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. L . The prOCessee'necessary for the design of pressure vessels

have been studled. Ferrous and non~ferrous materiaié.aie disg~
é (" _ cussed as well as thelr behavior at sub- zexro and hlgh tempera—
tures 1nc1u@;ng thelr corrosmon resistance.
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The application of the membrane threory of elasticity is

fistrated in calculating stresses induced by internal .
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pPr seure.‘ Also; local discontinuity stresses on vessels are ./ . o

| AN ' i ‘ are )
WZ ./ ! butlinea. ‘ - . ‘ |
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De51gn equatlons which give thé required wall thickness of.
vessels under internal or external pressure, aré derlved and
, e dlscussed Furthermore,,de91gn methq@s-for,typlqal vessel
£ on :eemponents are deecribed. An example 1llustrat1ng the desxgn

- procedures in connection with Section VIII DlV. 1 of the

S * . ASME Code is prov1ded at the end of the neport.. ~\“
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~reference point,
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space coordinates L
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membrane force, lb (N)

membrane force at an angle 6 W.r. t a .o
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modulus of elasticity, psi(MPa)" . :
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shell parameter , .
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equivalent thickness resulting from the

combined ‘ring-shell cross-section moment -
of interia, in. (mpm) - ¥ v

cross—sectional area of‘a'section, inz(mmz)
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4
. . . ' CHAPTER I o . P
' e . ‘ . . T
~ INTRODUCTION ~ . ‘ ' ‘

1.1 INDUSTRIAL PRESSURE VESSELS : i o .
‘ ‘ it . ‘ ) B

- .ot ' f

} The ch?m}cal, ]?etrochemlcal and power generation in-

dustries convert - one form .of materials or energy into another
I A .

by chemical or physical means‘. These processes require the |
//\ ‘ 3 -\ (3 * ' i
handling and storage of 1arge guantities of materials in .. _ 1

‘ 3
containers or vessels of varied c0nstructx,on, depending upon ._*

7] % ;
\

the aple.catlon and the.t_gperatlonal requlrements. T T

-

Pressure vessels are ieakproof 'con'tainer.s, vand‘as tne
name implievs, their main purpose is to contain a Ig-iven medium
under pressure and‘te-nperature. They may.b‘e of any ehape and

«eize ranging from beer cans, automobile :E:[.res! or gas storage
tanks, to more sophisticateg onevs\ encountéed in engineering‘ -
applications. Pressure vessels, co;iunonly ha:re. the form of a

\ cyiinder, si:l)xere, ellipsoid, cone or a combination of theee u

\ J i S S ‘
- | shapes. Correspondingly, they are identified as cylindrical, . i _

spherical, ellipsoidal or conical However, some pressure

essels are named after the type of functlon thgt they are

. w (8] Y -

\\ . .
r qulred to perform. For example the dlstxllatlon column shown I B

LA T
.

e

gln Fig. l 1,is a vessel -used in petroleum refining processes. '

The heat exchanger s*hown :Ln Fig. 1.2, is "a vessel widely used R . 1

2]

. in many types of ind@stries ko transfer heat\frorn one fluid ,

"

to _ ther. Also the reactor vessel showntam Fig. 1. 3, A~

wh:.ch onta:ms substances undergo:.ng chemical reactions, is
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. ) (Courtesy of Canadian Vickers Ltd. )
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1

“ >

used in petrochemlcal mdustrms and the deep }dlving chamber

shown in Filg. 1.4 is a vessel used in ‘ocean exploration
. ' :

.
v

studies, T

“1.2 DESIGN CODES

Because of safety implications and environmental hazards

arising from the operation of'pre’ssure vessels, there is a;'-r

4

obvious need to standardize engineering and fabrication prac—-

‘tices.’ To assure minimum performance standards, several design

codes have been enacted \Vherever these codes have no legal
standlng it is not unusual practice for the ow‘ner‘ of the ’ﬂ‘(

pressure vessel to impose ?(e uses of pertinent codes.

v . M

.In Europe, the most widc?.y National Codes are [1]*:

AN

‘ GERMANY -  Arbeitsgemeinskhaft Druckbehdlter
oo (AD- - Merkbl#tter)

FRANCE ‘ Syndlcat Nat. de Chaddronn:l.erle et
Tolerie (SNCT.No.l) -

? BRITAIN British Standards Institution
- .(BS 1500, BS 1515)

ITALY =~ .= Controllo della Combustlonf
Apparecch1 a Pressione (CCAP)

In.‘the United States and Canada, the most widely'used

: standard is the ASrME Boiler and Pressure Vessel Code, publish-

»

’

ed by the Amerlcan 3001ety of Mechan,:.cal Engmeers (ASME) .

. ' ' - .
L . - - , q. . N
' ~

*Numbers in bracket;s des:.gn&'fe fefe:;encegr gt the end.of
e report.ﬁ oL " v o
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Since the ASME Code is a .legal document in all Ca’nqd’jﬁp

Provinces in the design of pressure vessels, its development

will be summarized in the following sections. e

A

[

1

The need for a- code becam)e apparent when a dlsastrous

: boiler explosion- occurred on March 10th, 1905, in a- shoe
factory located in Brockton, Massachusetts [2] As/a re-‘-A
sult of this explos:.on, 58 people were k:Llled 117 were in-
jured and proper_ty damage wag. estimated at $250,000. For
years prior to 1965, boiler explosions had been rg.garded as
eithér ax}' i‘nevi;t:able evil or 'an~act of God' . {Foilowing' this

. accident,’ the Commonwealth of Massachusetts introduced the

first legal code of rules in 1907, covering the construction
of steam boilers. iIn 1908, the s\te;te\of Ohio’ enacted
similar legislation adopting,with a few changes,fthe rules '.

of the Massachusetts Board.

A
”,

" Thereafter, other state;; began to formulate rules. and
regulations for—boiler, cpnst:;ucéion. As recju;l.atibns differed

-- from state tg state, manuf‘actﬁrers: and users-of boilers made .
an appeal in 1011 to the Council of ‘the American Society of
Mechanical Engineers to rect'i‘fy th .situat}on. The Council .
reséo’nded by appointipg a commitfee of se\ren membexs to ! i

f .
develop standard rules for all types of pressure-retaining

‘e.quipm;aé}t. In i913, the Committee puhlished its preliminary .

" report and sent -2,000 cobies to engineers and experts on the
-field requesting comments and suggestiondg. Ope year later,
after several meetlngs and p,ublic hearlngs, a final draft

‘.0f the first ASME Code’ wa.-u.ssued ent:.tled "Rules for Construc-




tion of StaALidn gg Bo;lerf and fOr Allowable wOrklng Pressures.
v ) o .
Slnce 1914, many changes have” been made andg, new sgptions

added to the Code as the need arose. The sectiens appeared 1n

the following order:

Section
‘I i Power Bdilers
a) ~
. Material Spe01f1catlons

B011ers of DLocomotives

]
Low-Pressure Heatlng
Boilers

Mlnlature B011ers
' a.

Inépectlon ¢

Suqqested les for
Care of Poweyr Boilers

v

Unfired Pregsure Vessels
Welding Quéiificetions

“
‘-

Of ~ To keep up with industrial growth and technolog;cai
Coo- pregress, majof‘révisions and additions are continuously .

°

made to the code. New editions are issued triahnuaily with

subplements every six months, To-date, (1977 edition) “the

ASME Code Structure_is as, fallows:

°

1

1
NP P

st s s i o A TV
.
’
.
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Section . _— S .
~ I Power Boilers ! 2
o : Voo -
- - . 4 : . . . -
i Ix s Material Specifications
Part A - Ferrous Materials ) ;
= . Part B - Non-ferrous Materials :
’ - Part C - Welding Rods,‘Electrodes and .
. Filler Metals ¢ , ' }
g III °Division 1 and Division 2 ’ Nuclear ' ’ -,
- - Power Plant Components witlf Subsections ‘
. NB, NC; "ND, NE, NF, NG and Appendices
) Iv Heatlng Boilers
V .  Non-destructive Examination .
o . A 4
: . VI . Recommended Rules for Care and
o Operation of Heating Boilezs e
. C . . ~ .
VITI Recommended Rules for Care of Power
\ B011ers ’- o
{ ' 2
! VIIT Pressure Vessels, Div1s;on 1 a‘d 2
— &p
) N [ |
D IX - :We1d1ng and Brazing Quallflcatlons _ : '
. X Flberglass—Relnforced Rlastlc Pressure

‘ . . Vess:i - . .
XI )Rul s for Inservice Inspection of Nu-— <o

Clear Power Plant Components
. k : .

.
s

‘Section I and Section"VIII, Division 1, -dea}) with cen-

- ventional Sressdre vegsels, while Section VIII, Dfvision 2,
“provides sffiﬁgent alternative rules, and Sectiof III covers

“the design of\nuclear equipmeﬁt. Where deemed pcessary in , \

this Report, Divisions l-and 2 of Section VIII are discussed

Q

- and compared. ‘ : -

A detailed guide to ASME Code, Section VIII, \pivision
. , \ P
1, fox ‘the design of pressure vessels and their comyponents is

. provided in Fig. A-1.
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v

/glastic strain CSjL , itt nggilnré\of vessel maferials was %

1.3 CRITERIA IN VESSEL DESIGN -

AV

Assessment of material properties and method of ana-

s

lygical approach are the two important criteria that govern

. the design of pressure vessels. In orxder to assure safe

operation. and high reliability, it is imperative that these .

criteria be given adequate consideration in the early stages ° ;
L8 -

of the design. ' . *

N

Material properties include tensile strength,'ductility,
creep and corrosion resistance. Tensile strendgth, also ca¥jed
the ultimate strength, is the maximum stress that a material <

" can sustain without rupturing% Ductility.is a.measure of the

?

deformability of'afyatetial.

.
. Y

Ductile materials exhibit high strain when subjected
Bt cunli: '
to a tensile test, as shown in Fig. 1.5, while brittle mater-

ials indicate small strain and high stress values. B;iﬁ%le
materials, in low temperdtures and in the preéence of a sur-

s ) N
face crack or notch, may fail with little or pe evidence of

2

RSN

/
a common occurrenéé‘in the past, however, with modern material

technology this typé of failure can be controlled.:

v <

LY

- At high temperatures, the governing criterion is the .

. A
creep vate of a material. Creep is the rate of elongation of

a material as a function'of time under coﬁ%tant_load. Ductil-
. - N -~ ) < . - -

ity, creep and corrosion rates aré discussed in Chapter. II.
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FIG. 1.5 Stress-Strain Curve of a Brittle
and Ductile Material
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The _design approach includes the criteria on which

the design stresses are derived. 1In Section VIII, Division
1 of the ASME Code design stresses below the Creep rarige' are
based on 1/4 of the tensile strength or 5/8 of the yield,

while in the creep range design stresses are based on the

rupture Stress or 1% creep strain in 100,000 hours. Division

“n

2, of the saﬁe Section, covers design in the creep range and

]

stresses"areabased on 1/3 of the tenSLIe strength or 2/3 of

?

the yleld The reason for permlttlng higher des1gn stresses than

in Division 1 1s,lth3f'D1v151on 2 requlres a detalleq stress

analysls under ali p0551b1e comblnatlons of loadlng, whereas only

8

.

dlrect mehbrane stresses are 1nvestlgated in Division 1.

o g

1.4 SCOPE OF THE REPORT

The aim of this report is 'to' introduce the:rea to

a

the design of pressure vessels. Throughout .the discusdion,

the design ruleés and criteria mentioned refer to the AsME Code.
& Material properties and their influence on the design

r Chapter II, where both ferrous and non-ferroys, =

\
are covere

ussed. Chapter III demohstrates thq‘appli-

cation’ of e membrane theory of elasticity in calculating

stresses eveloped by 1nterna1 pressure. Also, dlscontlnulty

stresses at the head—shell junction and local areas .on the

vessel are outlined, ‘Chapter IV contains a sumnmary of cqmmon

~

design equations which mey be hsed to find.the required

material thickness under internal and external pressures. Also,

'desién procedures'for,tyPica; Qessel compénents are described.

1. ;
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°Finally,'ag illustrative example of a vessel deéigﬁ,

based on Division'I, Section VIII, of the ASME Code, is pro-
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SELECTION OF MATERIALS
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- 2.1 GENE¥AL REMARKS
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. . . SELECTION OF MATERIALS
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A major consideration in the design of 'pressure vessels,

A CHAPTER II =~ -

-3 ° “’

Co v N ,
is the sFlection of appropriate materials to meet the require-

ments. of each perticular application. In ordew ta arrive at.

o

. the optlmum selecﬁlon, the de51gner should be:.fully aware of -
|1l perameters related to the intended purpose of the, vessel,

stlpulatlons of relevant codes and statutory reguldtions, as
well as cost and ayailability of materialsi

N .

Modern 1ndustr1al appllcatlons of pressure vessels

cover an exten51ve range of tempcrature and pressure. Some Ve

unlts are required to operate at tempqratures

"

5 high as
1300 F(700 C), whlle others are de91gned to work at -~ 330

»

"(-200°C) . The de51gn pressure also varies f¥om vacuum 90 as

. . : . \
-high as 20,000 psig (137.8 MPa). It is apparent that material

selection will be dictated:ro a large extent by the service

envmronment. For example, operation at very low te pe;atures

requlres the use of notgh tough materlalew whlle at igh

temperatures creep strength is essential.
f ‘ . ' ¢ .
The. designer sho&ld assure fhat the~selected material
)
does not entail any fabrlcatlon problems. This 18 especmally
true when deallng w1th high strength alloys where shaplng and

301n1ng demand a hlgh level of workmanship.

"

Furthermore, a

-

good workKing knowledge of design codes concernlng materh@l re~ t
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quirements is essential to guarantee acceptance by the concern-

ed regulatory bodies.

~

N T <P In North America, pressure vessel materi are specifi-

Coy ‘ . .
ed in accordance with the standards of the American Society
- for Testing and Materials (ASTM) and the American Society

of Mechaﬂical Engineers (ASME). In general, materials used in

pressure vessel technology may be grouped as follows:

L]

1) Steel, including carbon steel, low and high alloys

and all types of cladding (ASME II, Part A).’

/ 2) A Non-ferrous, includihg aluminium, copper, nickql
o and their alloys (ASME II, Part B) .,
; - Ce
- ' 3) sSptcial purpose materials such asutitahium,

zirconium, platinum, etc., (ASME Ii, Part B).

L v * - w -

LAY

- " a) Noﬁ-metéfiﬁc such as fiberglass-reinforced é;;stics

- (AsME X). S L

e In this Report, we will discuss the first two groups
since ﬁhey represent the.principal‘materials employed |

i

. _ in current pressure vessel construction.

2.2 STRELS o o .

Lo - ~

Steels,which are essentially alZoys of iron and carbon,
are very versatile and are used eg’edsively in the fabrication
'of pressure vessels. Steel is made in two cfystal forms.

One form has a body-centered cubic. lattice known as ferrite

T -and the other has é'faéé—cgntered cubic lattice known as

3
\ «

o . "

i b air —— e e

B i
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-austenite. The cagbon content, which determines the.hardness,u

. 1is usually maintained HE{SW'O,BS%.

Pl " )

. ° . . : K .
Material properties depend mainly on the process by

which,steel is made. ~Steel- is made by removing impurities'
, i . Mo
from molten iron (pig iron) or from a mixture of iron and steel

5

scfap. The type of impurities removed depend on whether an

D - - .
acid (silicon) or basic(lime) agent is employed. The most

N

Y : .
frequaptly used steel-making processes are: Melting, Pouring

_.and De-oxidation [q%.

In the Meltlng process, steel is made in. Bessemer
converters, electric. furnaces, open hearth furnacﬁ .ang basic

_ oxygen converters.J/Llstor;cally the Bessemer process is the

~

first bulk steel-making method.

In the oiiginatitasio Bessemer converter;Jair iswblown
through a charge of molten iron to remove excess carbon., Mangan-~
-eﬁe is subsequently a?ded at® the end of tﬁe 'blow' to counter-
act the brittle effect of sulfur residues. . In converters
witﬂ an acid refradtory lining, it is not possible to remove
phosphorous from the iron. Some improvements to the ac1d
' Bessemer .process have been achieved, but thlS method of steel—
making is llttle used in North America because of the type of

1mpur1t£és contalned 1n local iron ores. Bessemer Steel

may have an undesmrably high nltrOgen content, which' results

in strain age embrittlement [6].

A o
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% . Open héarth and electric furnaces steel, "is made by -, °

]
e
[
¥
k]
«
e s, St v

mg}tiﬁg:iron and steel‘sérap under suitable slags. Excess
carbon is removed by acceleratlng dﬁldation, through the

addltlon of iron ore Lnto the melt or by 1n3ect1ng oxygen.

3

*‘These processes glve adequate control over the content ofs

7

non-metallic impurities in the steel and are generally accept-.

. ‘ . N \
ed in’'making boiler and pressure vessel steel plates. -

%
Al v 3
~ . .

) In oxygen converters, phosphorys, sulphur and carbon

Loy

are removed ‘as in the Bessemer Method. In this process, as

L 4
the name implies, oxygen is-blown on 'the surface of the charge,
insfeadupf air [5]. ASTM specifications accept basic oxygen. . |
' ' . 7 ‘
- steel for boiler and pressure vessel plates.

»
~

In the Poqring‘@ethod, carbon is removed from the iron ’ n
ore by combining it hemically‘&ith oxygen. This results in a

8

91gn1f1cant quant'tx“of oxygen belng present 1ﬂ the final ' ‘_u

.
product. When this steel is poured 1nto a molt, the remalnlng

carb%p and ox n react to form carbon monoxxde (CO), leavlng

“the outer part of the ifngot somewhat porous and decarburlzed.
~%When oxygen is reduced to a low level, the reaction ceases

and the inner part 6f the ingot,:which coﬁtéins tthe residual

carbon énd.mosf of the impurities, -solidifies. Plates rélled: ’

froﬁ‘suéh ingots have pure steel in the outer layer and impﬁre -

carbon steel at the core. ' Such steels are known as rimmed

* [N . '

steels. N VN

e

In the De;oxidation process, oxygen is repoveé by add-

ing small amounts of cpmpounds‘(de;oxidants) that hHave an

<
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""\plain carbon steels.” A typical chemicai compos:Ltion of : -

N

2. / : 16 %
: ) . - ,é% l : ’ B
i
}

e

affinity for oxygen. Silicon, manganese and alum:mum are

added in small quantities "in the charge. 'rhe alum:.num re- RS

L

acts Wl";h nitrogen to form aluminum nitrage (A1N) .S Those

steels i:ontaming ‘aluminum are known as killed steels. Semi-

.
- ‘- - )

kJ.lled steels are an intermediate quallty material between o

rimmed and killed steels. : T ~ '
) ¢ . . d "ij )

The creep ruptute strength of 'aluminjum-treated'

\

steel is inferior to that of silicon, killed or semi-killed

v "

steel at temperatures around 750°F(400‘°b) . The addition of

~

’
T e et o o kv i A Sl st S

de-oxidants, such as silicon, manganese and alumigxium, may
: L

create a lamellar weakness. 'I‘his disadvantage can be ‘minimiz=-

©

ed by pouring ﬁ\he steel under vacuum conditions. In: vacuum- .

pour:mg ; small amouni:s of ~de-ox1dants are added resuiting in

improved quality control.

2.2.1 Carbon Steels ‘ o .
P \ ! ot o~ ¢

The iron-carbon dlloys containing‘up to- 1.7% carbon

w:.th only minor amounts of other elements are referred to as 6

-,

carbon gteels used ir} pressure vessels is less than 0.25% carbon, .

VLD v

about 0.7% manganese (eo;txetimes up to 1.5% manganese), about

. 0.05% phosphorus and sulphur. Carbon steels with up to 0.4%
~ L3 . . - o \

) &
Y carbon are used forﬁf& studs and nuts [6]. : o ‘
5 v K ‘ ’ { - ' ~ . -
. . 7= . .

*immed steels are seldom used in pressure vessel con-

struction becans“'e of their lack of chemical homogeneity. !

! ’ D> . v C ~
Semi-killed carbon steels are the cheapest and most ‘commonly

q

used material for conventional light duty service vessels.

\
“
N . .
" B .
v 4
© v .
»
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'ASTM,specifications( for non-killed steé‘ls ‘do not ) stipulate
~ the degreve of dé—oxidation to be employed z:md thé& éteelﬁmake.r
is free to supply -any grade\"that' meets the chemical and physi-
cal requirements. Fully‘de—‘o‘xidized silicon killed steels are

more homogeneous and are used in more demanding. applications.
3 ; ‘ o "

) Charbon steel may be classified as. finé;-grdﬁ.n or coarse-

grain. Fine-grain. carbon steel is employed in moderate and . iy }

O - .
loy, temperature application, whereas coarse-grain steel ~ in = , i

intermediate and elevalte\;\i temperature application. This classi- !

=~

?}c.ation is accepted Jp\poth the ASTM anc:; ASMﬁCodevs‘._‘ ASTM
’A:gls is a fine-grain steel, which according to the ASME Code
Se'ctic;n VIII, can be used up to.'BEOOF (455°%). AsTM \A—51-5‘ on ‘ )
the other hahnd, ié a coarse—gra;in s“teel aﬁd can be uséd up to

1,000°F (540°C) [8]. Another commqn\{tat ial is ASTM A-285,Gr.Cr

'empl’oyed for vessels which do not con'tain lethal liquids or

. ‘gases,.and have operating temperatures between ~20 and '900°F

(-30 and 480°) . L Lo
» B ) -
N - - ‘ ‘ <;,’
:Recently, in ¢rder to meet  the req(x.\ire}me‘n'ts of the nu-

clear power industry,\a number of cérbon-mémganese.steels' with . 3
~ i
a high notch toughness have been developed. Their carbon _ g

.,content is below 0.15% with about %-2% manganese .fr7].

:
- . . ; )

Carbon steels are generally used in the normalized con- .

dition, that is, after being heat treated up to 1650°F (900°C) g 5
and allowed to cool slowly by exposure to air. Alternatively,
the "annealed ‘condit'ién. may be'achieved by selecting the

~ .-

témperaturé and c’ool'_ing rate during rolling and forming. The .
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‘ 2.2.2 Low Alloy Steels - - ' o

A

material is then in the 'as rolie‘d' condition.

v

-
ot s .

ry - ) ~ °
- .

& 4 N P " , )
Low alloy steels’contain less than’10% alloy elements

in total. Special properties are conferred‘ on these steels by the
phenc;e of either one or several other alloying elements, the’
most common being chromium, nickel and molybdenum in varying

. amounts but always kept below ].0% Chroxﬂiun‘i .and molybdenum

- 1mprdve the mechamcal propertles, espec1ally at high tempera-

tures, and enhance corrosion resistance. Nickel on the'.other
¢

AT e i o, TS B

’ . . - > \ .
hand increases the notch Roughness at very low temperatures.

A typical cémposition of other elements éonsists of 0.15% carbon,
~1 . ) '
» 1.0% manganese and about 0,3% silicon [6] ‘I‘he»phoslahorqus
- and sulphur ccntents are always ‘kept below 0.05%. - Low alloy

steels. with carbon cornitent of 0.4% are used for boltlng
o < ' .
A low. alloy sté’el, with high creep resistance around /h |

A‘..ﬂ...,,

885°F(475 'C), is the 0.5% molybdenum steel Wthh was orlglnally

qdevelopé«i for superheated stear. However, as a result of
’ J ' .
reported fallures, it is now bemg replaced for high tempera- *
ture serylce, by chromium~molybdenum steels w1th 0.5-5% chrom-'
. . .

ium and 0.5-1% molyid“enum. For low and ultra-low tem ratures,

e b

*

3.5%- nlckel steel and 9% nickel steel are used respectively

o

[9]. -

~
»

[3

- It is}-'impo;-tant to emphasize that ld‘W\glloy steels

dev%lopedfor high temperature apéli-(:ations exhibit a lowér )
—_ .

- ¢

<
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elongatlon at rupture than the ordinary ‘carbon steels.

Because of thls,acracks may 1nit1ate durxng hydrostatlc tests,

T

-

o7 which,are usually condu ted at room temperature, at points ~ .
; where high localized str sses exist. The designer must ensure
that the maxlmum stresges'un low alloy pressure vessels do not

¢ exceed the yield point duri pressure testlng and subsequent ,
' service time. ' o - - Co P
- ", \ ’ \ A -

2.2.3 High Alloy Steels

Steels that contain more than 10% alloy elements in

C s ' total, are frequently referred to as high alloy steels. .

vy imad

L3

) There are two baSlC types. styalght chromium ferritic steels,W1th
chromlum ontent nanglng from 13% to 27%, and chromium~-nickel
. austenitifc steels, contalnlng 18% to 25% chromium with

o

8% to 20% hickel. The carbon content for both ‘types is main-

i S0 " - A \ ' G -
A tained between 0.04% and 0.25%. [9] ' Co
The straight chromlum ferritic steels are generally v SN J
)2 -~ \ |

spec1f1ed for corrosron~re51stant service. 13% chromlum steel

Ve o B alloyed w1th aluminum is commonly employed in petroleum re-

z%jgery vesgels, which are in contact with sulphur 1ng
alum

oils, at glevated temperatures. The addition of um .

Y . ensures -that the steel is ferritic and minimizes hardening in

i a S - r I

{ the heat-affected zone of the gelds [6]. S

~—
w

R . [ : B
17% and 27% chromium steels are rarely encountered in v

' & pressure vessels primarily because_they are susceptible to

temper-embrittlement. . - E h
. ) . . o £ —~




R
-

.A-240 - type 304 containing a maximum of 0.08% oarbon.

N

Austenitic chromifin-nickel steels are uged mainly
sub—z&ro.andnhigh temperature applications ‘as well as, in
corrosive environmehts. Austenitic steels are nominally s

‘ o -

specifigd by their chromium and‘nickel content. For examble,

 the designation 18/8, 10/10, 17/12, 25/12f and 25/20

refer to the chromlum and nlckel contents res ectlvely,pre-

.sent in each alloy. A w1de1y used hlgh alloy steel is ASTM o

~

5
material has=#fairly good antlcorr051ve pro erties and. is

sultable for both 1ow and hlgh temperature servrce, Austenitic
chromlum-nlckel steels have excellent notch toughness and may

be used for temperatures down to -310°F(-190%°C) [7]. . .

. r
of . . . . -
Stralght chromium steels are used 'in the chemical lndustry
usually for non-pressurlzed components. Austenitic steels are
used for pressure parts as well as llnings,whenever it is .,

necessary to employ materlals with high corrosion resistance

. and good creep strength. In high allgy steeis,it is essential

w . . “
to follow the correct mapfifacturing practices, especially in

weld preparations and pre-or bost-weld heat treat?ént.
- o i , k

~ 2.2.4 Clad Plate 4

ut
-
~ . >

. J .
In some cases, the surface propértles of steel can be

improved by 1ncorporating speclal surface layers.“When such
‘\

surface Iayers exceed 3% of the totaixmass of the base plate:

the resultlng product is known as composite steels. The pro-.

‘.l L

cess_ef adherlng a surfa 7&ayer to "the base plate is called

claddzng. The materlals most frequently used for cladding are
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&
8/8 stalnless steels, 13% chromium steels, nlckel and nickel

alloys [9] IR | /

wrw 4 -

- - . i

‘Cladding may be accomplished in several ways some of .
) " which are: casting the elad metal around or adjacent to a
previously formed steel ingot rolling composite plates to
produce bonding by pressure weldlng or buildlng up a thick

surface through weld dep051t10n. Roll bondlng is limited to - ) i

t
E

plateé with initial thicknesses ¢of below 2.5 in.(63.5 mm).. Co

\
Thlcker clad sectlons are made by\ weld deposition or by ex-

S
L
g - plosion bonding [6] Explosion c%ig plate has only recently
% ’ ’ B becbmekavaileble and its advantages and disadvantages have not 7/
% . yet been i?llyfasseéséd. I ‘ . "
' .y The strength EUntributiou of cladding material to e
-~ o \ pressure vessel wall is qgten‘dieregarded ip‘the design and .
{ {‘ft‘ . clad is used only to resist cerrosion. Tyﬁical cladding
; L | thicknesses' are renging from 0.125 to'6.1875 in.(3-5 mm) ’
( § /' or 10% to 20% of the fotalﬁthickness of the plate. To assure 1
i

.- sound gléddinét dye penetrating testing or magnetic crack de-

I \ tection of the cladding ate essential requirements [73.

o

2.3 NON-FERROUS METALS v . .
) , .

2
»

B Metals which do not contain any significant amount of .

. . o
iron’ in their composition are generally referred to as non-
. < ~ N

‘
IR o PLTI

i .. . ferrous metals. These materials are used in the chemical in-~

.o

dustry to eliminate corrosion and undesirable contamination.

T \ The wost common non-ferrous .metals are aluminum, copper, nickel ¥,
" N - ) e

i
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"and thedir alloys. " L N

\

2.3.1' Aluminum and Aluminum Alloys = - -~ °

| i
.o v

The principal reasons for \tilizing aluminum in-

"

‘pressure‘vessel eonstrqction‘are; gaod ductility at sub-zero
Vtemperatures, egcelleht eerrosioﬁ reeistance and its availabil—
ity at'relati&ely low ‘cost. These three advantages make |
‘alumlnum desirable for low temperature appllcatlons (storage ‘of

1fqu1d methane),»the productlon of hydrogen peroxade, the

hanéﬁlng of acids and a number of other duties in chemlcal-and

food industries” [6]. ‘ . .

On the other hand, there are two major properties\that
\ restrict the use of 2luminum in pressure vessels. These are:
(i) - low.strength and (ii) low melting%point. Low strength -

]E' : . problems may be‘overcqme to some extent. by alloying. In fact,

-

l some aluminup alloys have been developed with mechanical :pro-

pexriies comparable to those of carbon steelsw Low melting

point remains’a problem, especially in hydrocarbon processing

P

‘plants, where in the event of a.fire, there is a potentieh

danger of ‘melting exposed aluminum parts. BRCE

Ih general aluminum alloys are class1fied as heat
~treatable and\non-heat treatable. Of the non-heat treatable,
:the aluminum alloy of 1.25% manganese, aluminum alloy of 2. 75%

magne51um and 0.75% manganese, aluminum alloy of 3.5% magnesxum

) &
'and alumlnlum alloy of 5% magnesium are most commonly used.

‘of the heat treatable alloys~ the alumlnum—magneslum-sillcon
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) ’t}pes arefpreferred fdr forged pressure vessel components.

3 . . . )

‘ Their use in - plate form is llmlted since their strength is

P
BT e
.

s

; reduced near welded joints due to anneallng [9].

In pressure vessels, the appllcatlon of alumlnum e T e
. Y
‘alloys is allowed for -design temperatures of up to. 400 F(205 C)

v

2.3.2° Copper and Copper Alibys L ' ;

. 1)

Commercial copper is ‘available in various grades of

purity.. It'can be classiﬁieddin tWo grades: oxygen~bearing

COpPér (electrolytic) and oxygen-free copper (de-oxid}ged). R

.Dewoxidation of copper is-necessary in order to oid porosity o

anqiembrlttlement in fu51on welding [9].
i .

¢

P The alloying elemente“nbst‘commonly used with, o g

copper are zrnqdbrasses), tin(bronzes), nlckel, 5111con, alum1n-~

\

1um,cadm1um and beryllium. The nomenclature of the copper alloys 1s
¢

rather confu51ng because of the inconsistent names that have ¢ ;

i
. S !
been assigned. For example, "an alloy named nickel sgilver is i
ot A “ . . - .
composed principally of copper, nickel arnd zinc‘andkgoes not ?
' [ * = i

contain any silver. It has been:given this name because of its

o~ ;! . .~

silvery appearance.—”
yex: & .
g ) - . ? e

Brasses fNaval Brass,. Admlralty Metal, Aluminlum Brass, !

Muntz Metal, etc.) and copper-nlckels are used for heat ex—: -

¢hanger~tube bundles, because of their ability to re91st

4

RSCETY

brackish or salt water. ' (

.
+

Bronzes -exhibit high resistance for oxidation and
. bt :

corrosion and are stronger than pure copper. Tin bronzes are .

)
1
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. . . & ?
§ mainly used for castings, such as valve bodies. Aluminum g
hd . B g - ? B
vi a bronzes are employed for heat exchangers, whenever strong ‘ O
' . corrosive fluids are handled [6].- oo - -

2.3.3 Nickel and/;;ckel Alld?s

v * . . .

*

- Co Nlckel and its alloys have e wide' appllcatlon in the b
8 . chemical andtnuclear 1ndustr1es. ‘Nlckel is commerc1ally o ;_"

available .in two grades, both with impuriffés content beélow

1%. The fzrst and more ysual grade has a carbon content of '« ~,
2 .

abonut 0. 05% and is éenerally used for handling _caust:l.c soda

at all temperatures and concentrations, salts, chlorine, . !

s

- fluorine, bromine and molten metals such as sodium and o

potassium. The second and less common grade has & carbon

PR

%
‘~content bf less ‘than'®. 02%‘and it is used for handling molten
S : caustlc soda at high temperatures. NickeI is subject to -
Q@
- embrittlement and crqcking when 1t is in contact with sulphur

4 - i

B At e iy on” o grrplE W
.

‘and lead [9]. ' : . 8. .
‘ S o J

- ¢

R el U
.
-

B Some of the most 1mportant nlckel alloys are Monel

(66% Ni - 31.5% Cu - 1. 5% Fe) Inconel (80% Ni - ad5% Cr'- 8% Fe),

. R Hastelloy R (28% Mo - ‘5% Fe?, Hastelloy C(16% Mo - 15.5% Cr -

9 . 3.5% W~ 5.5% Fe), and Incoloy (32% Ni - 22% Cr).

‘ -
" ' -

‘a i

Monel is used f@r vessels in contact with hydrofluoric - =~
: ' . L ‘ ' N

changers. It is rot resistant %o)okidizing acids [11].

.
\ . . . . - . :
N N
T

L * ! -
— - .- Inconel is of better corrosion resistance in oxidizify
o ¥ N @ " I M ) " ! .

media than Mpnel ‘or pure nickel, Because of its good creep ) -

3 L acid, caustic soda, salt-solutions and salt-water heat ex- - 4
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\;//T/ and thermal shock resistange)»incohel is used as a standard

- Y

S material of construction for nuclear reactors of the boiling

type.. . o T

. 3
The Hastelloys are acid rééista%f:mbtalsl Hastelloy B

can ea51ly handle hydrochlorlc acid, while Hastelloy C is

“
re51stant to stréng oxidising agents suchras ferrlc chlorlde.

- a "

{ = In spite of the advantages that hnickel alloys‘provide
. i
1nfpressure vessel serv1ce f¢he1r high cost restrlcts thelr
LS
application to a few, very special cases. In general, they

’

-

are replaced by stainless steéﬁs,qxcept,for temperaturé above |

‘

1110°F (600°C), and for handling highly corrosive fluids.

1
’

2,4 OPERATING ENVIRONMENT AND MATERIALS

N\

¢
. L : s

The selection of a pressure vessel material is dictated,

.-primarily by two factors, namely, corrosien resistance and

ﬁéhéviour at the intended temperature applﬁ‘ation. Corrosion

RACENMAEN ~f wompostr o - iyt 2

resistance determines partly the ultimate life of ;He vessel
and the degree of proéuct contgn@;ation which is likelylto’

occur in sérvice.‘ Temperature of .the operating environﬁent

\affects to a coﬁsiderable extent, a number of importan€

I3

physical properties of the materia

2.4.1 Corrosion Resistance

Corrosion is the gradual deterioration of a material

by a‘'chemical or electrochemical interdction with its environ-

®

ment. This‘encompéééeg the deterioration of metals in all types

¥ -~
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of'afmospheres and 1iquids, and at all temperatures. ‘Corros-
ion has been the subject of many investigators and consequently,

there are many referencesﬂpvailable in literature, providing

valuable information and guidancé\fér the selection of approp-
r : -

riate material for a particular application. For example,
' "o . ' B ' , .
corrosion rates for metals exposed tq‘various operating enyiron—
." - N . o - X . »
‘ ments may be found in [11]. ' R L
- 4 , . . ’ Q . . 5

~ v
- G s

. ccaptable corr051on rates vary greatly accordlng to
‘the’{;;:g::}al appllcatlon and the severltyl;f the envlronment.
In chemical processes, corrosion rate' depends upqn the chemical
hayure of the SungénCes enclosed by a vessel. For example, W
the.pprific&¢i%n‘of>crude\o?ganic quantities with hydrbchloric,
'g;id as a by-product,usuall resulés in a h;ghly corrosive
o ig?ironment. Laboratory-te data on the comparativé:ﬁbrrosion

| ‘rates of fourteen materlais are shown in Fig. 2.1 for the dls‘
tlllatlon of crude tricresyl phosphate at 550 F(290°d)

In some applications corrosion rate can be as high as
0.05 in.(1.25 mm) per year, and analogous corro&ion allowance’

must be added in order to determine the final wall thickness

-

of the vessel. A common value for standArd corrosion allowance
is 0. 125 1n.(3 ‘mm) . In some,appllcatlons the,env1ronment is

extremely corrosive and no fixed rule for acceptable corrosion

] ~

allowance cah be folldwed. In ‘such cases, if the only resistant

<

m@terial is a high cost metal, such as platinum for example,

. it is more economical to use a lower cost metal and accept

1

a shorter vessel life.’ e

|
-
i
i
i
1

i < 30 < =



TSNP 5 <45 “vegetpgmme g+
.
v :
. ;
,
.
e

- ~ o ', v —~ ey e N ~1 e hida TE TR W By RN ) at 1 vt v b s e b N »
Y \. N +
L. . '
- » _ - o ‘. ‘
‘ - | 27
: 7 .
. ‘ - R
g R ) o i
oA g . _
t v T Y . N "
- . ' Type of moterial Tﬂcruyl phosphate . ) .
' ' Hastelloy C distillation e , .
: ’ : Hostelloy B § . S50F .
. “ ‘ . 20Cr — 29Ni — 1 .

. - - 2Mo = 3Cu . -
ot ’ Type 304 sicinléss |2 - .
[} : Type 316 stainless (H . v
: Type 37 stointess B

.. ‘ < o Type 430 slointess 7273

. ' : 145 —3Mo— P
' Nickel - ] .
Duniron ————— A O

(2

” Monel o .
N -~

- Copper,
- o

Mid steel ——
Tq ’ . 3003 olvminum —
4 Lo ) . T § © 50 (00 15Q 200
v : ’ é&mo:mn rote, mils per’yeor
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_ form of corrosion, which might result:in a catéstrophic o

‘chlorides and moist ethyl chlorides [6]. For austenitic

" chromium~nickel steel eéuipment, which may be subject to

‘metal. These materials are generally employe

N N H
. E

-
)

In petroieum refining processes, hydrogen attacks | ' %
steels at certain elevated teﬁperatureé causiﬁg deéarburiza— .'« . .‘;
tion"and fissuring [6]. Carﬁonfst;éls often are unsuitable
for* petrochemical application and various degrees of alloying -
must be employed. Fig. 2.2; also knowf as 'Nelson/s Chart'
shows the resistance of carbon and alloy steels to hydrogen

L

attack.

-

Stress-corrosion cracking is a particularly hazardous ™
N .

.
PRF IR SORFPRV N Sl
g—

failure of a vessel The most commdn>aéehts prémoting such

cracking are sodlum, Magﬁe51um, ‘calcium, zinc or llthlum/\

\

M . v

.

chloride contamination, stainless-clad steel is more effective
Lo~ . . s

-

than solid stainless steel.

N
. )

q

Frequently, carbon steel is coated with both metallic

. P
and non-metéllic materials to prevent corrpsion attacks on the

composite

b

steels or linings in the interior surface of the vessel. Non- -
metallic materials for corrosive envirbnment irclude brick,

ceramiq tiles, rubber, wood, glass and concrete. It is apparent

1

that some of these linings limit the operating temperature or

pressure or both. Metalllc materials of high corrosion re-

sistance are used 1n a form of a clad plate or a layer of weld

deposit in thick sections such”as in forgings,
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.ffactu}e wisth little or no plastic aeféxmation, and the  amount

. “
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2,4.2 Effects 0f Temperature on~Prqgemtiesl ‘
‘of Metals: o g : .

< . ' '
f . ) b -
1. .

Apart from their resistance to.qof;;;;:;\Tnvironments,

°pr¢§sure vessel materials must be capable.of withstanding a

wide range of service temperatures. FTemperature effects may be
~ ‘ ., ]

convenientlyagroupﬂé within three ranges: sub-zexo (below 32%
0.

or 0°c), atmospheric (32 to 75?F or 0°to 22°) and elevated-

(ébove 75°F or 22°C).

£ .

Vessel materials used for subfzero\;emperatures must :
- - -

have good notch ductility. Ductility is 'a descriptive term

related 'to the ability of the material to be plastically de-

formed without fracturingfin tension [3]. Tensile strength
lod ., .

increases with increasing température for ductile materials. -

) 1 )

DR . - N : f .
This propent¥ is not so advantagéous/dgping the hydrostajtie-

‘test pressure of a vessel'when conducted at ropmiitemperature.

. a p
H .
Contrary to ductile materials, é;ittle materials

.

1

of energy requiréd for fracture is small.. Transitiion tempera-~
. ~ T “
ture is defined as the temperature above which the ductile type:

of failure occurs. 7\ Below the transition teméerature a range '
may exist in whiﬁﬂ'the m&teri&l has éemi—brittle properfigs. (
At still lower teﬁperatures the material becomes completely
prittle. Beloﬁ this,temperatﬁre of .complete embritqlément, ‘
hfittleffracture may occ;r even%thoﬁéh no. cracks or notches

By . b . .
exist in the material. 1In the transition range, a crack orxr
. - . .

notch must exist for brittle fracture to occur [3]. Above

R T WO W PP It

S
F1

T bt e et

B ]

P
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" the transition temperature, brittle fracture'will not occur
even if such a notch exists. The transition range is usualdy

determined by conducting Charpy or Izod Iﬁpéct tests at

various temperattieﬁ' The procedure for the Charpy impact

test for plate /steels for vessel constructlon is descrlbed

in the ASTM designation A—370-54T [7], and the minimum impact—
' strength is specified. Fig. 2.3 shows the data of low-alloy

-

steel taken by a standard V-notch specimen, as shown 'in

" Fig. 2.4. ‘ ' » y : v

.
%

Grey cast iron may be used at sub-2zero temperatures

Vd . . '
since it is no more b¥ittle under these conditions, tﬂ%n at
room temperature [6].. However, grey cast iron has low

\ .

yleld strength. At temperatures down to - 75°F(-60°€), carbon

-steels are used with hlgher stresses. Coming further down: the
temperature scale, at a range of - 60 to - 150 F( -50 to - 100 C),

‘ferrltlc low alloy s\eels may be used. Below - 150" F( 100°C

-
v

the choxce lies between austenltlc chromlumhnlckel steel, 9%

nickel steel, aluminium or copper.

S

9

In Seleeting vessel materials for atmospherig)tempera—

E]

ture?%carebshgu}d bé“taken'tp guard ageinst brittle .fracture,
although there are no mandatory requirements for ‘'notch brittle-'

ness' in pressure vessel codes. A su1tab1e material for atmos-~

) - » e v v

, pherlc temperatures is kllled or seml-kllled fine- graln s%eels.

Materials at elevated temperatures need to be examined
from twelpoints of view, namely, creep strength and metallurgi-
~ cal stability. )

.,
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Creep is the continudus deformation of the material -

under constant load. Creep propertiés may‘Pe improved if

the composition is such that prec;pltatlon of carbides takes

- <

A place during the creep,procees. ' The effect of certain efeménts

on the cre&p strength is shown in Fig. 2.5. From this figure

one can see that the creep strength of ferrltlc steels

&

is- 51gn1flcantly enchanced 'by small addltlons of molybdenum flo]
v, 1 v

.

The stfengEh of materials is also dependent on their
microstructure.
resulting in different pro@ﬁcts=such as ferrite, pearlite,

s

bainite, martenite, etc. Extensive descriotion of these trons«
‘formed products ‘and thelr effoct on strength can be found in

standard metallurglcal books [10]. Carbon, carbon-manganese
and carbon-molybdenum steels with low carbon content used in

‘pressure- vessel construction are normally pearlitic.

’
&
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Temper embrittlement, spheroidisation, graphitisation,

. . ‘ - 3 8 8" ,
carbide precipitation or sigma phase formation, are some of
the metallurgical changes that weaken the maherfel properties -

‘and must be avoided. Secondary hardening, that is hardening

1

" due to carbide prec1p1tat10n at elevated temperatures, has been
' Nt

known t0'occur but tan be controlled by post-weld heat treat-

ment at a proper}temperature. A material w1th good metallurglcal

stability is Incoloy 800 (32% Ni = 22% Cr)\Nblch exhlblts high

strength at elevated temperatures [11]: Seml—kllled carbon

§
-steel, 51llconikllled steel, 1% chromldm 0.5% molybdenum steel

a

and austenitic chromium-nickel steel are some of the recomwend-

‘ed materials for vessels at elevated temperatures. . S

‘
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* CHAPTER III
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STRESSES IN PRESSURE VESSELS

S Y.
N, - 3
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9

S 3.1 GENERAL SHELL THEORIES ) : “:

-.' The most common shell theorles are those based on

i ' /

llnear elast1c1ty poncepﬁs.

T AT T g e e e

These theories pred1ct to an

acceptable. level of accuracy, stresses and deflections of.

SN s g 8 4

. ‘ - shells exhibiting linear elastic deformation. The basic .
assumptlon of all such theorles s that the resulting de-
formations follow Hooke s law and that the equxllbrlum conw'
~d;tlons are satisfied before and after deformaglons have

occurred. ' P C

-

) !he non—llnear theories of;elast1C1ty hpply generally
,*,, . to ehells wh1ch man;fest large deformations. These theories
| are often)requlred when dealing with shallow:shells, highly .
elastic ﬁembranes gﬁd ghells ;ﬁbjected~tojbuckling-loadé.

< ‘> In niost cases} non-linear theories result in complicated
‘ equations and for this reason they are not widely used.
S 9" . ;

o The theory of small deflections of thln elastlc shells,

o _is. based on the equatlons of the tWO~d1men51onal 11near

-

:elasticzoy Basic relatlons can be developed from elther‘
© e N ¥ . A7
- etatlcalpequilibrium or from purely geometrical considera—
. A

The . geometry of a shell is entlrely defined by its ' -

g _Areference surche, its thickness and 1ts boundary [12], Of'/

“tioné.

these, ‘the reference surface, that is, the locus of pbints

-
3
©

equidistant from the bounded surfaces,, is the most significant '




4

0 S g

.
N

"‘;ﬁ

;:*' A st

x,

o

9

. S
k ' ’ ' &
. . -
. ‘ 5
. N

. These two varidbles are more conveniently taken .as coordinates

| ' 35

v
since it defines tﬁe shapéeof t@e sﬁeil. In the ﬁnalysié of
such shells, the governing equations of the three-dimensioﬁal)
theory of elastlclty 1nvolv1ng three 1ndependent space varlables

-are reduced to a new system with only two space variables. ‘

= 4 \\- . .
on the reference surface of the shell. ) oo,

-4,

In general, linear shell theories can be classified -

into four essential categories T[13].

(1). Firstroraer approximation shell theory

(2) second-order approximation shell theory ‘

(3) . Specialized theories of shells ) o '//}
. ' (4) Membrane shell théory \

1 »
-

ed by the order of terms in the thlckness coordinate that is

retalned in the straln and constltutlve equatrons.. The intro-

\
duction of certain assumptions permlts the evaluatlon of
& ]
stress-resultant equations, thereby rendering approximate re-

lationships between force and deformations. 3

« ' s ' " "

In the case of thin elastic shells, the simplified

”

bending theories are~geheraily based on Love's‘firsg;and‘sec nd

approximation shell théories. Love was éhe first investi

cal elastic1ty in 1asa¢/flaj g : o

Special she;i gheories have beerns developed to include .
the sballbw-éhe%l theory, shear~aeformd£ion and.Geckeler's .

-—Thé order‘of a phrtichlar approximate theory is’ establish- -

N

\
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~l

offers no resistance to beRn

‘can' be found in [12,13]. ° _ . v

-

' ) - . ‘ %
approximation. for’ symmetrically. loaded shells 413]." These

three approaches can accommodate force and moment fields.

v

.The shell theories stated above are generally re-

—~

ferred to as 'bending' “theories because their development

included the consideration of the flexural behaviour of the

shells. If, in the study of equililrium of a shell all . ..

moment expr;égzsgs‘wer neglected,

would be the membrane theory of shells.

resulting aﬁalysis

L)
¢

A shell can bé o act as a membrane if it

g and if only a momentless *

state of stress exists.  In many practical designs, the re-

'shaiant forces do, in fact, produce minor bending moments

v '

\ ", o
which can be neglected. 'The fomentless state of stryss
"

- condition is a desirable feat re in the analysis of shéll.

4 . N L3
‘structures because it results iz\eimple design formulas incor-

porating a high factor of safety.

*e
The study of the membr?pe theory is cons;derably

31mpler than that of’ the' bendlng theorles and fog this

reason, hlstorlcally preceded the latter. The first contribut-

1ons to the membrane theory were furnished by Lamé and

C{epeyron in the early nlneteenth century [13] A detalled

t

- diacusslon of all theories deallng with. thxn.elastic shells,

v e

. «
»
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follows: Co :

-~

MEMBRANE STRESSES IN SHELLS IDER
INTERNAL PRESSURE |

The membgane theory can be employéd to find stxesses in
allTyney of shells of revolution. A shell of revolutlon
.15 obtalned by -the rotation of a pIane curve about an axis
lylng 1n.the plape of the curve. This curve is galled a,

meridian and its plane is the meridian plane. The inter-:
- . " ‘1

sections of t&% surfaces with 'planes. perpendicular to ‘the

axis of rotation are parallel ,circles“and are called para-
llels. The two éoordinaxes of a shell of revoiutioﬁ are

taken along the merldlan and parallel and are 1dent1f1ed by

+

subscripts 1 and 2, respectively.

The membranF stresses in shells of revolution can be

chlculated u51ng "the equatlons of statlcs, provided that the
l

"shells are loaded in a rotatlonally symmetrical manner. The

only load that will be considered in the following'evaluation
of stresses'is internal presSure. For external or concentrat-

ed loads, the membrane theory is not appllcabie.

1;n the shell of Fig.3.1(a), if‘an element.. abce isg
cut by two meridional sections, ab ‘aﬁd ec .and hy two para-
llel sections ae ‘and be normal fo thesé‘meridians} it.is
seen that only normal stf&sses are pr Bent and symmetry exists

[14] The symbolp used 1n this element are deflned ‘as \

S &

U TR e e s LS W
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FIG.3.1 Membrane Stress in Shells of
Revolution [14]
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01 = longitudinal or meridional stress
' 02 - hoop strgss or stress alapg a parallel circle‘,
. t = thickness of the shell ﬁv

ds;, = element arc in the meriodional direction

ds2 = element arc in the tangential direction

\ BN ry = meridional radius of curvature-

&

r, = tangential radius of curvature

p = internal pressure ) -
. ‘ - ' ’ l
Referring to Fig. 3.1, the forces acting on the -

'y ..

-sides of the element are o;tds, and oztds;. In Fig. 3.1(b),
the force .aztdsl has 'a componént'in a direction normal to.

the eIement,'
Ly} v

3

2F, = 20,tds sin( 62) . {(3.1)

- + and similarly in Fig. 3.1l(c), the force o;tds, has é compon-—

[ -

"ent in a difgction normal to, the element -
L] L \ \ - m . . . i
e  2F; = 20,tds, Sln(Q%L) (3.2)

r" . N ! o.

. . .
- = . ‘ * ! 7 7 %
" . . - .
. . . - (x
- N

The total pressure acting on -the -element is

(VN
v
|

p.= pl2r; 51n( Ly J[2r, s:l.n(dez)] (3.3)

Q-whiéh is in equilibrium with the sum of the normal membrane

component forces, hence,

2

20,tds, 51n(—7—) + 201tdsz sin(—rl) =

_=pl2r; sin (‘-’gi> 1Wixs Qsin(‘“’z)l
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. For small angles N . .
- . ° . \l - -
. J -
I Co sin(ggl) = %%% ' sin(g%%) = g%f ot

.
\4 v i
~ 4 e

and,substituting in Eq. (3.4), gives | T

- * .
\ J . ‘ j
. * S

* .
koL p o SR el o TR R R dichiana o I

A / ‘
5 ' . ds ds _. ’ ds, ds, -
SR pl2r, 1][ i 20"1td82 -2—;:—;- + 2q2tdsl Irq \,
. . ) | \
“or |
| | pdslds”- tdsldsz (_;,+ ) S~
.+ . _which yields .
. : | ) .
3 jv ' . ) , - . « . :.:i. 'o—z- - R\' . [ “ -
‘ ‘ ’ ' n T T E (3.5)

. ° . / ‘ - 4 . N
i ‘ Y . . NP

o

The sxgns of the radii of curvature 'in Eq. (3. 5) are

s v

both positive 81nce they point toward the ceﬁter of the .
{shellu Iﬁ the radius pomnts away from thé center of the shell
v

it is negative.' Also, worth mentloulng is that the 1nterna1

»

pressure need not’ be. constant along the axis of the ve§$e1, as it

would be the case for shells containing liquids. However, .

it is assumed that the pressure‘adting on the element under

\)' . N . ’ ’ ) , v“

consideration is constant.

Applications of Eq. (3.5) for simple geometric shapes

with constant radt} of’ curvature are demonstrated in the.

follow1ng sectlon. -
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section of the cyllnder that 18 :

. . . . i
N 4 ‘ B 3
3 : * . N . g

3.2.1 Cylindrical Shells - - S b
» . ) 5 ) " ) \ . ¥

- " £ . P . g1

i

In a cylindrical shéll, the fédiusowhich‘dgfines the

- A

'curvaturg of the parallels (tangential radius) is equal to -

that'of the cylinaerf and_the radius along‘thé axis of revo-

lution (longltudlnal radlus) is lnflnltely large, that 1s,

ts = r, and r; ='w. Thé;efore, from Eq. (3 5) the hoop

14 - »

stress o2 of a cyllndrlcal “section under internal pressure
} )
S .

p is ' : . .o -

or

(3.6)

A’ “The .longitudinal stress can be-‘calculated by equating
tﬁe total force\exérted by pressure againé@{fhe end of the

cyllnder to the longltudlnal forces acting on a transverse

<
. ~ e
- “

s

. 21ro;t = rr?p

. =R e

\
KY
£
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3;2,2:“Spherica1 Sheils . N oo
‘ | . o S
In:the case of a spherical shell, the longieudinal
and tangential radii are equal. That is, r; = rp = r, and
in view of the sywmetry of the.two ceordinatelaxes, '
/ )

™

it follows that o} =gy 8 O.

s, Eq.

1315)oreduces to S

v g o= g% , - “; i'. '.\‘(3.8)

'3.2}34 Conical Shells . o - -

NR—

®

In a conical shell, it is seen from Fig. 3.2 that

LI

ry =« and 1x2 = r/cosa. Thus, substituting r, in Eg. (3.5),

the hoop stress is C Co
- . e o - :'
A, ~ = pr - . ' !
\ N . ., 02 t cosa - .l . ;(3:90_‘ - i
. ' 1 ;
" ' 3 - . b *

In Eq.s(3 9), as o + 0° fhe hoop stress apgproaches ro.
. that of a cyllnder and a¥ o + 90° the stress becomes inflnltely

large and the cone flattens out into a plateZ [14].

The longltudlnal stress is found by equatlng the axlal
) b
component of the forxce in the shell wall, to the total force

exerted by pressute on a plene perpendicular to-the axis of

revolution. Therefore h

‘o1t2rr cosa = prx?




3.2 'Conlcal Shell Under internal
Pressure

N
0
-

FIG. 3.3 Ellipsoxdal &hell *Under Intemal
Pressure




4 . .+ 3.2.4 Ellipsoidal shells

. .
- . 3 . . 3

. ) In the case of an elllpso;xaal shell, Fig, -3.3, the
’ rad:.us of curvature varies, from po:Lnt to pomt and’ 1s glven
) <L A o
B .,by " ,\\) L. o N -
. SR U*“‘Y/@X”]”’ S 3aa
T 9 T r d2y/dx} -
' d.“)?v - A8 ' . ' »f A |
) The equation of an ellipse is . k.
’ - . B ) t b 2_._2_. . L
=, + i ;/— .
. ) Y a ) ,
%, , L Di'fferéntiai;ing twice Eq.. (3.12) gives
| ” Gz bx . _phx
. S ava?Tx*". aty
P g &, o bat 7, b (3.14)
,\ . - an_z' ‘a (a2dx?) 3f2 a2y3 N .
.  Substituting Eq. (3.13) wnd (3.14) into Eq.” (3.11),
’ g " yields ., ‘ C , °
-7 ‘ ‘ T1+(b2x/aly) 2% R )
. . £y - o] Sllaeiman2ph T
& - ‘ ) . ' b'/a‘y 4 .
. .o ] - ) . i £ : A ‘l N e

'y ' . - ’ - [ahy2+bbx2]”3k
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The radius r; in 'the ho‘op- direction, is the lerigth

of the normal to the axis of rewvolution 0-0 ) [If:];*e-heﬁce»

' =8y _.__ bx _ x - ‘ .
tang = o —— =T . S Bae

g =g VA"
- | , ‘ o\
"and from the right triangle relation it follows that

3 . @
N
. N
- u

Ty = VE2IRY = —1_2 VarT TR
s

S .o

s

(3.18)

a

The longitudinal stress can be calculated as in the

case of a cone by considering thevequilibrium of the portion

of the ellipse above the circle of radius x [15]. Thys

\ B . ‘\ - 4 ’ . |
- 2rxto; sin® = x%p, sing =

™

X
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equation dis derived from Eg. (3.5),

=14
x

(3.20)

PR VeI R o

At the® crown ry . and from Eq. (3.19)

(3721)

o

. . N
At the equatdr ‘ry ="

v

. The relatlon of the radius of the shell to the)ﬂepth
,of the elllpSOld determines the staté of stresses as shown f’!
2 in F:Lg. 3.4.. If a/b = 1.42 the value of o2 goes from maxi-
mum tenslon at the center of the crown to zero at the bound-

ary of the major axis [16] If a/b ¥ 1. 42, O’g has its ‘




N FIG. 3.4 Ratios of Stresses in Ellipsoidal Shell to .
N ' Stress in .Cylinder With Radius Equal™to One- ,*°
Half the Major Axis a, Versus llastamce from.

the Center to the Boundary Aloff the Major

Axis a [16] .
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3.3 DISCONTINUITY STRESSES

- gtresses, distontinuity or secondary stresses exist. Princi-

pal stresses are produced by-internal ‘or external pressure -

- earthquakes, dead weight, etc. These may result 1n e:.ther

" tension, compression or bending and must be considered to-'

Secondary stresses, on the other hand, are those locallz-'
ks \ .
- ed stresses developed as a result of geometrlcal discontinuities
and physical constraints acting in a section of a structure. ' 1
_ . . . . !

»

7

’
A

maximum value at the boundary and becomes negatlve at the equa-

tor. The meridional stress ‘remains tensile throughout tE,

e s OSS

P

elllpsoidal for ‘all a/b ratios, being a maximum at the ‘crownJ

and diminishing in value to a nu'.nimg at the equator.

LR ' /

A -~

. - 1
. .

N . ae
.o = ’ S

In addition to the principal (membrane) or primary

- ! e : /w\
- . .

and rémain only as long as the pressure is maintained. . Other

‘loads also glving rise t8 primary stresses . are w1nd, snow, g
N ! :

gether with ‘the stresSes generated by the pressure flelds An

determlning the total prlmary stresses. o .

k!

For example, discontinuity stresses may occur at the junction

of a cyllndrlcal vessel and its c?l.osurae head resulting from

the differential growth or @J{fatlon of these parts I\mder: pressure.

'Localized secondary stresses are Also developed around nozzles

or support attacliments and th r magnitude depends primerily on

&

. external loags. Furthermone, sesonda.ry stresses include all

stresses Xn:oduced, by thermal gradients (thermal stresses) within

a

the-st'ructure. Secondsry stresses produce 1oca1 yielding or - Y

- ~minor distortion in tlge §vssusel elemen . 'I.'hus, high locsl

£ . e

’ 13
. ! o 4 ‘?
. - . , "% . .
- B - . oV ¢ N v

oL ’ ; -y o
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* stresses can be accomodated without failure in a limited number

of stress cYclfs. However, under repetitive loading conditions,
secondary stresses afféct material fatigue life and can lead to

3
i

failure. N @, . ,
o : «

In the design of conventional presSurs vessels,

)
- - " . 0 « '

secondduy‘stresses can be disregarded. This is the case in

Section I and Section VIII, Division 1, of the ASME Codsqg, where

\

_discontinuity gtressuanalysigbis not required and conservative

’

design stress values are used. However, in nuclear gguipment
. s N . i B \\
‘design where stringent rules apply, secondary stresses cannot

be neglected. 1In Section III, Class 1 and 2, and Section

VIII, Division 2 of .the ASME Code, all secondary stresses must

be analyzed and kept within certain ‘prescribed limits.

§ : ' 3.3.1 Stresses at the Head-Shell Junction L

T -

<v ) } n
L . The discontinuity in shape existing at the junction of

] . i‘cyiindrical vessel and its closure results in localized

. . 5 ' ~

stress concentrations. In conventional service, where usually
.~ ~ - the magnitude of these stresses is 1ow, they are
- peglected. However, for adequate evaluatlon of a: desxgn a

knowledge of the magnitude of these btresses is essential.

A o 7 -
. v

The ‘nature of the stress concentrations is complex in
"/~/that bending moments, shear and stress reversals must be con-
e sidered in additxon to Efe membrane stresses resulting from
0 internal pressure.‘ Tme evaluation f dlscontxnu;ty4stresses
i at or near the junction, has. been’ the subject of many investi-
‘ gators El?} smd‘is %syond tpé scopé\sf th}s_meport.

’
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. The great majority of cylindrical vessels have either

S \

elliptical or torispherical heads. Althoughy the hemis-

| ‘pherical dished head is stronger than either the elliptical
‘or torispherical one}3§t’is not so widely used because of the

.

excessive forming required in its fabrication. In general,
. this results in a higher fabricating cost and a more limited

range of available sizes. The principal adysntage of dished

heads over flat cover plates or cones as closures, is the

' presence of lower dlscontlnulty stress at the junctlon of a

cyllndrlcal sheIl w1th‘qts closureg [181.

. -

! : W.M. Coates [17] ‘mathematlcally investigated the state
N
of stresses at the junction of a dlshea head and .a cyllnarlcal
shell. He.analyzed a longitudinal strip of the shell in the

‘ neighborhood of thé junction being.bent inward by the de-,

formation of the head, and considered this strip to act like
a beam on Fn elastic foundatlon. Assnming'that“the déflec~

~tion of the beam is proportional to the applied force, Coates

developed relations for the discontinuity stresses.

w
-

To 1llustrate the method, Coates chose a cylindrlcal

: steel vessel with an elliptlcal dlsbed head, havxng a majoi://)
~* Y
to-minor axis ratio of 2:1 and a ghell diameter of 80 in.- The

s o, ' ¢

‘ veseel was assumed to have a uniform thickness of 1.25 in and
was to operate under an 1nternal pressure of 100 psig.’ The
) L resulting stresses near the head—shell Ju“nctiaxr are shown in .

k]

Fig. 3.5. The mem@rane and discontlnurty Btresses are’ indicated

o .
N . -~




@ —— — — Membrane Stress (Meridinal

<

@ __________ Dlscontlnulty Stress (bending) <. ’
@ — — . — Resultant Merldz.onal Stress ' 1

Lo L t = 1,25 in -

[ . . ° . n > . - ' &

R S

. (D — -— —  Membrane Stress (hoop) . S ,
- @ .-..--;.:.." Discontinuity Stress l o ‘
'C:\} . - ‘ N a ] . -
@ ———e¢——+—— ' Resultant Hoop Stresses o v 1
- "1 ‘ X :
FIG. 3. 5 Stress at and Near the Head-Shell . |
.. Junction [l’l] /,—f _ {
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separately. The resultant stresses at and near the junction

£

N ) .
are obtained by the superposition  of these two.
The discontinuity of the hoop gtress in cylindrical

. C oy : .
ghelld and their closure, loaded by internal pressure, maysbe

avoided by choosing a particular meridian configuration.

"Flﬁgge has demonstrated [19] that Cassinian curves are par-

ticularly suitable in this application. These curves are

illustrated in Fig. 3.6 and fheir.equation'is o~

C P

(r24n2z?)? + 2a?(r’-n?z?) =.3a* : | ‘;f
i _ , :

)

[ S
[ ’ ’
where n is a number greater tiHgn one (n > 1), r and z ‘are

codtdinate lines and a is equal to the maximum r.

§ -
\ " -
Fig. 3.7 gives an example .of the distribution of the
stress resultants in an elliptical dished closurev\zlt shows
no discontinuity in the hoop stress. There is a small zope'

'y

B o \ - .
in which the meridional stress is negative. This may be

"avoided by cbobéing n < 1.9.. If n is chosen much greater

than 2, the compressive zone is wider and the maximum com-

. . ‘
pressive stress is higher [19].

3.3.2 Local Stresses Due to .Exterpal
Loading

¢ v

L3

and test . conditions, a‘véssef'must be capable of cé}rying a
! ’ ' . . §

number of other loads, which are applied through attachmenﬁs

such as discrete support brackets, lifting luge and nozgles.

In addition to withstanding pressure at all operating

S Lo il s R A T B S 0
‘ N




i SR S

-
.

N

-
N

2

<

. /
.

N

3.7 Elliptlcal Head Without Dlscontm
in the Hoop Stress [19] -
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éylindrical'and spherical shells.

In the case of supports and lifting lugs, the load will'arise

mainly due to dead weight, whereas nozkzle attachmen&s transmit ., -~

Q >
a load imposed through piping systems. All such loa s are
\ ,

v

referre?/tﬁ“as local loads because any significant effects on

the main shell are usually cdnfined to areas in close 'proxi- <.
mity to the attachment. ’ R

6 R ’ o

. giﬁléard considered a nu;E:k of d;fférent external load

ombinations applied oq;shells over a rectangular or circular
- ' [

area [11]. The analysis:was published between 1954 .and 1959
- H f" RN R . L ‘ o = o i
and covered radfﬁl loads and bending moments on local &aTeas of

S

— s

N
< e

Bijlaard's results are presented in texrms of non-

[

dimensional quantities such as .

~ : ' {

- i % Y
My Ny ~ . Ng. My . Rotation f
: P . TB/xy ! ’ d i
o r (v/r2p) - W/TBY T (Myrdgegy -
. | o . “\
where o ’
e .
. . ' ; ..
.-,M, = bending moment in shell wall in radial direction,
.. - in-1b(N~-m) ’ 7 ]

P = total distributed radial load, lb(N)"
) 0 X )

z
* A
]

membrane forces in shell wall in radial direction,

. in(Nm) - .

N, = membrane force at an angle 6 around atfachmént,

"1b (N)
M = concéptrated external overturning modeht, ,

=%

"] o in-1b (N-m) . . ' ' _

-~ o . © o : ~ -




v . N
. ) = .raﬁiﬁs of the shell, infim) . . : A

r=
k ! i‘ E = modulus of elasticity, psi (MPa;) )
I. ’ o '8 = attachment para.meter,. Aefx)y S
| . 0 . ¢ = loading parameter : : |

-0 oo .' ' 'Y = shell paran}eter (r/t) ‘ . o ‘@N

P t = shell thickness, in(mm)

\,\ M - .. ’ e ‘
tj“ . \\"“ s 5 . ';‘“ . * . T é

These non-dimensional quahti__ties can be used to find

I e,
?

e

W n

R . deflections, .diregt and bending stregsés for a 'given type of
loading in the c.ircumferential\and 1ong;itudinal direction. *

. The B and y parameters are esgential in definin‘é' the geometry

. of ‘the shell and the attachments. \‘Thes.e results have also

_7 . been plotted by the use of a digital computer [20].. To - T
. ) at ‘ "

facilitate the computation process, stress components
specific points have been tabulated using a fixed sign conven- w

L S ) tion. Fig. A-4 is a typical example of this presentatibn . .

—-——

a

I taken from [20]. . , _ - .;. :
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CHAPTER IV . ' f

DESIGN OF PRESSURE VESSELS

t
o - R

4.1 INTERNAL PRESSURE C I . .

4.1.1 Design/Eqﬁations

The basis for the design of éylipd;f&al, spherical, .
ellipsoidal and other types of pressure vessels under infernal
pressure is a modified membrane theory, which allows for stress

variations across the wall thickness.

-

The membrane stress equation for the hoop stresses in a
, L. % {
cylindrical shell was shown previously to be L -

« for a wall thickness which is small compared to th radius.

Por a cylindrical shell with a significént thickness to

\

- radius ratio (t/R), the following relationshié'holds [21].

[—

*Asterisk indicates that the equation is in SI Units,

g}
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§ & Xt 1 + RO (4.2)
R2 - R? R CL
° i :
L C ' PR} ) 2 .
s = 1 a+ Ry D (4.2%)
1000 (R% - R?) R? '
’ . L. i~ <
-

where R is the radial distance, R, ‘and Ry are inglide

. s %
and outside radii respectively, and P is the internal
pressure. - Replacing the outside-to-inside radius’ratio by

]

X ;
K =R ° . (4.3)
i |
P apé/ﬁ tituting fn-Eq. (4.1) with the thicéﬁ&sé éxpressedg
in terms'of/;he radii as ' t = Ro - R;, and with R = R, then
v \ ) : . . : ‘

v
wn
i
=
]
——
zﬁ
.
-
S

l - b P . . *u
. T 1) 3 s (4.4%)
Similarly, Eq. (4.2) becomes
. \ B
, .
\ R . ' \ ¢
' ' ) N R F
3 ) . ! N . ~ (:) .
» ".‘\
b ) ! ‘,' Coe - . . ‘
. i} . - \\: B Call -

]

.-..
>
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S e e




"e

-
\ . - . -
' A ° 5
= : .
.8 ‘< . o
' R, P \ 2
| . o Be—=2—— 1+ 3-‘-;-.
¢ ' : . - Ri (R’,/Ri_l) . R N -
. ’:’ ‘ N 2 . -
§ = —2F ﬂ + Ro - . (4.5) .
“ K -1 R? ~ :

Inspection ot: Eq. (4.5) shows that maximum. stress value

occurs when R = Ri' hence

-

§x —2= 1+ 2 ~
K¢ -1 R} .
. C g2’ - . N b
) s =X 1 p L 4.8)
i K2 - 1.,
4 - ! )

YThe above stress formula, known as the \'Lamg Equation' s’
used in connection with the design of thick-walled cylindri--
o cal pressure vessels [15, 18]. PFor 'K values approaching

‘unity K? +" 1+ X+ 1.and thus Eq. (4.6) becomeé

K2 +1
(k=1) (K1)
gl

. | c //\__]
} . | N | ) b




-

. :
- In pressure vessels, Eq. (4.5) is empirically modified

»
. s by introducing a constant of 0.6, hence.

ro, - R A

i - ) . , ;

- s _.._1 " ‘ ;

. . -P—-— ___IK o + 0.6 - ’ ' (4'7) E

_* \
~ . - * . !
The above equation shows a good agreement with the Lamé formula

»
.
O —
N

3 for . values of K < 3.0 [15].
5 - V o Eq.\(4.7); rewritten in terms of inside radius and wall ’
thickness, yields .
‘ 8 = Plogeim—T *+ 0-6] ~
’ i i
, or p ‘ * ., ‘ ! . . ’
PR - PR. . L, \
o . . . ke h} ) = 0
) . : S=T.}.0.6P_’.’L\\:,\ . .« o '~ﬂ
and a design :ormula“for’thickness may be oBtained, thus e
N _ . ) ) i ! . N \ "‘
« ) .
- ° . PRi" ) ~|
t =, S -y N (4.8)

- - N “’ . - i . -
. : ' ' + . PR, ‘
S : Lt — (4.8%)
. 1000(s) - 0.6P j
f \
;L ’ Eq. (4.8) is used in the ASME Code to determine the
0 o c ’ . : )
}, U 'thickpess of a cylindrical vessel under internal pressure P,
k - ¢ o i ‘ .'»‘— , ) ' ) ' '
L;n © Eq. (4.7) .can also be expressed in terms of the out- B
Lol N \ * t . . - . - . . R i “
gi@" - . 8lde radius, thus ' T ‘ o . «

:1 ) ' - . " X . ‘ . - . , * ! jj‘;‘;.
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e

. ' 1 . ‘
o v < s = P[Ro’TRo—t) — * 0.6]
. 1 .

I

. S = gﬂ!—_t). + 0.6P
t
or ’
[ ‘ E. PR’ ' " ‘
. ) t S + O-ZP . "" (4'9)
. . . S PR°
' . ) N t = - N 4. *
5 : . 1000(S) + 0.4P (4.9%)

© : 1, ‘ ‘L
-+In the same way o;Per empirical formulas have been derived

for othershapes of shells which. are presented in the follow-

- . .

» ' ing section.
<

. BN
Y

KY

/ 4:1,2 Thickness of Shells ' : '

The thickness of a cylindricaﬁ\or spherical shell can

-

_be computed by the follow1ng formulas where.

g
) | ) ‘ t = minimmm required'thiékngséiéf sheli‘piatéb," \
\ " , ¢ éxclusive of corrosion gllowamce in(mm) s .'f
) . R =ldesign,pressure,'psi(kPa) '} ? \>
\t - ‘| . \ R = inside radius of the shel&, before cbnsziOF
v ' _.allewance is added, in(mm)- /”{(j

s = maximum allowable stress value, psi(ura)

b,
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]
A . : ' T . - C ?
-g "\ . L A . ¥ h
§ E A jolnt eff1c1ehcy of welds (See Fig. A-2) L ‘ né*
N . ) v, . ¥ . ‘ . -"-_ "
. . Cylindrical shells: RN coe
v . r @ 7 """ A . ¢ .-‘
' - \ ST . N, .. - |
- \ ' In accordance w1th ref. [22], the mxnimum thlckness or '\ ‘
’ - & ™ y
N ' - maxlmum allowable worklng pressure of cyllndrlcal shells- shall f
. I

" b€ the greater’ thlckness or lesser pressure as glven by (l)

4 .,
T ‘ “

vt

' 6r (2) below: T S
,f L -. ) ’ . . . .
s o (1) When the thlckness does not exceed one-half of the ( ' g
1n31de rhdlus, or P does not exceed 0. 3855E Eq (4. 8) ]
- \" P
. derlved above, applles o o 1
:1;‘ ) " . co l ’ ' L o N ' ) . ) B ) N {j
L BT _ __ PR i i SEt ) :
b L 4 EtmEeoer | o PAEwoee . 0 (41030
|<§ ; ' \ ‘ . /‘1 b ‘ ‘ ) ' N : ’ ) ’ '
T -”\,d“ : ) . . m‘ . . B
3 . J e PR ) jlooo)SEt .
! - : . t = P = e 4.10 * .
- t : TIO00TSE-0.6F °F . R+ 0.6t {4.10a%)
iy Y ' : E 7 b .o . -
oo .. . | ) . ‘
T . E isthe joint efficiency of the longitudinal welds.
| S a . . o ’ : o
\ (2) when the thickness does not exceed one-half of the ] "
. -+ . - inside rad;gs,‘dr P .does not exceed 1.25 SE, the X
‘following formula applies . ' '
. )
Ce R ; _ __35Et A ’
: | | - v mEvoer °F, BT R g, f4e100) |
o ' | Y B |
P _— PR . (1000)set " . S
S . ' : . N P = . *
il S 't = ToemzEroar. T T RS 0.4E (.2000) ]
Fudfl - : , . .
Q%%g N‘ , E. is tha j01n€§efficiency of clrcquer, tial welds; S
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’

Yy | Spherical shells: ' . . . ;

o When the thickness of the shell does not exceed 0. 356R or

P does not exceee(g 665 SE, the followzng formulas apply.

$

™ . °

R N ‘
. PR . 2SEt
t =3y -9 ° P"gx¥Fo.o€. (4.11)
S , 3
‘ e .- PR . ' (1000)sEt
, Lt o= = o a0 L F T RvFo AT (4.11%)
- e (1000)2sE 0.4 - R+o.4t, 4

o Y

. / ' ’
when dealing with corrosive materials, thg final thick-

.

<

v e ’ - - 3

ness of a shell Must be more than that determined by the

+

.above formulas. This extra thickness is known as-corrosion

\allowaﬁqe and it usualﬁ& ranées from 0.062 in. ,to 0.25 i&

N
S & .
i f
. t , .
J . .
..
. . . P
s . N A

4.2 EXTERNAL. PRESSURE . ° ' , o °

12

. > .
\‘Oftenﬁépressure vqpseIS'are required to operate under’

¢

ﬁ,partlal or full vacuum or under other forms of external

pressure’, Typlcal examples are, " vacuum condensers for
} 4 N ' 2
- @vaporators and dlstlllatron columns, vacuum columns, 'diviKg

chambers, etc. ] .
g e .- e R ' L
’ N i * ~ wy

The equatlons of the membrane theory do not hold 1f ' /

pressure is applied to the cdnvex side of,a shéll of revolu-
W,

tion. Instead of the tensile hopp or merrdional stress, the
abllrty of the shell to withstand: local buckling becomes‘

the governlng fa tor in assurrnq Btructural 1ntegrity. The‘
cg}lapsrng strength of externaily pressurlzed vesself may be;'$‘
' ) ) - PR .

1n
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L 4

.
- B
2 14

increased by the use of uniformly spaced, internal or ex-

ternal circumferential stiffening rings, Erom the"standpoint .

of elastlc stabllity, such stlffeﬂers have the effect of sub- :

[l

div1d1ng the 1ength of the ehell 1nto subsectlons équal in
length to the center—tolcenter spacing of the stlffeners.‘
- y ,' . a
4.2.1 Allowable External Pressure on ‘Shells

3
\

A cylindriéal shell under external pressure tends to

* ., deform inward as a result of external radial pressure. Examin-

~

ing the shell section after it has been'deformed,a system of

¥

equabtions Jbased on elastic stability theory can be formulat-

ed,which after extensive manxpulatlons ylelds the following

e

Equation [23] . . .
; | f\f S
o - - pae3EL_24m \  e.12).
R R3 . D3 ’ AN

. S T 0

o : ' 1 2)ET T L
PR p - (1090 (24)E1 S (412

. . . D3 'S . R

. 'ﬁ # . ) : ) 4 ) -

v

- R 3
1 v {‘ —

. Eq. (4.12) nges the deoretical buckling pressure P per \\ /f/

,unlt clrcumferentlal length and ‘width of c;rcumference of a
shell with an original radlus R. This equation is not 6a11d
<

when the shell sectlon is part of a cylindrlcal vessel, where

<]

any adjacent attachment may act'as a restraint to the Iongi-

St
-

tudlnal deformation. To account ‘for this restralnt 2
Eq. (4 12) is lelded by (1 -v?), and substitutlng the

moment of inertia for a reptangular s?rlp with-a unit width

Ed

s ’ . AY -

e -




-

‘ (b =1), I=bt?/12, gives
- ' - -:,, R .
P w 2E (g)s S U (4.13),
1-y2 . @

3

P
]

For most pressure vessel materials Poisson's ratio v = 0.3 and

Eq. (4.13) reduces to «

P
P = 2.%’(5)
« P= (000) (2:2)E(D)* (4.14%)
-~
Eq.(4.14) gives the hqoreticalfcriﬁical préssure'dSsuﬁipg

that the vessel is perfectly round, a condition . -

L]

rarely found in actual cases. ' o .
Experimentally, it was found that ordinary tubes and

pipes buckle. at external bressures of ab@ut 27% less than

N
~

thé'theoretically predicted pressure. For a maximum allow-
able bhckling’pressu:e, a factor oquafety of four (4) is
e PEE 3

applied to Eq.- (4.14) to obtain a safe'dgsign pressure

,:' _ t SA" . y. X .‘ -
Py = 0-55 E(p) ‘ (4.151////,ﬂﬂ,—‘

. .

¥

S ) . ) NENUE SO
Poi1 = (1000)(0-.55)3(5)s o (4.15%)

< T : ‘ .‘\,

gq.']4.15) does not apﬁly to relatively short cylindqrﬁ

8

% .

. S
.or long cylinders with'stiffening rings spaced at less than

" the critical length. "Critical length is that length of a




- ‘cylindriéal shell beyohd which restgiints~have no stiffening

effect. Ah expression for the critical length ‘was developed
] ' . e :

K by Southwell for a cylinder, given by [23] -

L

-

,Cylihderé-shprter than the critical 1engtH or for

cylindrical vessels with circumferential é;iffening rings,‘!ﬁ‘
"Eq. (4.15) can be modified’ﬁb include the stiffening effect
of short distance.against buckling. Thus, with a-factor of
' safety of four' (4), Eq. (4.15) results in
“ . - o L . ' ) . Cow -
Y . ‘< =nKE _t_ 3 - . Vs o
7 Pan1, =7 B “.17) e
;’ a ‘ \I - . I N v R
. Y ‘ (1000)KE ,t -
3 . N . 4 L e el 3 '
, R T (274
&

w .- ’ . . ¢
, Ty . 4 _.w . ’
where X 1is a non-dimensional coefficient determined from
. ‘ ' d . b

the vessel parameters D/t and L.,/D where L_ is the length be-

tween circumferential stiffeners.

Substituting Eq. -(4.17) into the mémbrane formula, the

. circumferential compressive stress at which collapse occurs

*

~ ¢ .
is found as follows: . f‘>@ ‘ : .

) . L, =1.11 D/DJE : (e.16) L




Eq.(4.18) can be divided Ly the modulus of elagticity E, to be

expressed in teg?s of the strain €, that is -

\

(4.19)

"Eq.]4.19) has been'elotted as shown in Fig. A-5, where the

strain e is labelled as "Factor A”. This ¢graph is used in

conjunctlon with a stress strain temperature graph for a
specific, materlal, as shown in Fig. A-6 and Fig. A-7, to

determlne the allowable external pressure for an assumed wall

" thickness. These graphs are applicable for both cylindrical
. [} . . R .
and spherical‘vessels. An example in Chapter V illustrates
f \ LY

_thé use of these graphs. , -

A:;.Z Design of Stiffening Rings

0y

',»
P » C1rcumferent1al stiffening rlngs are ‘used to red ce the
free’ 1ength of a cyllndrlcal shell and thus th% wall thic ness

‘ In de51gn1ng such st;ffeners each ring is considered to
resist the external load for a distance of Lé/Z on either’’

»

, " side, where L, is the spacing between rings. Thus the load -
per unit length on the ring'at collapse:-is equal to Ls X P g

“+
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\ ‘ . ‘ 2

' and substituting in Eq. (4.14) taking'.L8 éq:un;ty; gives,

Vg

= 2.2 E(Y?
LP = 2.2 E(D)®

Rewritlng the above equatlon in terms of the moment of in-
s
ertia of the ring cross~sectlon,1.= ;5 per unit 1ength,
f ) N
results in .
CLP = (2.2)(12)0-E- S (2.2) (12) EX
s 12 [}
D} D* .
e R "
- L PD° L th

(7_—YTIET—~ TI’ITTI‘?E (

> ! ' - : :
and substituting S = PD/2t yields

o LD*t § LD'te
B 9 s P A F RS O ¢ V) T

' The mément of inertia of the stiffening ring -and the
N

shell plete both contribute to prevent collapse of'the vessel
Tlmoshenko [24} has shown that- the combined moment of 1nert1a

of the shell and stiffener may be considered as an equivalent

VA

.thickness

(4.21)

g . p

" where A_ is the cross-sectional area  of one circumferential

~
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B

ring. Thus substituting Eg. (4.21) in Eq. (4.20) gives

o ‘ R ' 249 -
- ' LSD t' €

I I N (4.22)
P ] : ' : -
E % P~ v & _ 5

v
7 )
~

bl

The ASME Code formiula is.the same as the above except in

.

*the“deno?inaﬁor,as follows [22].

v

e D21
1, = DL (&4

A

&

»

A , ’
=) 2/14 'f (4.23a)
8 . . .

n

¢ ’
L4

o » s B b

' 2 B‘
L = +.——

) X ) e

_where ‘ . * ‘
"6 X, . ™ .o '

I = required moment of inerti% of the stiffening ring
L cross-section about its neutﬁalfakis parallel to

the axis of a cylindrical shell, in"(mm")
- K . ®

I' = required moment of inertia of a combined' ring-
» - » ‘

- shell cross-section-about its neutral axis
parallel to tbewakis of a cylindrical sheli}

| | N Sar im0 B S o
. o N

-

-
s ol et "t e [P s




- trays', are also considered to act like stiffeners to the

' vessel is shown in Fig. 4.1. It is 'appafreht that each ct‘)x‘n;::'on'—~ ‘

+  RAg = iross-sectional area of the ring, in?'(mm?)
A = factor determined from stress-strain diagram of. a

particular material (Fig. A-6 or Fig. A-7)..

- Ly
.

Stiffening rings tﬁay be placed inside or outside of

. the shell and can be of any structural shape, such as of a bar,

angle, channel, beam, etc. Often in dlstz.llak.xon* ¢columns,

internal tray rings, besides their '\prime purpose to support the

»

shell. . { Lo , ' :

4.3 COMPONENT DESIGN \ ‘ ’ . :

- :
/
! A
-

In order to function propérly in a plant, the design of

-gwessute ‘'vessels incorporates a number of different standard compo-

nents. The most i'.mportant components are heads, nozzles,flanges, _.°

and vessel suppori:s. Acceptable componént attachments to the

ent serves a specific purpose and iEs design is influenced by L
- \

¢

*its functional requirements.

ﬁd.3.l~‘ Vessel Heéads

' The most common types of vessel heads are of ellip-
soidal,:hemispherical and conical shape. The symbols, defined

below, are used in the subsequent formulas as given by

o . -

ref. [22], and are shown in Flg. 4 2.

\ ’ Y]
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W

t

-

W w U W o

u

required thickness of head, in (meg)

intexrnal design pfesisure, psi (kPe;)

head diamet;’er,in(m)

+

maximum allowable stress ,- psi (MPa)

efficiency of weld joint (see Fig. A-2)

inside knuckle radius, in (mm) .

3

"and hemispherical heads, in (mm)

&

inside depth of ellipsoidal head measured

. .
( k4
inside spherical or crown -radius for

0

torispherical

L@

29

from the head-bend line (tan‘gent:line), in (mm)

one-half of the (apex) angle of the cone

o e
Ellipsoidal head?® -

o-n

o

o

‘= PDK
T 2SE - 0.2P
) PDK

' g

= (1000) 2SE-0.2P

»

-
!

-3+ G20

.. The-required' thickness of an-e‘llipso_idal head is given

(4.24)

- (4.24%)
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W= tét.al Qesigp‘ﬂbél_t load'f'd'r ;asket seating
N Hp = h_ydrostatic; end force on area ihside of flange - .
‘ ) : ) at operating condij::ions N : C ‘
\ g . o HG_- = éasket ioad at operating conditio’n‘s .
% 5 ' H'.I; = hydrostatic; end force on area of flange face -
‘ ‘; : ’ ipé‘ide of gaske}v at opera‘j:ing gonaitions
hy, = radial offset Detween force Hp and bolt
F o o center line - N | . i
) g L :'-hG‘ = radial ‘Bffsgt between force Hg and bolt °
: B ‘ center line 7
-£ - h R hy, = radial offset between force HT' and bolt centwér
\ ) ' "line l : '
| h - 'For gasket seating con.ditions, W =3 * A'b)g‘,"a (Fi‘;.A—é)
r ' and 't;he total flange rﬁomg:nt is .~ oo L. ‘
i and under operat-ing".. condi";aions, the toh.alnflar;xge'moment is
: : ' P M,= Hphp+ Hphy 4 ﬁGhG ‘."‘(4.29)"
N . -, ,
‘ ‘ | N The stresses considered are iiefined as’ ’
~ LA - ~ O ' i Lo '
3 S By = 1;)ngit.gglix:a>bendin'§ strgsé in hub adjacent .
| i}\;o flﬁa;lge, o | . . ', | . -
E\ o 3‘ Sy =;radia.l‘\stfgs:lis in-flange ' -
‘ ‘ STN‘f.tangQ,ntial ét;esg in flangev S B .
) ) s ‘

- - . ‘ . . ~

R IR . i (i T RS JR— - ew
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:Efffi,streégés are ‘limited in relation to-the design stress
S¢o for the flange material: - - : R
N ,L .)‘ - ‘ . | g
“ | S.,.” . ,
t 215 8¢ o « .
’ ' R £ Sgo . 4 .
' e \ 33
‘,tr - .S <. 8 \ ' X . : .
' \ e ‘ » "!" - fo. Qr * - .

[y v . &

_— To. fac111tate the de51gn of custom flangés, the” Taylor ¢
\, 4

Forge method has been pUbllShed in & convenlent computatlonv

sheet, as shown in Fig. A-3. : - oot
/.‘. . v ‘ ) . .
4.3,4 Vessel Support’ \ ' . T N

i)

!
']
-

‘Pressuré vessels may be horizontal or vertical depend-

ing on the intended application and space restrictions. Hori-
.- A
zontal vessels are usually supported by’ means of saddles S

whlch are des&gned to allev1ate sevexre stress concentratlon.
The procedure for supporting horizontal vessels on fho

'saddles is discussed in ref. [26].
“ . ’ . ) ) 1

Vertlcal vessels can“be supported in several ways such as

by sklrts, legs or attached lugs. Tall vessels are usually /
supported on sklrts whlle relatlvely shaller vessels on legs ox
1ugs. The skirt type suppért is the only one capable of re31st-

ing 1arge bending moments generated by wind or seismic loads.

'
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L L L PP

e =

L

Also, the local stresses wh:.ch are deqreIOped around

“the 1nterface of the skJ.rt and vessel are’ evenly dlstributed

4

(‘ ~ R . rj‘ ) . . R PO .
,The skirt wall should.be thick-enough to withstand -

i ’

the weight of-_the vessel and, a maximum possible external ldad:’
_ . ‘

(wind gusts, strong earthquakes). Thus, an. adeqﬁate

. skJ.rt thlokness can be obtelned by the follow:mg formula [27]

Y .~

. B 12 W. s A : -
L ' t =+ gy + Dng Coe e T (4.30) :
N anﬁE ( ' , "
T - ‘ N .‘ . 17\
. 0 , , » ;
- N . . w . ' N
L ’t"st - MT V (4 30*) L

here O ‘ » _ ‘ g \,“
\t ‘required thickness of skirt, in (mm) : 3

¢ . , -, . B ' . N “‘ R
g total moment at the ‘skirt-to-head joint, e e e

4
N ‘ °

.7 Et=lb(Nemm) - .

g ° R = outside radlus.of sklrt, in (m)
. ©o vt R . .
Y. 8 = stress value of ‘thé head or sklrtdma’terialh P

" + . .
~ 4 i . . ~

whichever is smaller, psi(MPa)

t

‘\
=
n

- ~

.° E = efflc:Lency of sk:.rt-—to-head ]Olnt (Fig. A—2)

N

= weight of the veésel in operatmg cond:.t:.ons,

Ib, £

“‘.«

. In addltlon to the thickness,, the elastlc stability of

the skirt must also: f:e checked -0 ensure that bucklirfg does

'*rnot occur. The allowable critical compresslve stress at

.

which skirt bucli.ng does not occur under axial compression,is  °

£ N ‘
e o
d . ,r"'n‘.




N A ,
B M e R e a i - - — - . ! ‘ '
B R - .
t ‘ N v Ld . . ’\ N
s . - e - (- .
" . . . N ~
- . -

- ’

. | - ' . oL . ‘= R t GE 1 ".. ‘l v
- | . . - Sc 1.5 x.lo (R) < gny}e?d.p01ntl (f.3ly
) , Eq. (4 31) shows ‘that the compr }sive stresses ‘Sc .geveloped

»

% .A' /pn a sklrt1 with radlus R.and th ess t, should not exqeed
? : ‘ one=- thlrd the yleld p01nt~value~of the skirt.ﬁaterial -

i ,i &, L This emplrleal formula is not applicable to vesséls constructed
:’%’ * ( to ASME Code requ;remenﬁs. De51gn rules and general recommenda-
)—i . 'fhtlons represeﬁtlng the current s%ate of the art may be found
8 ﬁ R A. ‘ in [229,. Eurther dlscu951on‘5ﬁ\vertlcally supported vessels,

‘ . - . : .
includ%ng the base of the skirt, can-.also be found‘in’[28].

28
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CHAPTER.V
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ar
L

¥

‘to operate at, a, maximunf internal p;é‘ssure of 95 psig and

temperature of 340°F. The tower also will be subjected to |

-

1

Y

full vééuum'periodical;y. " A corrosion allowance of 1/4 in,

and carbon steel material are specified. Véssél.design to

conj@lxlyith Sectuion VIII, Div. 1, of the AéME Code. o

>

ASTM A-516-Gr. 70

k)

and heads, ahd nozz\le necks.

-

is the selected xr}aterial for shell

~

¢ .

Since all welded joints are fully r%aphed for

"ype 1, an efficiex%cy of 100% is taken from E“:i.g. A-2..,
. a .

3

o
v

" SUMMARY OF DESIGN DATA

De sign\pre ssure

/\\\:

. Design témperature

v

"Material

Corrosion allowance

Bottom parft diaggter

., Top part df.iame,}:er !

Weld joinf: efficiency

s

R
e

&

(1] (1) tee (1]

L d

S

o,

1

L
95 -pgiqg -+ full vacuum
340°F .
ASTM A-516 GR.70
1/4 in.
156 ,in
84 in
100%

An effluent water tov'ver,“ shown in Fig. 5.1, is required

.
P




x
.

. 0

.‘/(,,————;-20" Nozzle-
[ .

%

12" Nozzle

]

— ‘\——— 24" Manhole
~——'_10" Nozzle

%Ff"“_“" Anchor bolts

.

| FIG;JS;; ﬁffluent Water Tower -
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5.2 REQUIRED THICKNESSES UNDER INTERNAL . S
' DRESSURE , —
4 N " ! f .
¢ . » . : . *
Bottom Head (2:1 ratio) = -~ ) 4 ‘
l ‘:7 ~ :-
. e = PD ;
"2SE - O.2P * Id \ .
" where . . .
~ *P = 95 psig (including hydrostatic head of operating fluid)
D = 156 in. S AR . 5
E =1.0 e "ﬁ. 5{}’ \ Y
. L RN ‘ ‘ ) o, .
S = 17,500 psi, (from Fig. ‘A-8- at' temperature range .
v o :
~20 to 650°F) ‘ _ - ‘ '
. \'fbn ; ’ “ o ‘. 1 ) i
* Thereforc s ) o ,
' 0 Lot (9% (156.50) _ . '
. § t " 2y (IT,500) (D) = g 2(95) - 0-425 in.. '
¢ ‘ ) . -
. N * - ) A
;o . To this thickness, the. specified\corrosion allowance ’
is added, i.e. .
. Cr o T 3
o t = 0.425 +0.250 = 0.675 in\ . < .
7' . Use head of 3/4 in. minimum thicknees,after formimg.
S . ' . . S O T
) . o , . L ) i
SN d N c 7 - AR
_ﬁ o R N .
_ r 'y - / ) }; 5 R /
) [ . "{' . , ‘. /\q A Wt
- s N\
- ) | - ‘- ’ Q ~ A -
[ - , '-' - ,
: _ ) ' -
o : '_r' .’ o




Shell of 156 in. diamefer:

L I

o -

.
-

' Similarly

- . (95).(78.25) .
- BE- - 0.6P (I7,500) (I)-0.6) (95) | ~
. / . L

Y

1 0.426 in.

0.426 + '0.250 = 0.676 in. .

v ) }

- Use 3/4 in.kﬁlate.

o

Shell of 84 in. diameter:
“, ‘ R Ca

_ PR __ 195) (42.25) ..
SE = 0.6 '(17?500761)-(0;6)(§5)

.

£ 2

= 0.230 in.

< 0.230 J\gdgso =.0.480 in. -~

<

' Usell/Fn\in. plate.

[

Cone:

tana = I8 12 - 0.576
s, )

a.= tan”" (0.576) = 30°

4

.

h,f«\v;m; Wq:?g‘gcm, B ot 24



1
i

g Y e

and
/\
) . (t\'
- 1\
-4
5.3
s
psi
) "

f .
. & 1 . ."o

) t = -ﬁ. PD - ’= ’
) r 2cosa {SE - 0.6P). . - '
4‘: 9 Ad ) ¢
R R | (95) (156.50) : =, .
‘ (2)X0.867)[ (17,5009 (1)-(0.6) (95) ]
. ‘ ~ ‘ 4
- '= 0.492 in. 4. -
: o7 = 0.492 # 0.250 5 0.762 in.. v
~ . .
Use . 3/4 in. plate. : . ! —

.\

Y pp. © (95) (84.25) e
t = 55g - 0.25 - 2V (17,500 (1)-(0.2) (35)

. \ A o ‘l v "
L] . @« " .‘ . -.. A
.. = 0.228 in. | ,
' L . #
"t = 0.228 + 0,25 = 0.478 in. . . *
Use head of 1/2_ A~minimum thicknes after forming. ' @

-

DESIGN AT VAC

CONDITIONS ;

. ' Loy
CLeck large diameter shgll for external pressure of 14.7

‘  (full vacuum) with t = 1/2 in, L = 65 ft and D_ = 157.5 in.

.\ L}




L _(65)(12)

D, ‘ 157.5

b (
o _ 157.5 _ 33
t — 0.5 3

. . )
From Fig. A—Sﬁfﬁactor A 0.000046, and frém Fig. A-7

the value of A falls to the left end of the chart and accq%d—'

-

. ing to ref. [22], the allowable external pressure 'is given by

N " = AR (2)(46)(10“ 3 (29) (10%) "
Ca 3(D 7EY 3(315)

= 2.8 psi .

<

) ~ R .
,Thﬁgf/;t"ig apparent thét‘gié shell does not comply Witﬁ require-

hehts 6f externally appi' d pressure. Therefore, the shell

must be stlffened with circumferential rlngs.

l

Try with 6 rlngs spaced at L Jf in. apart

From Eig. A-5, Factor A = 0.00624 and from,Fig. A-~7 and at.
temperaturevof'340°F, Factor B = 3,500, and from ref. [22],

" the allowable external presaure is glven by -




LR e R v,

! Tt -
. - e o 50
1/, ) ' d ©F
{ . : -
e \ P5=TT5<'17BEY=(13)‘(%§?&= 14, §aps.‘.l.> 14.7
! . . ' o " v“ ! . s ) T .
H ! S = s ) . .
Stiffening Rings: . ¢ '

LN

The regquired moment of inertia of a circumferential ring

i . ‘ “must be at 'least qunlh to-, ) ) / L . -
<o . . < . , ’

'\, R o \ Ce 0
; . Is = [Do Ls(t+As/Ls)A]/14 . } s \

s . '
 Try a [::::] 1 x 8 in. r:a.ng of the same materlal with shel,l
‘ -

@

C (A§=lx8=81n2). O , : , ,
"IN Y . . ) ‘ ® i
- T - In order to flnd the value of A, the value of B must be
calculated [22], i e., N
C ‘pp_ " " 7
-1 e ' . ) _ 3 © _ (14 7)(157 5)- 2 ) .
4 . . B=73 ['t'T 'zsl's“'7;'..,sJ - Z [o 50 + 8/156 1= 3,150
3 L. - L
. . t
b : R ¢ H * ‘l
. From Fig. A-7, Factor A can be fou{ﬁd, i.e., ’ j
- % ’ . . \ (2 . d . i \ s
'. : .
“ - . , N

b a _ . A = 0.000225 R




PR

. o o 8% x 1 - | . ‘ . '.
: . I = —%— = 42,6 in > 33.52 - )

"Hence, 6 sYiffening rings of 1 x 8 in. gpacedAat 156 in;, B

.

#é = [(157.52)(156)(0.50+8/156)(0 000225) ]}/14 ; N

469 :
~ = =7 == 33,52 in} - . "

1 - \

) )

would be tisfactory for the large diameter shell to with-

stand full va conditions. . For the small diameter shell,

" ecalculations sﬁow that there is no need of stiffeners. -

Stiffening rings could also be of-any standard structural

. ,

shépe such a%! beams, channels, angles, etc.
- “ ) . M

®

. 5.4 NOZZLE REINFORCEMENT

24" Manhole

° v A - “

¥ The ‘manhole lneck is rblled_fromsg in.'piaté of the same
- c 4

material as the shell.The required thickness of the neck is

L I
'

= AL (2.250) - 0.067 in. -
23 (1 |

e N *

e
%

From Fig. 5.2, the area of reinforgement required at

corroded condit;ons'is:

[

g "

st Zitnid




»

L . ' ) }n~.1
- 1. ‘
L24"I.D, ! . _E
l
| '!‘
| " Il
, h 1
| |
! I ) )
f 1

;o8
7.

Reinforcing _~Pad

n 0y
% .
: -
3
.t 1y

o

Example of -Nozzle Reinforcement
. Te oo

Id

\

A




other nozzles are reinforced. , -

Ed

A=dx t. = 24.5 x 0.426 =-10.437 in?

'Area of.reinforoement provided is: _

r,

Ay = [(t-c) - £ Jd = [(0275-.25) - 0.426] 24.5 =

-
v

.

=" -1.813 in? : S
/., ‘ AR &‘.
TR, = [(tn-c‘) -t 15t = [(1-0.25) - 0.067](5) (0.5) =

)

v

1.708. inZ

A, = (2)(.75%) = 1.125 in?

i ~» .
-

Theréfore, the total area provided'is 4..646 in?

¢

Area that has to be supplied by reinforcing pad is
~ . [ . . > N
3 i ' .

Be = 10.437 - 4.646 = 5.791 in?.

A pad of 0.75*{h.thick and 34. 875 in. 0.5. is used..

As /= (34.875-26) (0.75) = 6.656 in?

C ), Thus, ~

-

-~

Ay + Ay + Ayt A = §.646 + 6.656

H

2

= 11.302-in?.> 10.437

Nozzle reinforcement must also be checked at test conditions,

< y ° ’

. ) { o : N :
. i.e., without considering corrosion allowance. Similarly,

3 Y

< T

1
-
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M facs gesket, UAS, UALS
Warih wed tcknsss UG-8, UG4S
Wwﬂm, UW 15, UW'IS, Fig I.Mlll

94

Spboicoby fabed swven, UAL, Fi. UAS

—————\ g \———-
Rabetarcament pod, UG 37, US40, UG 41, UG B, UW 10, A28 i m’”""“‘""‘“”""' Fig.Ur®y

Code Tormmation #f Vessel, U1 ic)

Lap 2 Swd end UG 11, UG42- UG4S N

.

Elipseidal biad, Procsures, int ucn LrLUGl!-——-——« n.

cth Wl!.IM" Re. UW N,

ve-&

Laase type flange UG, UALS 1052, Fry um—.-__ﬂ,{"? ’.é \——-——-—-—— nmn UG8 te UG, UA T, UA.28

g, UW 12, UAdS 6 K2, UA 55, o o
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{ Bvts & bachers UG 12, UCS-11, UNFN

1 “Stute & Bahs, UG12, UCS-18,
i UNR12 -~

Erowstorsatid jects, UW-3, UN-3 ————— . =~

leq xesems parts, UGS, UC-TZ, ucs. ueR

n-(m UG 3 P uwm \Nm
Dytiomal typs fisnges, UG 1, UG, uw’u—_\k o) 'l'-:mu?;f:h:"l‘u':wm

b UG-, UA—I)!
thickness, UW

i .
Py UW S, UW 13, Fig uvm.t

$hed thicknage, UG-8, UCS:13, UNF-15, UHAX, Pressarse
o UG, £x1. UG-

UA YL, UA2 A
UAIM » UAIR

Stitfanmy rings, UG-23, UGN, UA-Z72

Apnled lnings, Pt UCL., UG-21, Appandic F- P(d_ Wolded condection, UW 15, UW 18, Fog. UW 11 §

i . . r".

Intogrady ciad plits, Part UCL Appendia f ———— .
" . ; Opanings, At hands, UG
_— Woals Wik thicknass, UG-8

Corrvsion, UG25, u}bilcus. UAISS to UA-108 ; .
Biftsear plew, U04, UG UG, 002 — / F
Soppact lags, UGH, UG-, UG, Appandx § ——{ |
\ = : N/
CLangitmiinal oirts, UW X, UW-3, UW X, UW4 {

ToR sl bolse, UG, UCL-2Z5

Attachasest ! jocket Fy, UA-184, Fig UAYS

L UM 122 B UW 1)

e Baching strip, Table UW 12, UN.5
Cruferantial jomts, UW 3, UW 1, UW-25

Art besd, UG W, Fiq UG 3, UW-12, UGDOKY

. . : . At besd, UG, Fig UG-
dochetod vacsels UG8, UG-A3ic) Appondt X Lo s E L[ Tube chewt, Ko cads, TEMA sccaghabie, U2g)
?nq rolde, UN T UW D) Y44 ‘ . L ;ﬁf‘“ bes, an{:’tﬁ-_:s.l;l\. veg
[ Y for stays, UG, M- : - .
V18, F. UW 137, Staped Shfsces, UE4? —/ﬂ_g e — "“"“‘ffL Bsifle. UGH
Sy bhts UG, UG 221, UG@ . . . — Channet Swcton, Cont Stast UG-,
»

UwW 1, Fg UN-1, ¢

'

i 178 Apex sngls, UG-22
Swpat akinn, UGS, UG 22, uc-u, UA IS » UA-IY
Tekconical besd praseures.
Yt UG-32 UG

§ ue-% UA DTS
fo UGN

Saxdded cormctions, UGS, UG-“

port UCS, UHA Cast brea, §ICH,

L2 Forgng, part UF. Wilded conet. UW,
!lr: WF Cant Dactde ke ULD.

Wnteys! type Aungs. UG, UALS o
UASL, Fig UAAD, UASS, Apperiix $
Reicforcement pod, UGZ? UG J1. UG-H, U4, USLL, UW-1S,
: Compression ring UAE . Oa-
V2 Apox sngle, UG-

Conieit bosda, Preseerss, Xt UG-33, UA 778

v

im UG UG X, N.W\'I.UHUA—!
UW 18, Fig. UW 151, UW 1S Small walied Frtkigs, UG-L, YW-15. UW 19
Optiensl type fange, UGH, UG-, UW 1Y, fig. UW 181, By UW 2 )
F3 UW 132, UALSia 2, UA 55, P OA40, Anpandin & Thvesisd epenngs, UG43 (0 L
Rohtad flange, $hanesl raver UASL Kead UWa3, Ry UW.IL o
, Mwdole cover pisth, UG 11, UM 00t weldt, UW 10, UW 8 Tabls UW-A2 . 1}
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s, uuuz 12, UNF-13 . . p RN
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. 'FIG. A-l Guide to ASME Code, Section VIiI, Div. 1 [29] -
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. . . JOINT EFFICIENCY, E
TYPES € 2. When e Joint: -

- + | Fully b. .
. Radio-+ Spot . Not .
: ' graphed | Examined | Examined

Butt joints as attained by ‘ N
° double-welding or by other
-means which will obtain
_ the same quality of
depauted weld metal on
. the innde and dutside
weld surface.
Backing strip if used
shallbe removed after
___completion ofyveld.

O WM 7

Single-weld€d butt joint
with bakking stnp
which réyprains i

place af

C For ciccumferential
joint only

3

Single-welded butt joint

v
7 /l without use of backing’
., - /4 . 'nﬁp

£

\ v

Double-full
> fillet lap joint -

«

$T 2 o

-y m*.
P70 L AN NN .with plug welds

3

1

NN

Single Nh))ct lip joint,
without
plug welds

L N ' . 4 j
g - FIG. A-2 Efficiency of Welded Joints [27] -

“ -




F ' * ey 7 g e ‘g -~ ) v .
t e Ante T Ve~ o'r ﬁw@hﬂ-«m-m g - o °-‘ - L -y ;
| ' " WELDING MECK FLANGE DEBIGN" “ e 7, dos, dxr s
e i b” i a—
| DESIGN CONDITIONS GASKET ‘ard BOLTING CALCULATIONS  § . (R aE
: Began Preswure, P Gaslet Dc!uil: : a Fat{ﬁg Lrloils "3 ‘ , N= "~
| i Design Temperature | . . b= e
| : H'o‘ngc Motensl . ’ / y=
§ (Rotimgmoreriet | R e m = ‘ |
| Lotrosion Ahowan:e e W..:"‘—- bxGy E: An ._;.,::\-‘-"- Wan2/S¢ of Way /Sy = . [
_——1 Deuqn Temp., Ste H, = 2brGmP = Ay = ' :
A Honge |t Temp 1o « |0 =Gwerd = W = SlAn - Ay)S, =
,!i é..g. ) Design Temp.,'Sy Wt =M, + H= ' Wat = N N .
é Bolting 1 e Temp., S Gaske! VWidih Check (faired Foce ONLY): N = A;S,/)y:’G —
; ‘A conpimion| . LOAD X " LeveR ARM = MOMENT ¥
; o fHo==cBP/d = = R+ .5g1 = Mo == Hghy .= B 1
; o= H= . ho = SC—6) = Mo = Hehg — 7
» {-Operating }- -
Iy Hr=H—Ho = br = .5R + g 4 hgl = My = Hihy =
2l ‘ M, =,
Goike!? . ¢ -
Seofing He=wW = = 5(—G) . = o~ M = M
o i STRESS CALCULATION—Gperating Conditions (ude A) SHAPE CONSTANTS (fimDeuantabiatane) )
* 15 5, long. Hu5, Sw= t 3{/Ag1? Kz Afhk = hohe = o= ‘
Ste 2udz-:-l‘.=|g.‘,’5g = § A{/AN T - = £ —
Sie llosg. g, st == {2pv/m = 25, VAN E = v =
St :":; SISy 4 Sa)or .5 (Sk. 4 S1) B ] * Y = § =
. Hg-etrs STRESS CALCULATION—Gaskel Seoting (vie M) |. Y = o=t = 1
1.5 si Long. Hu‘b._sﬁn = M/Aq? f . g1/, _ = = gh.g.’ ;__ )
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. B c
¢ ~ € R
SA-299 e C-Mn-St s
SA414 A < &
B C
c C .
"D C-Mn L
E C-Mn
F C-Mn :
G cMn 7
SA-442 . 55 C-Mn-Si
- 60 C-Mn-S§
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320 600
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32,0 £0.0

L, %50 65.0
. 380 70.0
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Maximum Allowable Stress Values for
Carbon and Low Alloy Steel  [22]
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