1),
Total stress range due to cyclic displacement (S;).
S, =0.7[S, +8,]+[ S5 + 4]
S, =0.7(1063.8+37550.9) +(152.3+22755.1) =49937.6 psi

Calculate allowable number of cycles, N, using the equations from Table 4.19.6.

{ K, (E J 5 1_0(Mj(49937.6) —56416.6 psz} <65000 psi

. 25.05E + 06
therefore,
5 2
( 6.7E +06 } A
. +
Now = K, () ans00 | =| — 738352063 = 67332 qpcles

\

Calculate the usage factor per paragraph 4.19.3.2.a.

U,=N,,/N,, =5000/67352=0.074

\E, ) LI.OLm)(49937.6)—30600J

STEP 6.3 — Cumulative Damage.
{U=U,+U, =0.805+0.074=0.879} <1.0 True
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The bellows meets fatigue design criterion at design conditions.

Therefore, the bellows meets all of the design requirements of paragraph 4.19 at design conditions.
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4.19.2 Example E4.19.2 — Toroidal Bellows Expansion Joint and Fatigue Evaluation

Check the acceptability of a toroidal bellows expansion joint for the given design conditions in accordance with

paragraph 4.19.

Design Conditions:

e Pressure (Internal) at Temperature

e Axial Movements in Compression and Extension

400 psig (@ 650°F

2 Concurrent Operating Conditions

Operating Condition 7

e Axial Displacement (Compression)

e Angular Deflection
e Lateral Deflection
e Specified Number of Cycles

Operating Condition 2

e Axial Displacement (Extension)

e Angular Deflection
e Lateral Deflection
e Specified Number of Cycles

Bellows:

o [Material

¢ Allowable Stress

e |[Modulus of Elasticity at Design Temperature
e [Modulus of Elasticity at @ Room Temperature
o |Inside Diameter of Bellows

e |Mean Diameter of Bellows

¢ [Number of Convolutions

¢ [Convolution Pitch

¢ [Mean Radius of Cenvelutions

¢ |Number of Plies

e Ply Thickness

¢ [Installed without Cold Spring
¢ [Circumferential welds

The bellpws-is attached to the shell externally on both sides.

0.25in

None

None
1000

0.745in

None

None
1000

SA—240, Type 321
17900 psi
25.05E+06 psi
28.3E+06 psi
36.0 in

40.0 in

2
4.000 in

1.5in

1
0.078 in

Yes
No

Reinforcing and Tangent Collars:

o Material
e Allowable Stress
e Modulus of Elasticity at Design Temperature
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Tangent Collars:

e Tangent Collar Joint Efficiency = 1.0
e Tangent Collar Thickness = 0.75 in
¢ Cross Sectional Metal Area of one Tangent Collar = 1.034 in?
¢ Length from Attachment Weld to the Center of the
First Convolution = 2.0 in
Reinforging-Cottars:
e Reinforcing Collar Joint Efficiency = 1.0
¢ [Reinforcing Collar Thickness = 0.75 in
e [Overall Length of one Reinforcing Collar = 3.094 in
e [Cross Sectional Metal Area of one Reinforcing Collar
based on Overall Length = 2.068 in?
Cylindrical shell on which the bellows is attached:
e [Inside Diameter of Shell = 35.0 in
¢ [Thickness of Shell = 0.50 in
e Minimum Length of Shell on each Side of the Bellows = 10.5 in

Evaluat¢ per paragraph 4-19.

a) ST
1)

EP 1 — Check applicability of design rules per paragraph 4.19.2.
Bellows length must satisfy (N — 1)q + 2L, < 3D,,.

{(N-1)g+2L, =(2-1)(4)+2(2:0)=8 in} <{3D, =3(36)=108 in}  True
Bellows thickness must satisfy nt < 0.2 in.

{nt=1(0.078) =0.078in} <{0.2 in} True
Number of plies musf.satisfy n < 5.

{n=1} <{5} True
Displacement shall be essentially axial.

No angular or lateral deflection is specified, so the condition is satisfied.

The,rules are valid for design temperatures up to the temperatures shown in Table 4.19.1.

The materiatspecificatiom SA— 240, T ype 321 samaustenitic staintess steetandfaits

material classification of Table 3-A.3.
{T =650°F} <{Table 34.3— 800°F} True

The fatigue equations of paragraph 4.19.7.7 are valid for austenitic stainless steels.
SA—240, Type 321 —UNS S32100
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The length of the cylindrical shell on each side of the bellows shall not be less than 1.8,/ D;t..
{10.5 in} {1 8,/D, 1, =1.8,/(35.0)(0.50) = 7.530 m} True

STEP 2 — Check the applicability of paragraph 4.19.7.2.

1)

2)

ST
sul

Ca
Ci

r

The type of attachment to the shell shall be the same on both sides.
The bellows is attached to the shell externally on both sides, so the condition is satisfied.

Distance Lg shall be less than 0.757 in the maximum extended position.

The distance across the inside opening in the neutral position is calculated,

L,y =q—(L,+2nt)=4.0—(3.094+2(1)(0.078)) =0.750 in

g

The third condition applies to internally attached bellows.

Not applicable.

EP 3 — Check stresses in bellows at designyconditions per paragraph 4.19.7.3. Since the bel
ject to internal pressure, calculations ahd-acceptability criteria are per Table 4.19.9.

D, =D, +2nt+t, :36.0+2(1)(0.078)+0.75:36.906 in
D, =D, +2nt+t, =36.0+2(1)(0.078)+0.75 = 36.906 in

t, =t / 0078‘,36 =0.0740 in

culate stresses)(Externally Attached Bellows):

cumferential.Membrane stress in end tangent due to internal pressure (S;).

_P(D, +nt)’ LE,

\ 2DE A

c ¢ fc

The only movement is in the axial direction. The maximum opening corresponds to the m
extension.
X 0.745 .
Lg = Lg0 + Aqm = Lgo +—== 0.750+[—j =1.1225in
N 2
therefore,
{L, =1.1225 in} <{0.75r = 0.75(1.5) =1.1250 in} True

aximum

ows are

(400)(36.0+(1)(0.078))’ (2.0)(25.05E +06)
- 2(36.906)(25.05E +06)(1.034)

=13643.5 psi

Circumferential Membrane stress in tangent collar due to internal pressure (S7).

PD.L, (400)(36.906)(2.0)

S = -
bo24, 2(1.034)

=14277.0 psi
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Circumferential Membrane stress in bellows due to internal pressure (S,).

Pr_ (400)(1.5)
2nt,  2(1)(0.074)

S, = =4054.1 psi

Meridional membrane stress in bellows due to internal pressure (S3).

S3=ﬁ D, —r |_(400)(1.5)( 40.0-15 _8436.8 psi
nt,\ D, -2r ) (1)(0.074)| 40.0-2(1.5)

Cirgumferential Membrane stress in reinforcing collar due to internal pressure (S3).
Singe {L,; = 3.094 in} < {2/3,/Drtr = 2/3./(36.906)(0.75) = 3.5074 in}.
- D, (L, +L,+2nt) P
2Art
36.906(3.094+1.1225+2(1)(0.078
y = ( i i ( )( )) (400) =15606.5 psi
2(2.068)
Acg¢eptance Criteria:
{ =13643.5 pSl} { =17900 psz} True
{s,=14277.0 psif<{C,, 0)(17900)=17900 psi} True
{SZ =4054.1 psz} { 17900 psz} True
{ S, =8436.8 psz} { 17900 psz} True
{$,=15606.5 psi} <{C,,S, =(1.0)(17900) =17900 psi} True

Therefore, the bellows meets internal pressure stress acceptance criteria at design conditions.

STE

wh

EP 4 — Check column instability:due to internal pressure per paragraph 4.19.7.4.

p _OI157K, _ 0.157(12751.7)
* Nr 2(1.5)

=2003.0 psi

bre, the axial stiffness, K, is calculated using Equation 4.19.36.

_ &,D, B, ( n j(tlf _(25.05E+06)(40.0)(2.3149) H(MI
2

12 -v,H N7 12(1—(0.3)2) 1.5

N

K, =12751.7[b/1n

and Table 4.19.10 is used to determine B3. The following values are calculated.

661 6.61(L5)

- = =5.0245
D,t, 40.0(0.074)
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B — 0.99916—0.091665C, +0.040635C; —0.0038483C; +0.00013392C;
} 1-0.1527C; +0.013446C; —0.00062724C; +1.4374(10)° C;

0.99916-0.091665(5.0245)+0.040635(5.0245)" -
0.0038483(5.0245)" +0.00013392(5.0245)°

B, = - =2.3149
1-0.1527(5.0245)+0.013446((5.0245)" ) -
0.00062724(5 0245)3 +1.4374(10)° (5 0245)4
Acg¢eptance Criterion:
{P =400 psi} < {P;C =2003.0 psi} True

Therefore, the bellows meets column instability criterion at design conditions.

STEP 5 — Perform a fatigue evaluation per paragraph 4.19.7.7.

There are 2 concurrent operating conditions. Both have the same specified number of cycles. Th
the| fatigue evaluation is performed considering cycles between the 2 éperating conditions with a g

number of cycles equal to their common specified value.

Calculate the equivalent axial displacement range

The¢ axial displacement range, Aq, is calculated using the rocedure shown in paragraph 4.19.8.

x,,=-0.251in
’ ] — See design data
x,, =0.745 in
P = N S D
N 2
Ag., = X;’; _OT45 37350

The corresponding axialfarce, F,, applied to the ends of the bellows is calculated as follows.
F.,=Kx, , = 12751.7(—0.125) =—1594.0 Ibs

b”7e,1

F., = K,x( > 12751.7(0.3725) = +4750.0 Ibs

Sj

nce there.are no lateral deflections or angular rotations.

Agy=Aq,=0.0in

Total equivalent axial displacement per convolution:

Aq,, =Aq,, =Aq,, =-0.125in

Aqe,2 = ch,z = Aqx,z =0.37251in

erefore,
pecified

Note that, since there are no lateral deflection or angular rotation, there is no difference between the
"extended" side and the "compressed" side of the bellows. Both sides are in the same state (extended or

compressed).
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The bellows is operating between 2 operating conditions:
Operating Position 1 Operating Position 2
Aq,, =Aq,, =—0.125in Ag,,=Aq,,=+0.3725in
Aq.,=Aq,, =-0.125in Ag,,=Aq,,=+0.3725in

Total equivalent axial displacement range per convolution, (axial displacement only):

=((0.3725) - (—0.125)| = 0.4975 in

Ag=1|Aq,,—Aq,,

Calculate stresses due to equivalent axial displacement range of each convolution:

Mefidional membrane stress (Ss).

_E’BAg  (25.05E+06)(0.074)" (3.6431)(0.4975)

=2147.7 psi
T3437° 34.3(1.5) Pe
Mefidional bending stress (Sg).
Et B A 25.05E .074)(0.9971)(0.4
5, = st ,B,Aq :( 5.05 +06)(0 07 )(0 997 )(0 975) 714485 psi

5.721° 5.72(1.5)°

where, Table 4.19.10 is used to determine B;, B,. The following values are calculated.

C, =5.0245

B 1.00404 +0.028725C, +0.18961C; — 0.00058626C;
: 1+0.14069C; —0.0052319C; +0,00029867C; —6.2088(10) °C;

1.00404 +0.028725(5.0245)+

[0.18961(5.0245)2 0.00058626(5.0245)3] et
1+0.14069(5.0245)0.0052319(5.0245)" +
(0.00029867(5.0245)3 ~6.2088(10)"° (5.0245)4]

Sj

S

ce {C; = 5.0245}>'5,

. 0.049198—0.77774C, —0.13013C7 +0.080371C;

? 1=2.81257C, +0.63815C; +0.0006405C;
0.049198 —0.77774(5.0245) -

p COT3013( 50245 008037 H{5:0245)
2 (1-2.81257(5.0245) +
0.63815(5.0245)" +0.0006405(5.0245)’

=0.9971

Total stress range due to cyclic displacement (S;):

S, =38, +8S; +5, =3(8436.8)+2147.7+71448.5 =98906.6 psi

Calculate the allowable number of cycles, N, using the equations from Table 4.19.11.
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{Kg[E")S :I.O(MJ(989O6.6)=111738.8 psi}2{65000 psi}

E, 25.05E +06
therefore,
2 2
5.2E+06 52E+06
Ny, = =5013 cycles
l ( (E \n —38366 \ 1 n( 28.3E +06 \(052004 6\ 28300

u“ b U  25.05E+06 )

{ =5013 cycles} { =1000 cycles}

The bellows meets fatigue design criterion at design conditions.

Therefore, the bellows meets all the design requirements of paragraph 4.19 at design‘conditions.
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[Intentionally Left Blank]
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4.20 Design Rules for Flexible Shell Element Expansion Joints

4.20.1 Example E4.20.1 — Review of Requirements for Flexible Shell Element Expansion Joints

An engineer is tasked with developing a design specification for a heat exchanger to be equipped with a flexible
shell element expansion joint that is to be constructed in accordance with paragraph 4.20. As part of developing
the design specification, the following items need to be considered.

a) The User's Design Specification and Manufacturer's Design Report shall be certified by a Certifying

Engineer in accordance with Annex 2A and Annex 2B, respectively. See paragraphs 2.2.1.1 ang

an

paragraphs 2.3.3.1 and 2.3.3.2, respectively. In addition, the competency requireme

qualification requirements as outlined in Annex 2J shall be verified.

b) Scope

These rules apply to single-layer flexible shell element expansion joints shown,in*Figure 4.20.1
limited to applications involving axial displacement only. The rules in paragraph 4.20 cover the
typges of flexible shell element expansion joints but are not intended to limit.the configurations or d
thope illustrated or otherwise described herein. Designs that differ from.those covered in paragra

(e.g
acq

., multilayer, asymmetric geometries or loadings having a thicK\iner or other attachments) sh

ordance with paragraph 4.1.1.2.
nditions of Applicability

For carbon and low-alloy steels, the minimum thickness, exclusive of corrosion allowance, sk
mm (0.125 in.) for all pressure-retaining components.

For high-alloy and nonferrous steels, the minimum thickness shall conform to the requiren
paragraph 4.1.2.

The knuckle radius, 7, or 13, of any.formed element shall not be less than three times the
thickness, t, as shown in Figure 4:20.1.

Extended straight flanges~between the inner torus and the shell and between both outer
permissible. An outer shell element between the outer tori is permissible. Extended straight
between the inner torus and the shell, between the outer tori and an outer shell element, and

both outer tori that\do not have an intermediate outer shell element with lengths in excess of (

shall satisfy all'the requirements of 4.3.3.

Nozzles er.other attachments located in the outer straight flange or outer shell element shall sz
axial spacing requirements of Figure 4.20.2.

bign-Considerations
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Expansion joints shall be designed 1o provide flexibility for thermal expansion and to function as

pressure-containing elements.

The vessel Manufacturer shall specify the design conditions and requirements for the detailed design

and manufacture of the expansion joint.

Thinning of any flexible element as a result of forming operations shall be considered in the design

and specification of material thickness.

In all vessels with integral expansion joints, the hydrostatic end force caused by the pressure or the
joint spring force, or both, shall be resisted by adequate restraining elements (e.g., exchanger tubes,
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