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PREFACE TOSECOND EDITION

The ASME Boiler and Pressure Vessel Code, Section VIII, is a
live and progressive document. It strivesto containthe latest, safe
andeconomical rules for the design andconstruction of pressure
vessels, pressurevessel components, and heat exchangers. A major
improvement was made within the last year by changingthe design
margin on tensile strength from 4.0 to 3.5. This reduction in the
margin permits an increase inthe allowable stress for many
materials with a resulting decrease in minimumrequired thickness.
This wasthe firstreduction in this design margin in 50 years andwas
based uponthe many improvements in materialproperties, design
methods, and inspection procedures during that time.

Chapters and parts of chapters bave been updated to incorporate
the new allowable stresses and improve-ments which have been made
in design methods since this book was originally issued. Some of
thesechanges arc extensive and some are minor. Some of the examples
in this book have changed completelyandsome remainunchanged. This
book continuesto be an easy reference for the latestmethodsof
problemsolving in Section VIII.

James R. FarrWadsworth, OhioMaan H. JawadSt. Louis, Missouri

July 2001
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CHAPTER

1

BACKGROUND .. INFO.RMATION

1.1 INTRODUCTIONIn this chapter some general concepts and
criteria pertaining to Section VIII are discussed. These
includeallowable stress, factors of safety, joint efficiency
factors, brittle fracture, fatigue, and pressure testing.Detailed
design and analysis rules for individual components are discussed
in subsequent chapters.

Since frequent reference will be made to ASME Section VIII
Divisions land 2, tbe following designationwill be used from here
on to facilitate such references. ASME Section VIII, Division 1
Code will bedesignated by VIII-I. Similarly, VIlI-2 will designate
the ASME Section VIII, Division 2 Code. OtherASME code sections
such as Section II Part D will be referred to as II-D. Eqnations
and paragraphsreferenced in each of these divisions will be called
out as they appear in their respective Code Divisions.

Many design rules in VIIl-l and VIII-2 are identical. These
include flange design and external pressurerequirements. In such
cases, the rules of VIII-I will be discussed with a statement
indicating that the rulesof VIII-2 are the same. Appendix A at the
end of this book lists the paragraph numbers in VlIl-1 thatpertain
to various components of pressure vessels.

Section VIll requires the fabricator of the equipment to be
responsible for its design. Paragraphs UG-22 in VIII-l and AD-110
in VIIl-2 are given to assist the designer in considering the most
commonlyencountered loads. They include pressure, wind forces,
equipment loads, and thermal considerations. Whenthe designer takes
exceptions to these loads either hecause they are not applicahle or
they are unknown, thensuch exceptions must be stated in the
calculations. Similarly, any additional loading conditions
considered bythe designer that are not mentioned in the Code must
be documented in the design calculations. ParagraphsU-2(a) and
U-2(b) of VIII-l give guidance for some design requirements.
VIII-2, paragraph AD-I 10 andthe User's Design Specifications
mentioned in AG-30l provide the loading conditions to be used by
themanufacturer.

Many design rules in VIII-I and VIII-2 are included in the
Appendices of these codes. These rnles arefor specific products or
configurations. Rnles that have been substantiated by experience
and used byindustry over a long period of time are in the Mandatory
Appendices. New rules or rules that havelimited applications are
placed in the Non-Mandatory Appendices. Non-Mandatory rules may
eventuallyhe transferred to the Mandatory section of the Code after
a period of nse and verification of their safetyand practicality.
However, guidance-type appendices will remain in the Non-Mandatory
section of the Code.

The rules in VIlI-I do not cover all applications and
configurations. When rules are not available,Paragraphs U-2(d),
U-2(g), and UG-IOl must he used. Paragraph U-2(g) permits the
engineer to designcomponents in the absence of rules in VIll-i.
Paragraph UG-lOI is for allowing proof testing to estahlishmaximum
allowable working pressure for components. In VIII-2 there are no
rules similar to those inUG-lOI, since VIII-2 permits design by
analysis as part of its requirement'. This is detailed in
ParagraphsAD-JOO(b), AD-J40, AD-ISO, aud AD-l60 of VIlI-2.

1


	
2 Chapter 1

1.2 ALLOWABLE STRESSESThe criteria for establishing allnwahle
stress in VIII-I are detailed in Appendix P of VllI-I and Appendix
IofIJ-D and are summarized in Table 1.1. The allowahle stress at
design temperature for most materials isthe lessor of 1/3.5 the
minimum effective tensile strength or 2/3 the minimum yield stress
of the materialfor temperatures helow the creep and rupture values.
The controlling allowahle stress for most bolts is1/5 the tensile
strength. The minimum effective tensile stress at elevated
temperatures is ohtained from theactual tensile stress curve with
some adjustments. The tensile stress value obtained from the actual
curveat a given temperature is multiplied by the lessor of 1.0 or
the ratio of the minimum tensile stress at roomtemperature obtained
from ASTM Specification for the given material to the actual
tensile stress at roomtemperature obtained from the tensile
strength curve. This quantity is then multiplied hy the factor 1.1.
Theeffective tensilestress is then equal-to the lessor of
this-quantity-or-the-minimum tensile stress at .. roomtemperature
given in ASTM. This procedure is illustrated in example 4.1 of
Jawad and Farr (reference 14,found at hack of hook).

The 1.1 factor discussed above is a constant estahlished hy the
ASME Code Committee. It is hased onengineering judgment that takes
into consideration many factors. Some of these include increase in
tensilestrength for most carbon and low alloy steels between room
and elevated temperature; the desire to maintaina constant
allowable stress level hetween room temperature and 500"F or higher
for carhon steels; and theadjustment of minimum strength data to
average data. Above approximately 5000F or higher the
allowahlestress for carbon steels is controlled hy creep-rupture
rather than tensile-yield criteria. Some materials maynot exhibit
such an increase in tensile stress, hnt the criterion for 1.1 is
still applicahle to practically allmaterials in VIlJ-1.

Table 1.I also gives additional criteria for creep and rupture
at elevated temperatures. The criteria arehased on creep at a
specified strain and rupture at 100,000 hours. The 100,000 hours
criterion for rupturecorresponds to ahout eleven years of continual
use. However, VIII-I does not limit the operating life ofthe
equipment to any specific numher of hours.

The allowahle stress criteria in VJJl-2 are given in JI-D of the
ASME Code. The allowahle stress at thedesign temperature for most
materials is the smaller of 113 the tensile strength or 2/3 the
yield stress. Thedesign temperature for all materials in VJJJ-2 is
kept helow the creep and rupture values. Tahle 1.2summarizes the
allowable stress criteria in VIII-2.

A sample of the allowahle stress Tables listed in Section ll-D
of the ASME Code is shown in Tahle 1.3.It lists the chemical
composition of the material, its product form, specification
numher, grade, UnifiedNumhering System (UNS), size, and temper.
This information, with very few exceptions, is identical tothat
given in ASTM for the material. The Tahle also lists the P and
Group numbers of the material. TheP numbers are used to cross
reference the material to corresponding welding processes and
procedureslisted in Section IX, "Welding and Brazing
Qualifications," of the ASME Code. The Tahle also lists theminimum
yield and tensile strengths of the material at room temperature,
maximum applicable temperaturelimit, External Pressure Chart
reference, any applicable notes, and the stress values at various
temperatures.The designer may interpolate hetween listed stress
values, hut is not permitted to extrapolate heyond thepuhlished
values.

Stress values for components in shear and bearing are given in
various parts of VllJ-l, VIll-2, as wellas II-D. Paragraph UW-15 of
VIII-I and AD-132 of VIJI-2 lists the majority of these values. A
summaryof the allowable stress values for connections is shown in
Table 1.4.

Some material designations in ASTM as well as the ASME Code have
been changed in the last 20 years.The change is necessitated by the
introduction of subclasses of the same material or improved
properties.Appendix B shows a cross reference between older and
newer designations of some common materials.

The maximum design temperatures allowed in VIII cannot exceed
those puhlished in Section ll-D. VIII-]defines design temperature
as the mean temperature through the cross section of a component.
VIII-2 definesdesign temperature as the mean temperature in the
cross section of a component, but the surface temperaturecannot
exceed the highest temperature listed in JI-D for the material.
This difference in the definition oftemperature in VIJI-I and
VIIl-2 can he substantial in thick cross sections suhjected to
elevated temperatures.
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TABLE 1.1CRITERIA FOR ESTABLISHING ALLOWABLE STRESS VALUES FOR
VIII-1 (ASME II-D)

Below RoomTemperature Room Temperatureand Above

Tenshe Yield Tensile Yield Stress i em,ProduetlMaterial
Slrell9th SlrenSth Strength Strength Rupture I Rate

Wrought or cast ~ '1, s- ~ !2 SrRr %s, 'I, S"R y F."SR",
().85R",," 1.05,ferrO\l5 and"

a '-'OrO.qSyR y

nonferrous [Note nll

Welded p"pe or ~Sr VI >< 0.85 s, ~S ~SrRr ';; ><
O,85Sy 'f, >< O.85S yRy (F.... " O.85lSR", {O.8 " O.851SR",",
0.85S etube, ferrousand a.s 3.5 r '5 cr 0.9 x O.85S yRynonferrous
[Note u

NOTE:(i) .. Twcisets of allowable stress values-may be
provided.tn .TablelA .for austenntc.rnatenals and in .Ta,bl
e.1B.f{}rspec:ific nonferrous alloys~

The lower values are not specifically identified by a footnote,
These lower values do not exceed two-thirds of the minimum yield
strengthat temperature. The higher alternative allowable stresses
are ldentifled by a footnote. These higher stresses may exceed
two-thirds but donot exceed 90% of the minimumyield strength at
temperature. The higher values should be used only where
slightlyhigher deformation isnot in itself objectionable. These
higher stresses are not recommended for the design of flanges or
for other strain sensitiveapplications.

NomenclatureRT = ratio of the average temperature dependent
trend curve value of tensile strength to the room temperature
tensile strengthRy = ratio of the average temperature dependent
trend curve value of yield strength to the room temperature yield
strengthSRaVQ = average stress to cause rupture at the end of
100,000 hrSRmin = minimum stress to cause rupture at the end of
100,000 hrBe = average stress to produce a creep rate of 0.01%/1000
hrST = specified minimum tensile strength at room temperature,
ksiSy = specified minimum yield strength at room temperature

TABLE 1.2CRITERIA FOR ESTABLISHING DESIGN STRESS INTENSITY
VALUES FOR VIII-2

(ASME II-D)Product/Material Tensile Strength Yield Strength

Wrought or cast, ferrous and nonferrous 1/3 s,.!.:.! s-e, 2/~ Sy
% SyRyor3 O.9S yRy[Note u

Weldedpipe or tube, ferrous and nonferrous 0.85 s- {I,I x 0.85j
S R 0.85 s, 0.85 SyRyor3 3 T T 1.5 1.5

(0.9 x 0.85)S yRy[Note (Ill

NOTE:(1) Two sets of allowable stress values may be provided In
Table IA for austenitic materials and in Table 18 for specific
nonferrous alloys.

The lower values are not specifically identified by a footnote.
These lower values do not exceed two-thirds of the minimum yield
strengthat temperature. The higher alternative allowable stresses
are identified by a footnote. These higher stresses may exceed
two-thirds but donot exceed 90% of the minimumyield strength at
temperature. The higher values should be used only where slightly
higher deformation isnot in itself objectionable. These higher
stresses are not recommended for the design of flanges or for other
strain sensitive applications.

1.3 JOINT E}'FICIENCY FACTORSIn the ASME Boiler Code, Section I,
as well as in VIII-2, all major longitudinal and circumferential
buttjoints must be examined by full radiograpby, with few
exceptions. VIII-I, on the other hand, permits variouslevels of
examination of these major joints, The examination varies from full
radiographic to visual,depending on various factors specified in
VIII-l and by the user. The degree of examination influences
therequired thickness through the use of Joint. Efficiency Factors,
E. The Joint Efficiency Factors, which aresometimes referred to as
Quality Factors or weld efficiencies, serve as stress multipliers
applied to vesselcomponents when some of the joints are not fully
radiographed. These multipliers result in an increase inthe factor
of safety as well as the thickness of these components. In essence,
VIII-I vessels have variable
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TABLE 1.3STRESS VALUES FOR SA-515 AND SA-516 MATERIALS

Alloy ClasslLine Nominal Product Spec DesigJ Cond.! Size/
GroupNo. Composition Form No. Type/Grade UNS No. Temper Thick, in.
PNo No.

28 CS Plate SA515 70 K03101 229 CS Plate SA516 70 K02700 2

Min. Min. Applic. & max. Temp. Limits ExternalTensile Yield
(NP ~ Not Permitted) Pressure

Line Strength Stress (SPT ~ Supports only) ChartNo. ksi ksl III
VIII-1 No. Notes

28 70 38 1000 700 1000 CS2 G10,S1,T229 70 38 850 700 1000 CS2
G10,S1,T2

Maximum Allowable Stress, ksi, for Metal Temperature, "F, Not
ExceedingLineNo. -20 to 100 150 200 300 400 500 600 650 700 750 800
850 900

28 20.0 20.0 20.0 20.0 20.0 20.0 19.4 18.8 18.1 14.8 12.0 9.3
6.729 20.0 20.0 20.0 20.0 20.0 20.0 19.4 18.8 18.1 14.8 12.0 9.3
6.7

Note:G10, 81, T2 are described in ll-D and pertain to
metallurgical information

factors of safety, depending on the degree of radiographic
examination of the main vessel joints. As anexample, fully
radiographed longitndinal butt-welded joints in cylindrical shells
have a Joint EfficiencyFactor, E, of 1.0. This factor corresponds
to a safety factor of 3.5 in tbe parent material.
Nonradiographedlongitudinal butt-welded joints have an E value of
0.70. This reduction in Joint Efficiency Factor correspondsto a
factor of safety of 5.0 in the plates. This higher factor of safety
dne to a nonradiographed joint resultsin a 43% increase in the
required thiekness over that of a fully radiographed joint.

ASME VIII-I identifies four joint categories that require E
factors. They are Categories A, B, C, and Das shown in Fig. 1.1.
Category A joints consist mainly of longitudinal joints as well as
circumferentialjoints between hentispherical heads and shells.
Category B joints are the circumferential joints betweenvarious
components as shown in Fig. 1.1, with the exception of
circumferential joints between hemisphericalheads and shells. The
attachment of flanges to shells or heads is a Category C joint. The
attachment ofnozzle necks to heads, shells, and transition sections
is categorized as a Category D joint.

The four joint categories in VIII-l do not apply to items such
as jacket closure bars, tubesheet attachments,and ring girders. The
degree of examination of the welds attaching these components to
the shell or headis not covered in VIII-I. Most designers assign an
E value of 1.0 when calculating the shell or head thicknessat such
junctions. This is justified since in most cases the strain in the
hoop direction, and hence hoopstress, is close to zero at the
junction due to the restraint of tubesheet or bars.
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TABLE 1.4ALLOWABLE STRESS VALUES FOR WELDED CONNECTIONS

VIIHComponent Type of StressFillet weld tensionFillet weld
shearGroove weld tensionGroove weld shearNozzle neck shearDowel
bolts shearAny location bearing*$ .~..allowable stress tor vltt-t
construction

Component Type of StressFillet weld tensionFilletweld
shearGroove weld tensionGroove weld shearNozzle neck shearAny
location bearing*5m = stress intensity values for VIIl-2
construction

VIII-2

Stress Value0.55S0.49S0.74S0.60S0.70S0.80S1.60S

Stress ValueO.58m*o.ss,0.75SmO.758mo.es,S,

ReferenceUW-18(d)UW-15(c)UW-15(c)UW-15(c)UG-45(c)II-DII-D

ReferenceAD-920AD-920AD-920AD-920AD-132.2AD-132.1

FIG_ 1.1WELDED JOINT CATEGORIES (ASME VIII-1)

The type of construction and joint efficiency associated with
each of joints A, B, C, and D is given inTable 1.5. The categories
refer to a location within a vessel rather than detail of
construction. Thns, aCategory C weld, which identifies the
attachment of a flange to a shell, can be either fillet, comer, or
buttwelded, as illustrated in Fig. 1.2. The Joint Efficiency
Factors apply only to tbe butt-welded joint in sketch(c). The
factors do not apply to sketches (a) and (h) since tbey are not
butt welded.

The Joint Efficiency Factors used to design a given component
are dependent on the type of examinationperformed at the welds of
tbe component. As an example, tbe Joint Efficiency Factor in a
fully radiographedlongitudinal seam of a shell course is E = 1.0.
However, this number may have to be reduced, dependingon the degree
of examination of the circumferential welds at either end of the
longitudinal seam. Appendix Bshows some typical components and
their corresponding Joint Efficiency Factors.
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TABLE 1.5MAXIMUM ALLOWABLE JOINT EFFICIENCIES'" FOR ARC- AND
GAS-WELDED JOINTS

Degree ofRadiographicExamination

TypeNo.

JointDescription Limitations

JointCategory

aFull'

b c--- ---

Spot' None0.85 0.70(1)

(2)

(3)

(4)

(5)

(6)

Butt joints as attained bydouble-welding or by othermeans which
will obtain thesame quality of depositedweld metal on the inside
andoutside weldaurtaces tcagree with the requirementsof UW-35.
Welds uSing metalbacking strips which remainin place are
excluded.

Single-welded butt joint withbacking strip other thanthose
included under (1)

Single-welded butt joint withoutuse of backing strip

Double full fillet lap joint

Single full fillet lap joints withplug welds conforming
toUW-17

Single full fillet lap jointswithout plug welds

None

(a) None except as shown in(b) below

(b) Circumferential butt jointswith one plate offset,
seeUW-13(c) and Fig. UW-13.1(k).

Circumferential butt joints only,not over 5/8 in. thick and
notover 24 in. outside diameter

Longitudinal joints not over3/8 in. thick

Circumferential joints not over5/8 in. thick

(a) Circumferential joints- forattachment of heads not over24
in. outside diameter toshells not over 1/2 in. thick

(b) Circumferential joints for theattachment to shells ofjackets
not over 5/8 in. innominal thickness where thedistance from the
center ofthe plug weld to the edge ofthe plate is not less
than1-1/2 times the diameter ofthe hole for the plug.

(a) For the attachment ofheads convex to pressure toshells not
over 5/8 in.required thickness. Only withuse of fillet weld on
inside ofsneus, or

(b) For attachment of headshaving pressure on eitherside. To
shells not over 24in. inside diameter and notover 1/4 in.
requiredthickness with fillet weld onoutside of head flange
only.

A,B,C&D

A,B,C&D

A, B &C

A, B& C

A

B

C

A&B

A&B

1.0

0.90

0.90

NA

NA

NA

NA

NA

NA

NA

0.80

0.80

NA

NA

NA

NA

NA

NA

NA

0.65

0.65

0.60

0.55

0.55

0.50

0.50

0.45

0.45

Notes:(1) The single factor shown for each combination of joint
category and degree of radiographic examination replaces both the
stress

reduction factor and the joint efficiency factor considerations
previously used in this Division.(2) See UW-12(a) and UW-51.(3) See
UW-12(b) and UW-52.(4) Joints attaching hemispherical heads to
shells are excluded.(5) E = 1.0 for butt joints in compression.(6)
For Type NO.4 Category C joint, limitation not applicable for
bolted flange connections.
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Example 1.1

ProblemDetermine the category and Joint Efficiency Factor of the
joints in the heat exchanger shown in Fig. E1.l.The channel side is
spot radiographed. The longitudinal seam, b, is a single-welded
butt joint with a backup

COVER

KET

I0HAN~EL PASS d AtPARTITION b

u \

C 9 fh

rSHELL

J =6 TUBE ..~n .....

~1 JAC

"il ~ ~ Fu I m

I.......-.:::f"HEAD

.....

0

SKIRT

C

FIG. E1.1
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bar. The shell side is not radiographed. The longitndinal and
circumferential seams m and I are single-welded butt joints witb
backup bars. The jacket longitudinal seam, n, is a single-welded
butt joint witboutbackup bar.

SolutionThe joint categories of tbe various joiuts can be
tabulated as given in Table ELI:

TABLE E1.1STRESS CATEGORIES

Joint Location Category Joint Efficiency(a) Ohannel-to-ftanqe
connectlon C Does not apply(b) Longitudinal channel seam A 0.80(e)
Channel-to-tubesheet weld C Does notapply(d) Nozzle-to-channel weld
D Does notapply(e) Flanqe-to-nczzle neck C Does not apply(f) Pass
partitlon-to-tubesheet weld None Does notapply. See also UW~15(c)
and

UW-18(d) of VIII-1(9) Tube-to-tubesheet weld None Does notapply.
See also UW-20 of vul-t(h) Shell-to-tubesheet weld C Does
notapply(i) Jacket bar-to-inner-shell weld None Does notapplyOJ
Jacket to bar-to-outer-shell weld None Does notapply(k)
Nozzle-to-jacket weld D Does notapply(I) Longitudinal shell seam A
0.65(m) Head-to-shell seam B 0.65(n) Longitudinal jacket seam A
0.60(0) Sklrt-tc-head seam None Does notapply

1.4 BRITTLE FRACTURE CONSIDERATIONSBoth VIII-I and V111-2
require tbe designer to consider brittle fracture rules as part of
tbe material anddesign selection. The rules for carbon steels are
extensive and are discussed. first. VIII-l has two optionsregarding
toughness requirements for carbon steels. The first is given in
Paragraph UG-20(f) and allowstbe designer to exempt tbe material of
construction from impact testing when all of the following
criteriaare met:

1. The material is limited to P-No. I, Gr. No. I or 2.2. Maximum
thickuess of 1/2 in. for materials listed in Curve A in Table
1.6.3. Maximum thickness of I in. for materials listed in Curves B,
C, and D of Table 1.6.4. The completed vessel shall be
hydrostatically tested per UG-99(b), (e), or 27-3.5. Design
temperature is between - 20F and 650F.6. Thermal, mechanical shock,
and cyclical loadings do not control the design.

The above requirements are intended for relatively thin carbon
steel vessels operating in a service thatis neither severe in
thermal and pressure cycling nor in extreme cold temperatures.
Vessels of low alloy
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TABLE 1.6ASSIGNMENT OF MATERIALS TO CURVES (ASME Vm1)

GENERAL NOTES ON ASSIGNMENT OF MATERIALS TO CURVES:(a) Curve A
applies to:

(1) all carbon and all low alloy steel plates, structural
shapes, and bars not listed In Curves S, C, and 0 below;(2:) SA-lIb
Grades WeB and wee If normalized and tempered or water-quenched and
tempered, SA-217 Grade Web If

normalized and tempered or water-quenched ami tempered,(b) Curve
8 applies to:

(ll SA-2lb Gradf! WCA if normalized and tempered or
water-quenched and temperedSA-21b Grades WeB and wee for
thicknesses not elCceedlng 2: tn., if produced to fine grain
practlce and water-quenched andtemperedSA-217 Grade WC9 if
normalized and temperedSA285 Grades A and BSA-414 Grade ASA-SIS
Grade 60SA-Sib Grades 65 and 70 If not normalizedSA.b iau not
normalizedSA-662 Grade B If not normalized;

(2) except lor cast steels, all materials of Curve A if produced
to fine grain practlce and normalized which are not listed in
CurvesC and D below;

(3) all pipe, fittings, forgings and tubing not listed for
Curves C and D beloW;(4) parts permitted under us-n shall be
included in Curve B even when fabricated from plate that otherwise
would be assigned to

a dlllerent curve.(c) Curve C

Ul SA-IB2 Grades 21 and 22 if normalized and temperedSA-302
Grades C and DSA-33u F21 and F22 If normallzed and temperedSA-387
Grades 21 and 22 If normalized and temperedSA-Slu Grades 55 and 60
II not ncrmauzeoSA-533 Grades Band CSA-bul Grade A;

(2) all material 01 Curve B If produced to fine grain practice
and ncrmaltaed and not listed for Curve D below.(dl Curve 0

SA-203SA-SOB Grade 1SA-51u if normalizedSA-524 Classes 1 and
2SA-537 Classes 1, 2, and 3SAbI2 if ncrmallzedSA...f:,b2 If
normalizedSA-BB Grade ASA-738 Grade A with Cb and V deliberately
added in accordance with the provisions of the material
specification, not cctoerthan _20F (_29C)SA-BB Grade B not colder
than _20F (_29C)

(e) For bolting and nuts, the 10llowlng Impact test exemption
temperature shall apply:

Bolting

Spec. No.SA-193SA-193

SA-193SA-193SA-307SA-320SA-325SA-354SA-354SA-449SA-540

Spec. No.SA-194

SA-540

GradeB5B7 (2Y~ in. dia. and under)

(Over 2Y2 in. to 7 In., Incl'>B7MB16BL7, L7A, 17M, L43

" aBeBO

623/24

Nuts

Grade2, 2H, 2HM, 3, 4, 7, 7M,

and 16823fB24

Impact TestExemption Temperature, OF

-'055-4055-'0-'0

impact tested'0o

+20'0+10

Impact TestExemption Temperature, of

-55

-55

(f) When no class or grade is shown, en classes or grades are
included.(g) The following shall apply to all material assignment
notes.

(l) Cooling rates faster than those obtained by cooling ill air,
followed by tempering, as permltted by the material specification,
areconsidered to be equivalent to normalizing or normalizing and
tempering heat treatments.

(2} Fine grain practice is defined as the procedure necessary to
obtain a fine austenitic grain size as described in SA20.NOTES:(l)
Tabular values for this Figure are provided in Table UCS-66.(2)
Castings not listed in General Notes (a) and {b} above shall be
impact tested.
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steel or those with carbon steel operating beyond the scope of
Paragraph UG-20(f) require an evaluationfor brittle fracture in
accordance with the rules of UCS-66. The procedure consists of

1. Determining the governing thickness in accordance with Fig.
1.3.2. Using Fig. 1.4 to obtain the temperature that exempts the
material from impact testing. If

the specified Minimum Design Metal Temperature, MDMT, is colder
than that obtainedfrom the figure, then impact testing in
accordance with Fig. 1.5 is required. The specifiedMDMT is nsually
given by the user, while the calculated MDMT is obtained from
VIlI-1.The calculated MDMT is kept equal to or colder than the
specified MDMT.

tg1 "" tAtff2 "" tA (seamless) or ta (welded)

2

Section x-x

--
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Cl.

tg1 = t: (For0 weldedor nonwelded)

tg2 = tc

(c) Bolted ~Iat Head or Tubtnlheet and Flange

'A rt-.tg1 ""4"(For~ weldedor nonwelded)

The governing thickness

of 0 is the greaterof fg1 or tQ2

(d) Integral Flet Head or Tubesheet

Cl.'A f:\ .

tg1 = T {For 0./ weldedor nonweldedl

trn '"thinner of fA or fa

The governing thickness

of 0 is the greaterof t01 or tg2

(8) Flat Head or Tubesheet With 8 Corner Joint

FIG. 1.3(CONT'D)
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tg1 = thinner of fA or fa

(ft Welded Attachments 8S Defined in UCs.&6(a)

FIG. 1.3(CONT'D)

3, The temperature obtained from Fig, 104 may be reduced in
accordance with Fig, 1.6 if fhecomponent operates at a reduced
stress, This is detailed in Paragraph UCS-66(b) of VIlI- 1.At a
ratio of 0.35 in Fig, 1.6, the permitted temperature reduction
drops abruptly, At thisratio, the stress in a component is about
6000 psi. At this stress level, experience has shownfhat brittle
fracture does not occur regardless of temperature level.

4, The rules in VIlI-l also allow a 30'F reduction in
temperatnrc below that obtained fromFig, 104 when the component is
post-weld heat tteated but is not otherwise required to bepost-weld
heat treated by VIlI-l rules,

The toughness rules for ferritic steels with tensile properties
enhanced by heat treatment are given inParagraph UHT-6 of VIlI-1.
The rules require such steels to be impact tested regardless of
temperature,The measured lateral expansion as defined by ASTM E-23
shall be above 0,015 in,

The toughness rules for high alloy steels are given in Paragraph
UHA-51 of VIlI-I. The permissibleMinimum Design Metal Temperature
for base material is summarized in Table 1.7. Similar data are
givenin VIII-I for fhe weld material and weld qualifications,
Thermally heated stainless steels may require impacttesting per the
requirements of UHA-51(c),

The rules for toughness in VIlI-2 are different fhan those in
VIII-I. However, the concepts of exemptioncurves and Charpy impact
levels are similar in VIlI-2 and VIII-I. The toughness requirements
for carbonand low alloy steels are given in Paragraph AM-218 of
VIII-2, High alloy steels are covered in ParagraphAM-213.


	
14 Chapter 1

Example 1.2

ProblemDetermine the Minimnm Design Metal Temperature, MDMT, for
the reactor shown in Fig. E1.2. Let theshell, head, pad, and ring
material be SA-516 Or. 70 material. Flange and cover material is
SA-105. Pipematerial is SA-106. The required shell thickness is
1.75 in., and the required head thickness is 0.86 in. Therequired
nozzle neck thickness is 0.08 in. Assume a joint efficiency of 1.0
and no corrosion allowance.

SolutionShellSA,5 I6 specifications require the material to be
normalized when the thickness exceeds 1.5 in. Thus, fromTable 1.6,
Curve D is to be used for normalized SA-516 Or. 70 material. Using
Fig. 1.4 and a governingthickness of 2.0 in., we get a minimum
temperature of - 5F. The ratio of required thickness to
actualthickness is 1.75/2.0 = 0.88. Using Fig. 1.6 for this ratio,
we obtain 12F. Hence, MDMT = - 5 - 12= - J7op .

HeadFor a I in-thick head, SA-516 specifications permit a
non-normalized material. Thus, from Table 1.6.Curve B is used.
Using Pig. 1.4 aud a governing thickness of 1.0 in., we get a
minimum temperature of300P. The ratio of reqnired thickness to
actual thickness is 0.86/1.0 = 0.86. Using Pig. 1.6 for this
ratio,we obtain 14F. Hence, MDMT = 30 - 14 ~ 16P.

4' RAD,

2~' X 2' PAD

4' SCH. 40 PIPE

FIG. E1.2

t=I.0'

3' X 'J,:;'RING

300" WN FLANGE

SA 105-~"ci-'- --

~ ~ I t=2~'
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FIG. 1.4IMPACT-TEST EXEMPTION CURVES (ASME VIII-1)

StiffenerFor a 0.75-in. stiffener, Curve B of Table 1.6 is to be
used. Using Fig. 1.4 and a governing thickness of0.75 in., we
obtain a ntinimum temperature of 15F. Since stresses cannot be
established from VlIl-l rules,the MDMT = IsoF.

PadThe material will be normalized since it is 2.00 in. thick.
Curve D of Table 1.6 is used. Prom Pig. 1.4 anda governing
thickness of 2.0 in., we obtain a minimum temperature of - 5F.
Since stresses cannot beestablished from VIIl-l rules, the MDMT = -
SOp.
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50

40

"0E'0i);~ 30-S'0~E

~~

"20

:>o

15

10

! I0.3~4 in.

lII

I Minimum specifiedI ylelclm~ngthI 65 ksiI ./I i.>I ./ 55 ksi
.I '/ VI ./ 50 ksi...I / ~~ 45 ksl! ./ ./I ~~ ,38 ksi~I ~
....I!I

III

II

o 1.0 2.0 ;;., 3.0

Maximum Nominal Thickness of Material or Weld, in.

GENERAL NOTES:(a) Interpolation between yield strengths shown is
permitted.(bl The minimum impact energy for one specimen shall not
be less than 2}3 of the average energy required for

three specimens.le) Materials produced and impact tested in
accordance with SA-320, SA333, SA-334, SA-350, SA-3S2, SA42Q

and SA-765 do not have to satisfy these energy values. They are
acceptable for use at minimum design metaltemperature not colder
than the test temperature when the energy values required by the
applicablespecification are satisfied.

Idl For materials haVing a specified minimum tensile strength of
95 ksi or more, see UG"84(cH4)(bl.

FIG. 1.5CHARPY IMPACT-TEST REQUIREMENTS FOR FULL SIZE SPECIMENS
FOR CARBON

AND LOW ALLOY STEELS WITH.TENSILE STRENGTH OF LESS THAN 95
ksi(ASME VIII-1)
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TABLE 1.7MINIMUM DESIGN METAL TEMPERATURES IN HIGH ALLOY STEELS
WITHOUT

IMPACT TESTING

Base Material

Austenitic chromium-manganese-nickel

stainless steel (200 series)

Is material Austenitic ferritic duplex steel

with t 3/8 in. Ferrlticchromium stainless steel

with t< 1/8 in. Martensitic chromium stainless

steel with t 1/4 in.

FlangeSince the flange is ANSI BI6.5, it is good to -20oP.

CoverProm Pig. 1.3(c), the controlling cover thickness is 2.5/4
= 0.625 in. Curve B applies for this material,and the MDMT =
5P.

Therefore, the MDMT for this reactor is governed by the head
with a value of 16P. A colder value canbe obtained by impact
testing the various components. Thus, assuming a specified MDMT of
-15P isrequired, then the head, stiffener, pad, and cover need
impact testing.
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1.5 FATIGUE REQUIREMENTSPresently, VIII-l does not list any
rules for fatigne evaluation of components. When fatigue evaluation
ofa component is required in accordance with UG-22 or U-2(g) of
VIII-I, the general practice is to use theVIII-2 fatigue criteria
as a guidance up to the temperature limits of VIII-2. At
temperatures higher thanthose given in VIII-2, the rules of II1-H
are followed for general guidance. Other fatigue criteria, such
asthose given in other international codes and ASME B31.3, may also
he considered as long as the requirementsof U-2(g) of VIII-l are
met.

VIII-2 contains detailed rules regarding fatigue. Paragraph
AD-160 gives criteria regarding the need forfatigue analysis. The
first criterion is listed in Paragraph AD-160.l and is based on
experience. Vesselsthat have operated satisfactorily in a certain
environment may be cited as the basis for constructing
similarvessels operating under similar conditions without the need
for fatigue analysis.

The second criterion for vessel components is based on the rule
that fatigue analysis is not requited ifall of Condition A or all
of Condition B is satisfied, as noted below.

Condition A

Fatigue analysis is not required for materials witb a tensile
strength of less than 80 ksi when the totalnumber of cycles in (a)
through (d) below is less than 1000.

a. The design number of full range pressure cycles including
startup and shutdown.b. The number of pressure cycles in which the
pressure fluctuation exceeds 20% of the

design pressure.c. Number of changes in metal temperature
between two adjacent points. These changes are

multiplied by a factor obtained from tbe following chart in
order to transform them toequivalent cycle number.

Metal Temperature Differential, OF50 or less51 to 100

101 to 150151 to 250251 to 350351 to 450Higher than 450

Factor

o1248

1220

d. Number of temperature cycles in components that have two
different materials where adifference in the value (uJ - (2)b.T
exceeds 0.00034. Where, U is the coefficient of thermalexpansion
and AT is the difference in temperature.

Condition B

Fatigue analysis is not requited when the following items (a)
through (f) are met:
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a. The number of full range pressure cycles, including startup
and shutdowu, is less than theuumber of cycles determined from the
appropriate fatigue chart, Fig. 1.7, with an S, valueequal to 3
times the allowable design stress value, Sm.

b. The range of pressure fluctuation cycles during operation
does not exceed P(1/3)(S,1Sm),where P is the design pressure, S, is
the stress obtained from the fatigue curve for the numberof
significant pressure cycles, and Sm is the allowable stress.
Significant pressure cycles aredefined as those that exceed the
quantity P(l/3)(SI Sm)' S is defined as

S = S, taken at 10' cycles when the pressure cycles are 0; 10'.S
= S, taken at actual number of cycles when the pressure cycles are
> 106

c. The temperature difference between adjacent points during
startup and shutdowu does notexceed S,I (2E
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The third criterion for nozzles with nonintegral reinforcement
is given in Paragraph AD-160.3 of VllI-2and is very similar to
Conditions A and B detailed above.

Example 1.3

ProblemA pressure vessel consisting of a shell and two
hemispherical heads is constructed from SA 516-70 carbonsteel
material. The self-reinforced nozzles in the vessel are made from
type SA 240-304 stainless steelmaterial. The vessel is shut down
six times a year for maintenance. At start-up, the full pressure of
300psi and full temperature of 400"P are reached in two hours. The
maximum /IT between any two pointsduring start-up is 250"P. At
normal operation, the /IT is negligible. At shutdown, the maximum
/IT is100oP. Determine the maximum number of years that this vessel
can be operated if a fatigue evaluation isnot performed. Let the
coefficient of expansion for carbon steel be 6.5 X 10-6 in.lin.l"P
and that forstainless steel be 9.5 X 10- 6 in.lin./"F.

SolutionProm Condition A, determine the number of cycles in one
year.

a. Number of full pressure cycles for one year is 6.b. This
condition does not apply for this case.c. Prom the chart, the 2500P
difference in temperature during start-up corresponds to 4
cycles.

The 1000P difference in temperature during shutdown corresponds
to I cycle. Thus totalequivalent cycles due to temperature in one
year is (4 + I) 6 = 30 cycles.

d. At nozzle attachments, the quantity (9.5 X 10- 6 - 6.5 X 10-
6) 400 is equal to 0.0012.Since this value is greater than 0.00034,
the equivalent cycles per year = 6.

Total cycles per year due to (a), (e), and (tl) = 6 + 30 + 6 =
42.Number of years to operate vessel if fatigue analysis is not
performed = 1000/42 23.8 years.

Example 1.4

ProblemA pressure vessel has an inside diameter of 60 in.,
internal pressure of 300 psi, and design temperature of500oP. The
shell thickness is 1/2 in. at an allowable stress level of 18,000
psi (material tensile stress =70 ksi). The thickness of the
hemispherical heads is 1/4 in. at an allowable stress level of
18,000 psi.Integrally reinforced nozzles are welded to the sbell
and are also constructed of carbon steel with anallowable stress of
18,000 psi. At start-up, the full pressure of 300 psi and full
temperature of 5000P arereached in eight hours. The maximum flT
between any two points during start-up is 60oP. At normaloperation,
the /IT is negligible. At shutdown, the maximum /IT is 50oP.
Determine if the shell and headsare adequate for 100,000 cycles
without the need for fatigue analysis. Prom II-D, the coefficient
of expansionfor carbon steel is 7.25 X 10-6 in.lin./"P and the
modulus of elasticity is 27.3 X 106 psi. Use Pig. 1.7for a fatigue
chart.

SolutionCondition B is to be used.

a. Three times allowable stress at the nozzle location is =
3(18,000) = 54,800 psi. Using Pig.1.7 for this value gives a
fatigue life of 4200 cycles.

b. This condition does not apply.
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c. From Fig. 1.7, with 100,000 cycles, the value of S, = 20,000
psi. The value of S,/(2Ea)= 20,000/(2 X 37.3 X 106 X 7.25 X 10- 6)
= 51F. Since this value is less than 60F,the specified cycles are
inadequate. The designer has two options in this situation. The
firstis to perform fatigue analysis, which is costly. The second
option, if it is feasible, is toreduce the AT at startup to
51F.

d. This condition does not apply.e. This condition does not
apply.f. This condition does not apply.

Example 1.5ProblemIn Example lA, determine the required
thickness of the shell and heads for 1,000,000 cycles without
theneed to perform fatigue analysis.

SolutionFrom Fig. 1.7, with a cycle life of 1,000,000, the value
of S, = 12,000 psi. From Condition B, subparagraph(a), the maximnm
stress value for the shell is (12,000/3) = 4,000 psi. The needed
shell thickness = 0.5X 18,000/4000 = 2.25 in. The required head
thickness = 0.25 X 18,000/4000 = 1.13 in.

The maximum AT at start-up or shutdown cannot exceed S,/(2Ea) =
12,000/(2 X 27.3 X 106 X 7.25X 10'6) = 31F, otherwise a fatigue
analysis is necessary.

1.6 PRESSURE TESTING OF VESSELS AND COMPONENTS1.6,1 ASME Code
RequirementsPressure vessels that are designed and constructed to
VIII-l rules, except those tested in accordance withthe
requirements of UG-IOI, are required to pass either a hydrostatic
test (UG-99) or a pneumatic test (UG-100) of the completed vessel
before the vessel is U-stamped. Pressure vessels that are designed
andconstructed to VIIl-2 rules also are required to pass either a
hydrostatic test (Article T-3) or a pneumatictest (Article T-4)
before the U2-stamp is applied. Each component section of the ASME
Boiler and PressureVessel Code has a pressure test requirement
thatcalls for a pressure test at or above the
maximumallowableworking pressure indicated on the nameplate or
stamping and in the Manufacturer's Data Report beforethe
appropriate Code stamp mark may be applied.

Under certain conditions, a pneumatic test may be combined with
or substituted for a hydrostatic test.When testing conditions
require a combination of a pneumatic test with a hydrostatic test,
the requirementsfor the pneumatic test shall be followed. In all
cases, the term hydrostatic refers not only to water beingan
acceptable test medium, but also to oil and other fluids that are
not dangerous or flammable; likewise,pneumatic refers not only to
air, but also to other nondangerous gases that may be desirable for
"snif-fer" detection.

1.6.2 What Does a Hydrostatic or Pneumatic Pressure Test
Do?There is always a difference of opinion as to what is desired
and what is accomplished with a pressuretest. Some persons believe
that the pressure test is meaut to detect major leaks, while others
feel that theresbould be no leaks, large or small. Some feel that
the test is necessary to invoke loadings and stresses thatare
equivalent to or exceed those loadings and stresses at operating
conditions. Others feel that a pressuretest is needed to indicate
whether a gross errorhas been made in calculations or fabrication.
In some cases,it appears that the pressure testing may help round
out corners or other undesirable wrinkles or may offersome sort of
a stress relief to some components.
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1.6.3 Pressure Test Requirements for YIn11.6.3.1 Hydrostatic
Test Requirements. A hydrostatic pressure test is the preferred
test method. A

pneumatic test or a combination of pueumatic/hydrostatic test is
conducted only when a hydrostatic test caunotbe done. Except for
certain types of vessels that are discussed later. the hydrostatic
test pressure at every pointin the vessel shall be at least 1.3
times the maximum allowable working pressure multiplied by the
ratio of theallowable tensile stress value at test temperature
divided by the maximum allowable tensile stress value atdesign
temperature. As an alternative, a hydrostatic test pressure may be
detemtined by calculations agreedupon by the user and the
manufacturer. In this case, the MAWP (maximum allowable working
pressure) ofeach element is determined and multiplied by 1.3 and
then adjusted for the hydrostatic head. The lowest valueis used for
the test pressure, which is adjusted by the test temperature to
design temperature ratio. In any case,the testpressure is limited
to that pressure which will not cause any visible permanent
distortion (yielding) ofany element The metal temperature of the
vessel or component to be tested is recommended to be at least30F
above the MDMT to be marked on the vessel but need not exceed 120F.
Also, a liquid pressure reliefvalve set at 1 1/3 times the test
pressure is recommended in the pressure test system.

After the test pressure is reached, the pressure is reduced to
the test pressure divided by 1.3, and weldedjoints, connections,
and other areas are visually examined for leaks and cracks. The
visual examinationmay be waived if a gas leak test is to be
applied, if hidden welds have been exantined ahead of time, andif
the vessel will not contain a lethal substance. Venting shall be
provided at all high locations where thereis a possibility of air
pockets fornting during the filling of the vessel for testing. The
general rules forhydrostatic testing do not call for a specific
time for holding the vessel at test pressure. The length of
thistime may be set by the Authorized Inspector or by a contract
specification.

1.6.3.2 Pneumatic Test Requirements. For some vessels, it is
necessary to apply a pneumatic testin lieu of a hydrostatic test.
This may be dne to any number of reasons, including vessels
designed andsupported in such a manner that they cannot be safely
filled with liquid and vessels that cannot tolerateany trace of
water or other liquids. If a vessel is to be pneumatically tested,
it shall first be examinedaccording to the requirements ofUW-50.
This paragraph requires that welds around openings and
attachmentsbe examined by MT or PT before testing. Except for
certain vessels, the pneumatic test pressure at everypoint in tbe
vessel sball be l.l times the maximum allowable working pressure
multiplied by the ratio ofthe allowable tensile stress value at
test temperature divided by the allowable tensile stress value at
designtemperature. For pneumatic testing. the metal temperature of
the vessel or component shall be at least 30Fabove the MDMT to be
marked on the vessel.

The test pressure shall be gradually increased to no more than
half of the full test pressure and thenincreased in steps of
one-tenth of the test pressure until the full test pressure is
reached. After that, thepressure shall be reduced to the test
pressure divided by 1.1 and all areas are to be examined. All
otherrequirements for hydrostatic testing shall be observed,
including the waiving of the visual examination,provided the same
limits are met.

1.6.3.3 Test Requirements for Enameled or Class-lined Vessels.
The maximum test pressure forenameled and glass-lined vessels does
not have to be any greater than 1.0 MAWP unless required by
theAuthorized Inspector or by a contract specification. Higher test
pressure may damage the enameled or glasscoating. All other rules
for hydrostatic testing apply.

1.6.3.4 Test Reqnirements for Vessels Built to the Rules of
Parts UCI or UCD. For those vesselsdesigned and constructed to the
rules of Part UCI for Cast Iron and Part UCD for Cast Ductile Iron,
wherethe factor of safety on tensile strength to set the allowable
tensile stress values is 10 and 5. respectively,the multiplier for
the hydrostatic test pressure is set differently. For Part UCl, the
test pressure shall be 2.5MAWP. but is not to exceed 60 psi for a
design pressure less than 30 psi and 2.0 MAWP for a design
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pressure equal to or greater than 30 psi. Fnr Part UCD, the test
pressure shall be 2.0 MAWP. With thesechanges, the remaining rules
of UO-99 are followed.

1.6.3.5 Test Requirements fnr Vessels Built to the Rnles of Part
ULT. Alternative rules for thedesign and construction of vessels to
operate at cold temperatures as low as - 3200P are given in
PartULT. These rules permit the use of increased allowable tensile
stress values at temperatures colder thanambient temperature to as
low as 320'F for 5%, 8%, and 9% nickel steels, 5083 aluminum alloy,
andType 304 stainless steels. Other materials listed in both
Section II and Subsection C may be used for vesselsand parts for
design at cold temperature with the allowable tensile stress values
set by the value at WOF.When the vessel is desigued and constructed
to Part ULT rules, special hydrostatic testing requirementsare ..
n~(;essfl1"Y .. due .to .t~~.fa(;tt1l~t... the .. lllateri:ll..
is.str0ll~t3r .. at .. desi~n ... t~lTIP~ratllre .thaIl.at
...aIIllJieIltt~sttemperature. The vessel shall be hydrostatically
tested at ambient temperature with the test pressure heldfor 15
minutes and either of the following criteria may be applied:

a. A standard hydrostatic test as described in 1.6.3.1 is used,
but with the ratio of allowablestresses not applied and the test
pressure shall be 1.4 MAWP, if possible, instead of 1.3MAWP.

b. In applying (a), the membrane stress in the vessel shall not
exceed 0.95 of the specifiedminimum yield strength nor 0.5 of the
specified minimum tensile strength. In complyingwith these stress
limits, the ratio of bydrostatic test pressure divided by the MAWP
may bereduced below 1.4, but it shall be not less than 1.1 MAWP. If
the value comes ant less than1.1 MAWP, a pneumatic test shall be
conducted using the rules of UO-lOO, but omittingthe adjustment for
the allowable tensile stress ratio.

A vessel to be installed vertically may he tested in the
horizontal position, provided the test pressure isapplied for 15
minutes at not less than 1.4 MAWP, including a pressure equivaleut
to the liquid head inoperating position.

1.6.3.6 Proof Testing to Establish MAWP. In addition to the
hydrostatic or pneumatic pressure testof the completed vessel, a
pressure proof test is permitted to establish the MAWP of vessels
and vesselparts for which the strength cannot be calculated with
assured accuracy. The rules for such a pressure prooftest are given
in UO-1OI of VlIl-l and may be based on yielding or on bursting of
the vessel or vesselpart. Proof tests must be witnessed by the
Authorized Inspector, who indicates acceptance by signing
theManufacturer's Data Report Form. Duplicate or similar parts to
that part which has had its MAWP establi.shedby a proof test
according to the reqnirements of UO-1OI(d) of VIII-l may be used
without a proof test oftheir own, but shall be given a hydrostatic
or pneumatic pressure test as part of the completed vesselpressure
test.

1.6.4 Pressure Test Requirements for V1II2

1.6.4.1 Hydrostatic Test Requirements. Except for glass-lined
and enameled vessels, the hydrostatictest pressure at every point
in the vessel shall be 1.25 times the design pressure (or MAWP) to
be markedon the vessel multiplied by the ratio of the design stress
intensity valne at test temperature divided by thedesign stress
intensity value at design temperature. For glass-lined or enameled
vessels, the hydrostatic testpressure shall be at least equal to,
but need not exceed, the design pressure (or MAWP). Similar to
thealternative in VIII-I, the hydrostatic test pressure may be
determined by calculations agreed upon betweenthe User and the
Manufacturer and shall be described in the Design Report.

The hydrostatic test pressure shall not exceed a value that
results in the following:

a. A calculated primary membraue stress intensity Pm of 90% of
the tabulated yield strengthS; at test temperature;


	
Background Information 25

b. A calculated primary membraue plus primary bending stress
intensity F; + P, not to exceedtbe limits given below:

[Pm + Pb] '" 1.35 S" when Pm'" 0.67 S"

[Pm + Pb] '" 2.35 S, - 1.5 p.. when 0.67 S, < P; '" 0.90
S,

(1.1)

(1.2)

1.6.4.2 Pneumatic Test Requirements. A pneumatic test is
permitted only when one of tbe follow-ing prevails:

a. Vessels cannot be safely filled with water due to their
design and support system;b. Vessels in which traces of testing
liquid cannot be tolerated:

When a pneumatic test is permitted in lieu of a hydrostatic
test, except for glass-lined and enameledvessels, the pneumatic
test pressure at every point iu the vessel shall be 1.15 times the
design pressure (orMAWP) to be marked on the vessel multiplied by
the ratio of the design stress intensity value at testtemperature
divided by the desigu stress intensity value at design temperature.
For glass-lined or enameledvessels, the pneumatic test pressure
shall be at least equal to, but need not exceed, the design
pressure(or MAWP).

The pneumatic test pressure shall not exceed a value that
results in the following:

a. A calculated primary membrane stress intensity P; of 80% of
the tabulated yield strengthS, at test temperature;

b. A calculated primary membrane plus primary beuding stress
intensity Pm + Ph not to exceedthe following limits:

[Pm + F.] '" 1.20 s; when r; '" 0.67 S,

[Pm + Pb] '" 2.20 S, - 1.5 p.. when 0.67 S, < P; '" 0.80
S,

(1.3)

(1.4)
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2

CYLINDRICAL SHELLS

2.1 INTRODUCTIONThe rules for cylindrical shells in VIII-l and
VIII-2 take into consideration internal pressure, external
pressure,and axial loads. The rules assume a circular cross section
with uniformthickness in the circumferential andlongitudinal
directions. Design reqnirements are not available for elliptic
cylinders or cylinders with variablethicknesses and material
properties. However, such construction is not prohibited in VIII in
accordancewith Paragraphs U-2Cg) of VIII-l and, AG-lOOCb) and (d)
of VIII-2. The design and loading conditionsgiven in VIII-I are
discussed first in this chapter, followed by the rules in
VIII-2.

2.2 TENSILE FORCES, vm.iThe governing equations and criteria for
the design of cylindrical shells under tensile forces are given
inseveral paragraphs of YIIl-I. The tensile forces arise from
various loads such as those listed in ParagraphUG-22 and include
internal pressure, wind loads, and earthquake forces.

2.2.1 Thin Cylindrical ShellsThe required thickness of a
cylindrical shell due to internal pressure is determined from one
of two equationslisted in Paragraph UG-27. The eqnation for the
required thickness in the circumferential direction, Fig.2.1Cal,
due to internal pressure is given as

t = PR/ CSE - 0.6P),

whereE = Joint Efficiency FactorP = internal pressureR =
internal radiusS = allowable stress in the materialt = thickness of
the cylinder

when t < O.5R or P < 0.385SE (2.1)

This equation can be rewritten to calculate the maximum pressure
when the thickness' is known. It takesthe form

P = SEI/ (R + O.6t)

27

(2.2)
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FIG. 2.1

It is of interest to note the similarity between Eq. (2.1) and
the classical equation for circumferentialmembrane stress in a thin
cylinder (Beer and Jobnston, 1992), given by

t ~ PRISE (2.3)

The difference is in the additional term of O.6P in tbe
denominator. This term was added by the ASME totake into
consideration the nonlinearity in stress that develops in thick
cylinders, i.e., when the thicknessof a cylinder exceeds a.1R. This
is demonstrated in Fig. 2.2 for circnmferential stress calculated
by threedifferent methods. The first is from Eq. (2.3), the
theoretical equation for thin cylinders; the second is fromEq.
(2.1); and the third is from Lame's theoretical equation for thick
cylinders and is discussed later asEq. (2.12).

Similarly, the equation for the required thickness in the
longitudinal direction, Fig. 2.1(b), due to internalpressure is
given as

t = PRI(2SE + OAP), with t < O.5R or P < 1.25SE (2A)
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COMPARISON OF EQUATIONS FOR HOOP STRESS IN CYLINDRICAL
SHELLS

or in terms of pressure,

P ~ 2SEtl(R - OAt) (2.5)

Notice again the similarity between Eq. (2.4) and the classical
equation for longitudinal stress in a thincylinder given by

t = PRI2SE (2.6)

Equations (2.1) and (2.4) are in tenus of the inside radii of
cylinders. In some instances, the outside radiusof a shell is known
instead. In this case, the governing equation for circumferential
stress i~ expressed in
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terms of the outside radius Ro. This equation, which is obtained
from Eq. (2.1) by substituting (Ro - t)for R, is given iu VIIl-I,
Appendix 1, Article 1-1, as

I = PRo/(SE + O.4P), with I < O.5Ro or P < 0.385SE
(2.7)

P = SEI/(Ra - O.4t) (2.8)

VIIl-1 does not given an equation for the thickness in the
longitudinal direction in terms of outside radiusRo. Such an
expression can be obtained from Eq. (2.4) as

I = PRol (2SE + l.4P)

P = 2SEI/(Ro - 1.4/)

(2.9)

(2.10)

Equations (2.1) through (2.10) are applicable to solid wall as
well as layered wall construction. Layeredvessels consist of thin
cylinders wrapped around each other to form a thick cylinder, Fig.
2.3. At any givencross section, a-a, the total thickness consists
of individual platematerial as well as weld seams. The
JointEfficiency Factor for the overall thickness of a layered
vessel is calculated from the ratio

E = (:l: E,I,)II

a-,

-,

a

-+-+--1-+-+--+--+++++

FIG. 2.3

(2.11)
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whereE = overall Joint Efficiency Factor for the layered
cylinderE, = Joint Efficiency Factor in a given layer

t = overall thickness of a layered cylindert, = thickness of one
layer

The rules in VIII-l assnme that the longitudinal welds in
varions layers are staggered in such a way thatE in Eq. (2.11) is
essentially equal to 1.0.

Example 2.1

ProblemA pressure vessel is constructed of SA 516-70 material
and has an inside diameter of 8 fl. The internaldesign pressure is
100 psi at 450'F. The corrosion allowance is 0.125 in., and the
joint efficiency is 0.85.What is the required shell thickness if
the allowable stress is 20,000 psi?

SolutionRefer to Paragraph UG-27 of VIII-I. The qnantity 0.3855E
= 6545 psi is greater than the design pressureof 100 psi. Thus, Eq.
(2.1) applies. The inside radius in the corroded condition is equal
to

R = 48 + 0.125

~ 48.125 in.

t ~ [PR/(SE - 0.6P)] + corrosioo

[100 X (48.125)/(20,000 X 0.85 - 0.6 X 100)] + 0.125

~ 0.41 in.

The calculated thickness is less than O.5R. Thns, Eq. (2.1) is
applicable.A check of Eq. (2.4) for the required thickuess in the
longitndinal direction will result in a t = 0.27 in.,

including corrosion allowance. This is about 60% of the
thickness obtained in the circumferential direction.

Example 2.2

ProblemA pressure vessel with an internal diameter of 120 in.
bas a shell thickness of 2.0 in. Determine themaximum pressure if
the allowable stress is 20 ksi. Assume E = 0.85.

SolutionFor the circumferential direction, the maximum pressure
is obtained from Eq. (2.2) as

P = 20,000 X 0.85 X 2.0/ (60 + 0.6 X 2.0)

~ 556 psi
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For the longitudinal direction, the maximnm pressure is obtained
from Eq. (2.5) as

p ~ 2 X 20,000 X 0.85 X 2.0/(60 - 0.4 X 2.0)

~1]49psi

Thus, the maximum pressure permissible in the vessel is 556
psi.

Example 2.3

ProblemA vertical boiler is constructed of SA 516-70 material
and built in accordance with the requirements ofVIII-I. It has an
outside diameter of 8 It and an internal design pressure of 450 psi
at 709F. The corrosionallowance is 0.125 in., and the joint
efficiency is 1.0. Calculate the required thickness of the shell if
theallowable stress is 17,500 psi. Also, calculate the maximum
allowable additional tensile force in the axialdirection that the
shell can withstand at the design pressure.

SolutionFrom Eq. (2.7), the required thickness is

t ~ 450 X 48/(17,500 X 1.0 + 0.4 X 450) + 0.125

1.222 + 0.125

1.35 in.

From Eq. (2.10), the maximum allowahle axial pressure is

p ~ 2 X ]7,500 X 1.0 X 1.222/(48 - 1.4 X 1.222)

= 924.0 psi

Subtracting from this value the internal pressure of 450 psi
results in the additional equivalent pressure P',that can be
applied to the cylinder during operation.

P' = 924.0 - 450 ~ 474.0 psi

Total corroded metal area of cylinder = 'IT(R; - R2)

~ 1T(48' - 46.778')

= 363.9 in.'

Hence, total allowable force in cylinder during operation is

F ~ 474.0 X 363.9

= 172,500Ib
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Example 2.4

ProblemWhat is the required thickness of a layered cylinder
subjected to an internal pressure of 1400 psi? LetR = 72 in., S =
18 ksi, t, = 0.25 in. The longitudinal seams of the layers are
staggered circumferentiallyso that any cross section will have only
one longitudinal joint with an efficiency of 0.65.

SolntionThis problem must be solved by trial and error. Let E =
1.0. Then from Eq. (2.1),

I = 1400 x 72/(18000 x l.0 - 0.6 x 1400)

~ 5.87 in.

Try 24 1/4 in. layers with a total thickness of 6.0 in. The
joint efficiency from Eq. (2.11) for the totalcross section is

E = (23 x l.00 + 1 x 0.65)/24

~ 0.985

Using this Joint Efficiency Factor, recalculate the required
thickness:

t ~ 1400 x 72/(18000 x 0.985 - 0.6 x 1400)

= 5.97 in.

Since this thickness is less than the assnmed thickness of 6.0
in., the solution is complete. Hence, 241/4 in. layers are
adeqnate.

2.2.2 Thick Cylindrical ShellsThe VIlI-l code is routinely
referenced in constructing vessels with internal pressures higher
than 3000psi. Special consideration must be given to details of
construction, as specified in Paragraph U-I(d) of VIlI-1.AB the
ratio of IIR increases beyond 0.5, the tbickness given by Eq. (2.1)
becomes nonconservative, asillustrated in Fig. 2.2. A more accurate
equation that determines the thickness in a thick cylinder,
calledLame's equation, is given by

SE = P(R~ + R') I (R;, - R') (2.12)

where Ro and R are outside and inside radii, respectively. By
substituting the relationship Ro = R + t intothis expression, Eq.
(2.12) becomes

where

t = R(Z,n - 1)

z = (SE + P)/(SE - P)

(2.13)
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Equation (2.13) is used in Appendix 1-2 of VIII-l to determine
the required thickness in thick cylindersfor the conditions t >
O.5R or P > O.385SE. This equation can also be written in terms
of pressure as

P ~ SE[(Z - 1)1(Z + I)J

where

Z ~ [(R + t)IRJ'

For .1ongitudinaJ .Stre:ss,

(2.14)

where

t = R(ZII2 - 1), with t> O.5R or P> 1.25SE (2.15)

Z ~ (PIS) + 1Equation (2.15) can be written in terms of
pressure, P, as

P ~ SE(Z - 1)where

Z ~ [(R + t)IRJ'

(2.16)

The thick cylinder expressions given by Eqs. (2.12) throngh
(2.16) can be expressed in terms of ontsideradii as follows.

For circumferential stress,

where

with t > O.5R or P > 0.3855E (2.17)

or in terms of pressure,

Z ~ (SE + P)I(SE - P)

P ~ SE[(Z - 1)1(Z + 1)]

where

Z ~ (Rol R)' = [Rol(Ro - t)J'

For longitudinal stress with t > O.5R or P > 1.25SE,

(2.18)

(2.19)
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where

Z = (PIS) + 1

or in terms of pressure, P,

P = SE(Z - 1)

where

Z = (RoIR)' = [Ro/(Ra - t)]'

(2.20)

All of the equations given so far are in terms of internal
pressure only. VIII-1 does not give any equationsfor calculating
stresses in cylinders resnlting from wind and earthquake loads. One
method of calculatingthese stresses is given in Section 2.3.

Example 2.5

ProblemCalculate the required shell thickness of an accumulator
with P = 10.000 psi, R = 18 in., 8 = 20,000psi, and E = 1.0. Assume
a corrosion allowance of 0.25 in.

SolutionThe quantity 0.3858 = 7700 psi is less than the design
pressure of 10,000 psi. Thus, Eq. (2.13) is applicable.

Z = (SE + P)/(SE - P)

= (20,000 x 1.0 + 10,000)I (20,000 X 1.0 - 10,000)

= 3.0

t = R(Z'12 - 1)

= (l8.25)(3.0~' - 1.0)

= 13.36 in.

Total t 13.36 + 0.25 = 13.61 in.

Example 2.6

ProblemWhat is the required thickness in Example 2.5 if the
design pressure is 7650 psi and the corrosion allowanceis zero?
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SolutionThe quantity 0.385S = 7700 psi is greater than the
design pressure of7650 psi. Thus, Eq. (2.1) is applicable.

t = PRI(SE - 0.6P)

= 7650 x 18/(20,000 x 1.0 - 0.6 x 7650)

= 8.94 in.

It is of interest to determine the accuracy of Eq. (2.1) by
comparing it with the theoretical Eq. (2.13),which gives

Z = (SE + P)/(SE - P)

= (20.000 x 1.0 + 7650) I (20,000 x 1.0 - 7650)

= 2.239

t = R(Z;/2 - 1)

18(2.239 0.5 - 1.0)

8.93 in.

This comparison demonstrates the accuracy of the "simple-to-use"
Eq, (2.1) over a wide range of Rlt ratios.

Example 2.7

ProblemWhat is the maximum stress in a layered vessel subjected
to an internal pressure of 15.000 psi? The outsidediameter is 24
in., and the inside diameter is II in.

SolutionThe thickness of 6.50 in. is greater than O.SR. Thus,
either Eq. (2.17) or Eq. (2.13) may be used, sinceboth the outside
and inside diameters are given. Both of these equations are in
terms of the quantity Z,which is a function of stress S. Solving
for S in these equations is not easy. However, since both of
theseequations were derived from Eq. (2.12), we can use it directly
to solve for S. Thus,

SE = 15,000 (122 + 5.52)/(12' - 5.52)

= 22,980 psi

2.3 AXIAL COMPRESSIONVessel components are frequently subjected
to, axial compressive stresses caused by such items as wind,dead
loads, earthquake, and nozzle loads. The maximum compressive stress
is limited by either the allowabletensile stress, using a Joint
Efficiency Factor of 1.0, or the allowable compressive stress,
whichever is less.TIle allowable tensile stress controls thick
cylinders, while the allowable compressive stress controls thin
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cylinders. The procedure for calculating the allowable axial
compressive stress in a cylinder is given inParagraph UG-23 of
VIII-l and is based on a theoretical equation with a large LID
ratio (Jawad, 1994).It consists of calculating the quantity

whereA = strain

Ro = outside radius of the cylindert = thickness

A ~ O.12S/(R o / t) (2.21)


andthenusingastress",straindiagramfurnishedbytheASMEtodeterminethepermissibleaxial.compressivestress,
B. The ASME plots stress-strain diagrams, called External Pressure
Charts, for various materials atvarious temperatures on a log-log
scale. One such chart for carbon steel is shown in Fig. 2.4. The
strain,A, is plotted along the hotizontal axis, and a stress, B,
along the vertical axis. The majority of the materialslisted in the
stress tables of II-D or VlII-l construction have a corresponding
External Pressure Chart (EPC).Tabular values of the curves in these
charts are also given in II-D, for example those shown in Table
2.1for Fig. 2.4.

If the calculated value of A falls to the left of the
stress-strain line in a given External Pressure Chart,then B must
be calculated from the equation

B ~ AE/2 (2.22)

TABLE 2.1TABULAR VALUES FOR FIG. 2.4

OF A B, psi OF A B, psi300 0.100 -04 0.145 +03 700 0.100 -04
0.124 +03

0.765 -03 0.111 +05 0.559 -03 0.665 +040.800 0.114 0.100 -02
0.8080.900 0.119 0.300 0.101 +050.100 -02 0.123 0.100 -01
0.1220.200 0.150 0.250 0.1390.300 0.163 0.100 +00 0.1390.400
0.1700.500 0.172 800 0.100 -04 0.114 +030.25 -01 0.178 0.499 -03
0.569 +040.100 +00 0.178 0.100 -02 0.717

0.150 0.805500 0.100 -04 0.135 +03 0.200 0.849

0.663 -03 0.895 +04 0.300 0.8970.900 0.965 0.300 -01 0.124
+050.100 -02 0.101 +05 0.100 +00 0.1240.250 0.1210.300 0.124 900
0.100 -04 0.104 +030.800 0.143 0.247 -03 0.444 +040.100 -01 0.147
0.100 -02 0.6050.150 0.155 0.150 0.6890.200 0.163 0.200 0.7420.272
0.170 0.300 0.7950.100 +00 0.170 0.800 0.927

0.300 -01 0.112 +050.100 +00 0.112
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The theoretical equation for the critical axial buckling stress
used by the ASME is given by
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32 psf

-1------

inN

Ii

I>-----

p,f

ir--L-

20 psf

FIG, E2.8

SolutionAssume t = 3/8 in.

Axial force = 60 + 251 = 311 kips

Axial compressive stress = force/area of material in skirt

= 311,000/-rr X 96 X 0.375

= 2750 psi

The wind moment at the bottom of skirt using a vessel projected
area of 8 It is

M = 32 X 8 X 36 X (36/2 + 34 + 26) + 24 X 8 X 34 X (34/2 +
26)

+ 20 X 8 X 26 X (26/2)
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~ 718,848 + 280,704 + 54,080

~ 1,053,632 ft-lb

Notice that in many applications, the projected area must be
increased beyond 8 ft to take into considerationsuch items as
insulation, ladders, and platforms. Also, the moment may have to be
modified for shape anddrag factors.

The bending stress is obtained from the classical equation for
the bending of beams:

Stress ~ Mell

wherec = maximum depth of the cross section from the neutral
axisI = moment of inertia

M = applied moment

andfor thin circular cross sections, this equation reduces
to

Stress ~ M / ('ITR~t)

= 1,053,632 X 12/('IT X 48' X 0.375)

~ 4660 psi

Total compressive stress = 2750 + 4660

= 7410 psi

The allowable compressive stress is calculated from Eq.
(2.21).

A ~ 0.125/(48/0.375)

~ 0.00098

From Fig. 2.4 with A = 0.00098 and temperature of 200'F, we get
B = 12,000 psi, which is the allowablecompressive stress. Thus, the
selected thickness is adequate at the bottom of the skirt. Note
that the thicknesswould have been inadequate if the temperature at
the bottom was 800P'

Now let us check the thickness at the top of the skirt. The
axial stress due to dead load stays the same.The bending moment
becomes

M = 32 x 8 X 36 X (36/2 + 34 + 26 - 16) + 24 X 8 X 34 x (34/2 +
26 - 16)

+ 20 X 8 X 10 X (10/2)

= 571,392 + 176,256 + 8000

~ 755,648 ft-lb
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Bending stress ~ 755,648 X 12/('iT X 482 X 0,375)

= 3340psi

Total compressive stress = 2750 + 3340

= 6090 psi

From Fig, 2,4 with A = 0,00098 and temperature of 800'F, we get
Bthickness is adequate at the top of the skirt,

7,000 psi. Thus, the selected

Maximum tensile stress at bottom of skirt = 4660 - 2750

= 1910psi

Maximum tensile stress at top of skirt = 3340 - 2750

= 590 psi

Both of these values are less than 16,000 psi, which is the
allowable tensile stress for the skirt,These calculations show that
t = 3/8 in, for the skirt is satisfactory, This thickness may need
to be

increased in actual construction to take into account such items
as opening reinforcements, corrosion, out-of-roundness
considerations, and handling factors.

Example 2,9

ProblemWhat is the allowable compressive stress in an internal
cylinder with Do = 24 ft, t = 3/16 in" and designtemperature =
900'F? Use Fig, 2,4 for the External Pressure Chart,

SolutionFrom Eq, (2.21),

A = 0,125/(12010,1875)

= 0.0002

From Fig, 2.4, this A value falls to the left of the cnrve for
900'F, Therefore, Eq. (2,22) must be used, Thevalue of E is
obtained from Fig, 2,4 as 20,8 X 106 psi for 900'F, Hence,
allowable compressive stress B is

B = 0,0002 X 20,800,000/2

= 2080 psi

2.4 EXTERNAL PRESSUREE
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