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Preface 

Designers of pressure vessels and related equipment frequently have design infor- 
mation scattered among numerous books, periodicals, journals, and old notes. Then, 
when faced with a particular problem, they spend hours researching its solution only to 
discover the execution may have been rather simple. This book can eliminate those 
hours of research by probiding a step-by-step approach to the problems most fre- 
quently encountered in the design of pressure vessels. 

This book makes no claim to originality other than that of format. The material is 
organized in the most concise and functionally useful manner. Whenever possible, 
credit has been given to the original sources. 

Although  eve^ effort has been made to obtain the most accurate data and solutions, 
it is the nature of engineering that certain simplifying assumptions be made. Solutions 
achie\7ed should be viewed in this light, and where judgments are required, they should 
be made with due consideration. 

Many experienced designers will have already performed many of the calculations 
outlined in this book, but will find the approach slightly different. All procedures have 
been developed and proven, using actual design problems. The procedures are easily 
repeatable to ensure consistency of execution. They also can be modified to incorpo- 
rate changes in codes, standards, contracts, or local requirements. Everything required 
for the solution of an individual problem is contained in the procedure. 

This book may be used directly to solve problems, as a guideline, as a logical 
approach to problems, or as a check to alternative design methods. If more detailed 
solutions are required, the approach shown can be amplified where required. 

The user of this book should be advised that any code formulas or references should 
always be checked against the latest editions of codes, Le., ASME Section VIII, 
Division 1, Uniform Building Code, arid ASCE 7-95. These codes are continually 
updated and revised to incorporate the latest available data. 

1 am grateful to all those who have contributed information and advice to make this 
book possible, and invite any suggestions readers may make concerning corrections or 
additions. 

Dennis H. Moss 

ix 
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1 
Stresses in Pressure Vessels 

DESIGN PHILOSOPHY 

In general, pressure vessels designed in accordance with 
the ASME Code, Section VIII, Division 1, are designed by 
rules and do not require a detailed evaluation of all stresses. 
It is recognized that high localized and secondary bending 
stresses may exist but are allowed for by use of a higher 
safety factor and design rules for details. It is required, how- 
ever, that all loadings (the forces applied to a vessel or its 
structural attachments) must be considered. (See Reference 1, 
Para. UG-22.) 

While the Code gives formulas for thickness and stress of 
basic components, it is up to the designer to select appro- 
priate analytical procedures for determining stress due to 
other loadings. The designer must also select the most prob- 
able combination of simultaneous loads for an economical 
and safe design. 

The Code establishes allowable stresses by stating in Para. 
UG-23(c) that the maximum general primary membrane 
stress must be less than allowable stresses outlined in material 
sections. Further, it states that the maximum primary mem- 
brane stress plus primary bending stress may not exceed 1.5 
times the allowable stress of the material sections. In other 
sections, specifically Paras. 1-5(e) and 2-8, higher allowable 
stresses are permitted if appropriate analysis is made. These 
higher allowable stresses clearly indicate that different stress 
levels for different stress categories are acceptable. 

It is general practice when doing more detailed stress 
analysis to apply higher allowable stresses. In effect, the 
detailed evaluation of stresses permits substituting knowl- 
edge of localized stresses and the use of higher allowables 
in place of the larger factor of safety used by the Code. This 
higher safety factor really reflected lack of knowledge about 
actual stresses. 

A calculated value of stress means little until it is associ- 
ated with its location and distribution in the vessel and with 
the type of loading that produced it. Different types of stress 
have different degrees of significance. 

The designer must familiarize himself with the various 
types of stress and loadings in order to accurately apply 
the results of analysis. The designer must also consider 
some adequate stress or failure theory in order to combine 
stresses and set allowable stress limits. It is against this fail- 
ure mode that he must compare and interpret stress values, 
and define how the stresses in a component react and con- 
tribute to the strength of that part. 

The following sections will provide the fundamental 
knowledge for applying the results of analysis. The topics 
covered in Chapter 1 form the basis by which the rest of 
the book is to be used. A section on special problems and 
considerations is included to alert the designer to more com- 
plex problems that exist. 

STRESS ANALYSIS 

Stress analysis is the determination of the relationship 
between external forces applied to a vessel and the corre- 
sponding stress. The emphasis of this book is not how to do 
stress analysis in particular, but rather how to analyze vessels 
and their component parts in an effort to arrive at an 
economical and safe design-the rllfference being that we 
analyze stresses where necessary to determine thickness of 
material and sizes of members. We are not so concerned 
with building mathematical models as with providing a 
step-by-step approach to the design of ASME Code vessels. 
It is not necessary to find every stress but rather to know the 

governing stresses and how they relate to the vessel or its 
respective parts, attachments, and supports. 

The starting place for stress analysis is to determine all 
the design conditions for a gven problem and then deter- 
mine all the related external forces. We must then relate 
these external forces to the vessel parts which must resist 
them to find the corresponding stresses. By isolating the 
causes (loadings), the effects (stress) can be more accurately 
determined. 

The designer must also be keenly aware of the types of 
loads and how they relate to the vessel as a whole. Are the 

1 
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effects long or short term? Do they apply to a localized 
portion of the vessel or are they uniform throughout? 

How these stresses are interpreted and combined, what 
significance they have to the overall safety of the vessel, and 
what allowable stresses are applied will be determined by 
three things: 

1. The strengtwfailure theory utilized. 
2. The types and categories of loadings. 
3. The hazard the stress represents to the vessel. 

Membrane Stress Analysis 

Pressure vessels commonly have the form of spheres, 
cylinders, cones, ellipsoids, tori, or composites of these. 
When the thickness is small in comparison with other &men- 
sions (RJt > lo), vessels are referred to as membranes and 
the associated stresses resulting from the contained pressure 
are called membrane stresses. These membrane stresses are 
average tension or compression stresses. They are assumed 
to be uniform across the vessel wall and act tangentially to its 
surface. The membrane or wall is assumed to offer no resis- 
tance to bending. When the wall offers resistance to bend- 
ing, bending stresses occur in addtion to membrane stresses. 

In a vessel of complicated shape subjected to internal 
pressure, the simple membrane-stress concepts do not suf- 
fice to give an adequate idea of the true stress situation. The 
types of heads closing the vessel, effects of supports, varia- 
tions in thickness and cross section, nozzles, external at- 
tachments, and overall bending due to weight, wind, and 
seismic activity all cause varying stress distributions in the 
vessel. Deviations from a true membrane shape set up bend- 
ing in the vessel wall and cause the direct loading to vary 
from point to point. The direct loading is diverted from the 
more flexible to the more rigid portions of the vessel. This 
effect is called “stress redistribution.” 

In any pressure vessel subjected to internal or external 
pressure, stresses are set up in the shell wall. The state of 
stress is triaxial and the three principal stresses are: 

ox = 1ongitudmaVmeridional stress 
04 = circumferentialAatitudina1 stress 
or = radial stress 

In addition, there may be bending and shear stresses. The 
radial stress is a direct stress, which is a result of the pressure 
acting directly on the wall, and causes a compressive stress 
equal to the pressure. In thin-walled vessels this stress is so 
small compared to the other “principal” stresses that it is 
generally ignored. Thus we assume for purposes of analysis 
that the state of stress is biaxial. This greatly simplifies the 
method of combining stresses in comparison to triaxial stress 
states. For thickwalled vessels (RJt < lo), the radial stress 
cannot be ignored and formulas are quite different from 
those used in finding “membrane stresses” in thin shells. 

Since ASME Code, Section VIII, Division 1, is basically for 
design by rules, a higher factor of safety is used to allow for 
the “unknown” stresses in the vessel. This higher safety 
factor, which allows for these unknown stresses, can impose 
a penalty on design but requires much less analysis. The 
design techniques outlined in this text are a compro- 
mise between finding all stresses and utilizing minimum 
code formulas. This additional knowledge of stresses warrants 
the use of higher allowable stresses in some cases, while meet- 
ing the requirements that all loadings be considered. 

In conclusion, “membrane stress analysis’’ is not completely 
accurate but allows certain simplifymg assumptions to be 
made while maintaining a fair degree of accuracy. The main 
simplifying assumptions are that the stress is biaxial and that 
the stresses are uniform across the shell wall. For thin-walled 
vessels these assumptions have proven themselves to be 
reliable. No vessel meets the criteria of being a true 
membrane, but we can use this tool with a reasonable 
degree of accuracy. 

STRESS/FAILURE THEORIES 

As stated previously, stresses are meaningless until com- 
pared to some stresdfailure theory. The significance of a 
given stress must be related to its location in the vessel 
and its bearing on the ultimate failure of that vessel. 
Historically, various ‘‘theories” have been derived to com- 
bine and measure stresses against the potential failure 
mode. A number of stress theories, also called “yield cri- 
teria,” are available for describing the effects of combined 
stresses. For purposes of this book, as these failure theories 
apply to pressure vessels, only two theories will be discussed. 

They are the “maximum stress theory” and the “maximum 
shear stress theory.” 

Maximum Stress Theory 

This theory is the oldest, most widely used and simplest to 
apply. Both ASME Code, Section VIII, Division 1, and 
Section I use the maximum stress theory as a basis for 
design. This theory simply asserts that the breakdown of 
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material depends only on the numerical magnitude of the 
maximum principal or normal stress. Stresses in the other 
directions are disregarded. Only the maximum principal 
stress must be determined to apply this criterion. This 
theory is used for biaxial states of stress assumed in a thin- 
walled pressure vessel. As will be shown later it is unconser- 
vative in some instances and requires a higher safety factor 
for its use. While the maximum stress theory does accurately 
predict failure in brittle materials, it is not always accurate 
for ductile materials. Ductile materials often fail along lines 
4 5  to the applied force by shearing, long before the tensile 
or compressive stresses are maximum. 

This theory can be illustrated graphically for the four 
states of biaxial stress shown in Figure 1-1. 

It can be seen that uniaxial tension or compression lies on 
tlir two axes. Inside the box (outer boundaries) is the elastic 
range of the material. Yielding is predicted for stress 
combinations by the outer line. 

Maximum Shear Stress Theory 

This theory asserts that the breakdown of material de- 
pends only on the mdximum shear stress attained in an ele- 
ment. It assumes that yielding starts in planes of maximum 
shear stress. According to this theory, yielding will start at a 
point when the maximum shear stress at that point reaches 
one-half of the the uniaxial yield strength, F,. Thus for a 

9 
-1.0 

0 1  l+l.o 

biaxial state of stress where 01 > ( ~ 2 ,  the maximum shear 
stress will be (al - (s2)/2. 

Yielding will occur when 

Both ASME Code, Section 1'111, Division 2 and ASME 
Code, Section 111, utilize the maximum shear stress criterion. 
This theory closely approximates experimental results and is 
also easy to use. This theory also applies to triaxial states 
of stress. In a triaxial stress state, this theory predicts that 
yielding will occur whenever one-half the algebraic differ- 
ence between the maximum and minimum 5tress is equal to 
one-half the yield stress. Where c1 > a2 > 03, the maximum 
shear stress is (ul - 

Yielding will begin when 

01 - 0 3  - F, 
2 2 

This theory is illustrated graphically for the four states of 
biaxial stress in Figure 1-2. 

A comparison of Figure 1-1 and Figure 1-2 will quickly 
illustrate the major differences between the two theories. 
Figure 1-2 predicts yielding at earlier points in Quadrants 
I1 and IV. For example, consider point B of Figure 1-2. It 
shows ~ 2 = ( - ) ( ~ 1 ;  therefore the shear stress is equal to 
c2 - ( -a1)/2, which equals o2 + a1/2 or one-half the stress 

r Safety factor boundary 
imposed by ASME Code 

I / 

I 
I 

_ _ _ _ I  IV 1 1 1  

I -'.O \ 

t O1 

+ l . O  

I Failure surface (yield surface) boundary 

Figure 1-1. Graph of maximum stress theory. Quadrant I: biaxial tension; Quadrant II: tension: Quadrant Ill: biaxial compression; Quadrant IV: 
compression. 
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,- Failure surface (yield surface boundary) 

t O1 P 

Figure 1-2. Graph of maximum shear stress theory. 

which would cause yielding as predcted by the maximum 
stress theory! 

Comparison of the Two Theories 

Both theories are in agreement for uniaxial stress or when 
one of the principal stresses is large in comparison to the 
others. The discrepancy between the theories is greatest 
when both principal stresses are numerically equal. 

For simple analysis upon which the thickness formulas for 
ASME Code, Section I or Section VIII, Division 1, are based, 
it makes little difference whether the maximum stress 
theory or maximum shear stress theory is used. For example, 
according to the maximum stress theory, the controlling 
stress governing the thickness of a cylinder is 04, circumfer- 
ential stress, since it is the largest of the three principal 
stresses. Accordmg to the maximum shear stress theory, 
the controlling stress would be one-half the algebraic differ- 
ence between the maximum and minimum stress: 

The maximum stress is the circumferential stress, a4 

04 = PR/t 

0 The minimum stress is the radial stress, a, 

a, = -P 

Therefore, the maximum shear stress is: 

ASME Code, Section VIII, Division 2, and Section I11 use 
the term “stress intensity,” which is defined as twice the 
maximum shear stress. Since the shear stress is compared 
to one-half the yield stress only, “stress intensity” is used for 
comparison to allowable stresses or ultimate stresses. To 
define it another way, yieldmg begins when the “stress in- 
tensity” exceeds the yield strength of the material. 

In the preceding example, the “stress intensity” would be 
equal to 04 - a,. And 

For a cylinder where P = 300 psi, R = 30 in., and t = .5 in., 
the two theories would compare as follows: 

Maximum stress theory 

o = a4 = PR/t = 300(30)/.5 = 18,000 psi 

Maximum shear stress the0 y 

a = PR/t + P = 300(30)/.5 + 300 = 18,300 psi 

Two points are obvious from the foregoing: 

1. For thin-walled pressure vessels, both theories yield 
approximately the same results. 

2. For thin-walled pressure vessels the radial stress is so 
small in comparison to the other principal stresses that 
it can be ignored and a state of biaxial stress is assumed 
to exist. 
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For thick-walled vessels (R,,,/t < lo), the radial stress 
becomes significant in defining the ultimate failure of the 
vessel. The maximum stress theory is unconservative for 

designing these vessels. For this reason, this text has limited 
its application to thin-walled vessels where a biaxial state of 
stress is assumed to exist. 

FAILURES IN PRESSURE VESSELS 

Vessel failures can be grouped into four major categories, 
which describe why a vessel failure occurs. Failures can also 
be grouped into types of failures, which describe how 
the failure occurs. Each failure has a why and how to its 
history. It may have failed through corrosion fatigue because 
the wrong material was selected! The designer must be as 
familiar with categories and types of failure as with cate- 
gories and types of stress and loadings. Ultimately they are 
all related. 

Categories of Failures 

1. Material-Improper selection of material; defects in 
material. 

2. Design-Incorrect design data; inaccurate or incor- 
rect design methods; inadequate shop testing. 

3. Fabrication-Poor quality control; improper or insuf- 
ficient fabrication procedures including welding; heat 
treatment or forming methods. 

4. Seruice-Change of service condition by the user; 
inexperienced operations or maintenance personnel; 
upset conditions. Some types of service which require 
special attention both for selection of material, design 
details, and fabrication methods are as follows: 
a. Lethal 
b. Fatigue (cyclic) 
c. Brittle (low temperature) 
d. High temperature 
e. High shock or vibration 
f. Vessel contents 

0 Hydrogen 
0 Ammonia 
0 Compressed air 
0 Caustic 
0 Chlorides 

Types of Failures 

1. Elastic defi,rmation-Elastic instability or elastic buck- 
ling, vessel geometry, and stiffness as well as properties 
of materials are protection against buckling. 

2. Brittle fracture-Can occur at low or intermediate tem- 
peratures. Brittle fractures have occurred in vessels 
made of low carbon steel in the 40’50°F range 
during hydrotest where minor flaws exist. 

3. Excessive plastic deformation-The primary and sec- 
ondary stress limits as outlined in ASME Section 
VIII, Division 2, are intended to prevent excessive plas- 
tic deformation and incremental collapse. 

4. Stress rupture-Creep deformation as a result of fa- 
tigue or cyclic loading, i.e., progressive fracture. 
Creep is a time-dependent phenomenon, whereas fa- 
tigue is a cycle-dependent phenomenon. 

5. Plastic instability-Incremental collapse; incremental 
collapse is cyclic strain accumulation or cumulative 
cyclic deformation. Cumulative damage leads to insta- 
bility of vessel by plastic deformation. 

6. High strain-Low cycle fatigue is strain-governed and 
occurs mainly in lower-strengthhigh-ductile materials. 

7. Stress corrosion-It is well known that chlorides cause 
stress corrosion cracking in stainless steels; likewise 
caustic service can cause stress corrosion cracking in 
carbon steels. Material selection is critical in these 
services. 

8. Corrosion fatigue-Occurs when corrosive and fatigue 
effects occur simultaneously. Corrosion can reduce fa- 
tigue life by pitting the surface and propagating cracks. 
Material selection and fatigue properties are the major 
considerations. 

In dealing with these various modes of failure, the de- 
signer must have at his disposal a picture of the state of 
stress in the various parts. It is against these failure modes 
that the designer must compare and interpret stress values. 
But setting allowable stresses is not enough! For elastic 
instability one must consider geometry, stiffness, and the 
properties of the material. Material selection is a major con- 
sideration when related to the type of service. Design details 
and fabrication methods are as important as “allowable 
stress” in design of vessels for cyclic service. The designer 
and all those persons who ultimately affect the design must 
have a clear picture of the conditions under which the vessel 
will operate. 
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LOADINGS 

Loadings or forces are the “causes” of stresses in pres- 
sure vessels. These forces and moments must be isolated 
both to determine where they apply to the vessel and 
when they apply to a vessel. Categories of loadings 
define where these forces are applied. Loadings may be 
applied over a large portion (general area) of the vessel or 
over a local area of the vessel. Remember both general 
and local loads can produce membrane and bending 
stresses. These stresses are additive and define the overall 
state of stress in the vessel or component. Stresses from 
local loads must be added to stresses from general load- 
ings. These combined stresses are then compared to an 
allowable stress. 

Consider a pressurized, vertical vessel bending due to 
wind, which has an inward radial force applied locally. 
The effects of the pressure loading are longitudinal and 
circumferential tension. The effects of the wind loading 
are longitudinal tension on the windward side and lon- 
gitudinal compression on the leeward side. The effects of 
the local inward radial load are some local membrane stres- 
ses and local bending stresses. The local stresses would be 
both circumferential and longitudinal, tension on the inside 
surface of the vessel, and compressive on the outside. Of 
course the steel at any given point only sees a certain level 
of stress or the combined effect. It is the designer’s job to 
combine the stresses from the various loadings to arrive at 
the worst probable combination of stresses, combine them 
using some failure theory, and compare the results to an 
acceptable stress level to obtain an economical and safe 
design. 

This hypothetical problem serves to illustrate how cate- 
gories and types of loadings are related to the stresses they 
produce. The stresses applied more or less continuously and 
unqomly across an entire section of the vessel are primary 
stresses. 

The stresses due to pressure and wind are primary mem- 
brane stresses. These stresses should be limited to the code 
allowable. These stresses would cause the bursting or 
collapse of the vessel if allowed to reach an unacceptably 
high level. 

On the other hand, the stresses from the inward radial 
load could be either a primary local stress or secondary 
stress. It is a primary local stress if it is produced from an 
unrelenting load or a secondary stress if produced by a 
relenting load. Either stress may cause local deformation 
but will not in and of itself cause the vessel to fail. If it is 
a primary stress, the stress will be redistributed; if it is a 
secondary stress, the load will relax once slight deforma- 
tion occurs. 

Also be aware that this is only true for ductile materials. In 
brittle materials, there would be no difference between 

primary and secondary stresses. If the material cannot 
yield to reduce the load, then the definition of secondary 
stress does not apply! Fortunately current pressure vessel 
codes require the use of ductile materials. 

This should make it obvious that the type and category of 
loading will determine the type and category of stress. This 
will be expanded upon later, but basically each combina- 
tion of stresses (stress categories) will have different allow- 
ables, i.e.: 

0 Primary stress: P, < SE 
0 Primary membrane local (PL): 

PL = P, + PL < 1.5 SE 
PL = P,, + Q, < 1.5 SE 

0 Primary membrane + secondary (Q): 

Pm + Q < 3 SE 

But what if the loading was of relatively short duration? This 
describes the “type” of loading. Whether a loading is steady, 
more or less continuous, or nonsteady, variable, or tempo- 
rary will also have an effect on what level of stress will be 
acceptable. If in our hypothetical problem the loading had 
been pressure + seismic + local load, we would have a 
different case. Due to the relatively short duration of seismic 
loading, a higher “temporary” allowable stress would be ac- 
ceptable. The vessel doesn’t have to operate in an earth- 
quake all the time. On the other hand, it also shouldn’t fall 
down in the event of an earthquake! Structural designs allow 
a one-third increase in allowable stress for seismic loadings 
for this reason. 

For steady loads, the vessel must support these loads more 
or less continuously during its useful life. As a result, the 
stresses produced from these loads must be maintained to 
an acceptable level. 

For nonsteady loads, the vessel may experience some 
or all of these loadings at various times but not all at once 
and not more or less continuously. Therefore a temporarily 
higher stress is acceptable. 

For general loads that apply more or less uniformly across 
an entire section, the corresponding stresses must be lower, 
since the entire vessel must support that loading. 

For local loads, the corresponding stresses are confined to 
a small portion of the vessel and normally fall off rapidly in 
distance from the applied load. As discussed previously, 
pressurizing a vessel causes bending in certain components. 
But it doesn’t cause the entire vessel to bend. The results are 
not as significant (except in cyclic service) as those caused by 
general loadings. Therefore a slightly higher allowable stress 
would be in order. 
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Loadings can be outlined as follows: I 
A. Categories of loadings 

1. General loads-Applied more or less continuously 
across a vessel section. 
a. Pressure loads-Internal or external pressure 

(design, operating, hydrotest. and hydrostatic 
head of liquid). 

b. Moment loads-Due to wind, seismic, erection, 
transportation. 

c. Compressive/tensile loads-Due to dead weight, 
installed equipment, ladders, platforms, piping, 
and vessel contents. 

attachment. 
d. Thermal loads-Hot box design of skirthead 

2 .  Local loads-Due to reactions from supports, 
internals, attached piping, attached equipment, 
Le., platforms, mixers, etc. 
a. Radial load-Inward or outward. 
b. Shear load-Longitudinal or circumferential. 
c. Torsional load. 

d. Tangential load. 
e. Moment load-Longitudinal or circumferential. 
f. Thermal load. 

B. Typey of loadings 
1. Steady load-Long-term duration, continuous. 

a. InternaVexternal pressure. 
b Dead weight. 
c. Vessel contents. 
d. Loadings due to attached piping and equipment. 
e. Loadings to and from vessel supports. 
f. Thermal loads. 
g. Wind loads. 

a. Shop and field hydrotests. 
b. Earthquake. 
c. Erection. 
d. Transportation. 
e. Upset, emergency. 
f. Thermal loads. 
g. Start up, shut down. 

2. Nonsteady loads-Short-term duration; variable. 

STRESS 

ASME Code, SectionVIII, Division 1 vs. 
Division 2 

~~ 

ASME Code, Section VIII, Division 1 does not explicitly 
consider the effects of combined stress. Neither does it give 
detailed methods on how stresses are combined. ASME 
Code, Section VIII, Division 2, on the other hand, provides 
specific guidelines for stresses, how they are combined, and 
allowable stresses for categories of combined stresses. 
Division 2 is design by analysis whereas Division 1 is 
design by rules. Although stress analysis as utilized by 
Division 2 is beyond the scope of this text, the use of 
stress categories, definitions of stress, and allowable stresses 
is applicable. 

Division 2 stress analysis considers all stresses in a triaxial 
state combined in accordance with the maximum shear stress 
theory. Division 1 and the procedures outlined in this book 
consider a biaxial state of stress combined in accordance with 
the maximum stress theory. Just as you would not design 
a nuclear reactor to the niles of Division 1, you would 
not design an air receiver by the techniques of Division 2. 
Each has its place and applications. The following discussion 
on categories of stress and allowables will utilize informa- 
tion from Division 2 ,  which can be applied in general to all 
vessels. 

Types, Classes, and Categories of Stress 

The shell thickness as computed by Code formulas for 
internal or external pressure alone is often not sufficient to 
withstand the combined effects of all other loadings. 
Detailed calculations consider the effects of each loading 
separately and then must be combined to give the total 
state of stress in that part. The stresses that are present in 
pressure vessels are separated into various cla.~.sr~s in accor- 
dance with the types of loads that produced them, and the 
hazard they represent to the vessel. Each class of stress must 
be maintained at an acceptable leL7el and the combined 
total stress must be kept at another acceptable level. The 
combined stresses due to a combination of loads acting 
simultaneously are called stress categories. Please note 
that this terminology differs from that given in Dikision 2,  
but is clearer for the purposes intended herc,. 

Classes of stress, categories of stress, and allowable 
stresses are based on the type of loading that produced 
them and on the hazard they represent to the structure. 
Unrelenting loads produce primary stresses. Relenting loads 
(self-limiting) produce secondary stresses. General loadings 
produce primary membrane and bending stresses. Local 
loads produce local membrane and bending stresses. 
Primary stresses must be kept l o ~ e r  than secondary stresses. 
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Primary plus secondary stresses are allowed to be higher 
and so on. Before considering the combination of stresses 
(categories), we must first define the various types and 
classes of stress. 

Types of Stress 

There are many names to describe types of stress. Enough 
in fact to provide a confusing picture even to the experienced 
designer. As these stresses apply to pressure vessels, we 
group all types of stress into three major classes of stress, 
and subdivision of each of the groups is arranged according 
to their effect on the vessel. The following list of stresses 
describes types of stress without regard to their effect on 
the vessel or component. They define a direction of stress 
or relate to the application of the load. 

1. Tensile 
2. Compressive 
3. Shear 
4. Bending 
5. Bearing 
6. Axial 
7. Discontinuity 
8. Membrane 
9. Principal 

10. Thermal 
11. Tangential 
12. Load induced 
13. Strain induced 
14. Circumferential 
15. Longitudinal 
16. Radial 
17. Normal 

Classes of Stress 

The foregoing list provides examples of types of stress. 
It is, however, too general to provide a basis with which 
to combine stresses or apply allowable stresses. For this 
purpose, new groupings called classes of stress must be 
used. Classes of stress are defined by the type of loading 
which produces them and the hazard they represent to the 
vessel. 

1. Prima y stress 
a. General: 

0 Primary general membrane stress, P, 
0 Primary general bending stress, Pb 

b. Primary local stress, PL 

a. Secondary membrane stress, Q, 
b. Secondary bending stress, Q b  

2. Seconda y stress 

3. Peak stress, F 

Definitions and examples of these stresses follow. 

Primary general stress. These stresses act over a full 
cross section of the vessel. They are produced by mechanical 
loads (load induced) and are the most hazardous of all types 
of stress. The basic characteristic of a primary stress is that it 

is not self-limiting. Primary stresses are generally due to in- 
ternal or external pressure or produced by sustained external 
forces and moments. Thermal stresses are never classified as 
primary stresses. 

Primary general stresses are divided into membrane and 
bending stresses. The need for divilng primary general 
stress into membrane and bending is that the calculated 
value of a primary bending stress may be allowed to go 
higher than that of a primary membrane stress. Primary 
stresses that exceed the yield strength of the material can 
cause failure or gross distortion. Typical calculations of 
primary stress are: 

TC 
and - 

PR F MC 
J t ’ A ’  I ’ 

Primary general membrane stress, P,. This stress occurs across 
the entire cross section of the vessel. It is remote from dis- 
continuities such as head-shell intersections, cone-cylinder 
intersections, nozzles, and supports. Examples are: 

a. Circumferential and longitudmal stress due to pressure. 
b. Compressive and tensile axial stresses due to wind. 
c. Longitudinal stress due to the bending of the horizontal 

vessel over the saddles. 
d. Membrane stress in the center of the flat head. 
e. Membrane stress in the nozzle wall within the area of 

reinforcement due to pressure or external loads. 
f. Axial compression due to weight. 

Primary general bending stress, Pb. Primary bending stresses 
are due to sustained loads and are capable of causing 
collapse of the vessel. There are relatively few areas where 
primary bending occurs: 

a. Bending stress in the center of a flat head or crown of a 
dished head. 

b. Bending stress in a shallow conical head. 
c. Bending stress in the ligaments of closely spaced 

openings. 

Local primary membrane stress, PL. Local primary 
membrane stress is not technically a classification of stress but 
a stress category, since it is a combination of two stresses. The 
combination it represents is primary membrane stress, P,, 
plus secondary membrane stress, Q,, produced from sus- 
tained loads. These have been grouped together in order to 
limit the allowable stress for this particular combination to a 
level lower than allowed for other primary and secondary 
stress applications. It was felt that local stress from sustained 
(unrelenting) loads presented a great enough hazard for the 
combination to be “classified” as a primary stress. 

A local primary stress is produced either by design 
pressure alone or by other mechanical loads. Local primary 
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stresses have some self-limiting characteristics like secondary 
stresses. Since they are localized, once the yield strength of 
the material is reached, the load is redistributed to stiffer 
portions of the vessel. However, since any deformation 
associated with yielding would be unacceptable, an allowable 
stress lower than secondary stresses is assigned. The basic 
difference between a primary local stress and a secondary 
stress is that a primary local stress is produced by a load that 
is unrelenting; the stress is just redistributed. In a secondary 
stress, yielding relaxes the load and is truly self-limiting. The 
ability of primary local stresses to redistribute themselves 
after the yield strength is attained locally provides a safety- 
valve effect. Thus, the higher allowable stress applies only to 
a local area. 

Primary local membrane stresses are a combination of 
membrane stresses only. Thus only the “membrane” stresses 
from a local load are combined with primary general 
membrane stresses, not the bending stresses. The bending 
stresses associated with a local loading are secondary 
stresses. Therefore, the membrane stresses from a WRC- 
107-type analysis must be broken out separately and com- 
bined with primary general stresses. The same is true for 
discontinuity membrane stresses at head-shell junctures, 
cone-cylinder junctures, and nozzle-shell junctures. The 
bending stresses would be secondary stresses. 

Therefore, PL = P, + Qlllr where Q,, is a local stress from 
a sustained or unrelenting load. Examples of primary local 
membrane stresses are: 

a. PI,, + membrane stresses at local discontinuities: 
1. Head-shell juncture 
2. Cone-cylinder juncture 
3.  Nozzle-shell juncture 
4. Shell-flange juncture 
5. Head-slurt juncture 
6. Shell-stiffening ring juncture 

b. P,, + membrane stresses from local sustained loads: 
1. support lugs 
2. Nozzle loads 
3. Beam supports 
4. Major attachments 

Secondary stress. The basic characteristic of a second- 
ary stress is that it is self-limiting. As defined earlier, this 
means that local yielding and minor distortions can satisfy 
the conditions which caused the stress to occur. Application 
of a secondary stress cannot cause structural failure due 
to the restraints offered by the body to which the part is 
attached. Secondary mean stresses are developed at the junc- 
tions of major components of a pressure vessel. Secondary 
mean stresses are also produced by sustained loads other 
than internal or external pressure. Radial loads on nozzles 
produce secondary mean stresses in the shell at the junction 
of the nozzle. Secondary stresses are strain-induced stresses. 

Discontinuity stresses are only considered as secondary 
stresses if their extent along the length of the shell is limited. 
Division 2 imposes the restriction that the length over which 
the stress is secondary is m. Beyond this distance, the 
stresses are considered as primary mean stresses. In a cylin- 
drical vessel, the length a represents the length over 
which the shell behaves as a ring. 

A further restriction on secondary stresses is that they may 
not be closer to another gross structural Qscontinuity than 
a distance of 2 . 5 m .  This restriction is to eliminate the 
additive effects of edge moments and forces. 

Secondary stresses are divided into two additional groups, 
membrane and bending. Examples of each are as follows: 

Seconda y membrane stress, Q,,,. 
a. Axial stress at the juncture of a flange and the hub of 

the flange. 
b. Thermal stresses. 
c. Membrane stress in the knuckle area of the head. 
d. Membrane stress due to local relenting loads. 

Secondary bending stress, QL. 
a. Bending stress at a gross structural discontinuity: 

b. The nonuniform portion of the stress distribution in a 

c. The stress variation of the radial stress due to internal 

d. Discontinuity stresses at stiffening or support rings. 

nozzles, lugs, etc. (relenting loadings only). 

thick-walled vessel due to internal pressure. 

pressure in thick-walled vessels. 

Note: For b and c it is necessary to subtract out the average 
stress which is the primary stress. Only the varymg part of 
the stress distribution is a secondary stress. 

Peak stress, E Peak stresses are the additional stresses due 
to stress intensification in highly localized areas. They apply 
to both sustained loads and self-limiting loads. There are no 
significant distortions associated with peak stresses. Peak 
stresses are additive to primary and secondary stresses pre- 
sent at the point of the stress concentration. Peak stresses are 
only significant in fatigue conditions or brittle materials. 
Peak stresses are sources of fatigue cracks and apply to 
membrane, bending, and shear stresses. Examples are: 

a. Stress at the corner of a discontinuity. 
b. Thermal stresses in a wall caused by a sudden change 

c. Thermal stresses in cladding or weld overlay. 
d. Stress due to notch effect (stress concentration). 

in the surface temperature. 

Categories of Stress 

Once the various stresses of a component are calculated, 
they must be combined and this final result compared to an 



10 Pressure Vessel Design Manual 

allowable stress (see Table 1-1). The combined classes of 
stress due to a combination of loads acting at the same 
time are stress categories. Each category has assigned 
limits of stress based on the hazard it represents to the 
vessel. The following is derived basically from ASME 
Code, Section VIII, Division 2,  simplified for application to 
Division 1 vessels and allowable stresses. It should be used as 
a guideline only because Division 1 recognizes only two 
categories of stress-primary membrane stress and primary 
bending stress. Since the calculations of most secondary 
(thermal and discontinuities) and peak stresses are not 
included in this book, these categories can be considered 
for reference only. In addition, Division 2 utilizes a factor 
K multiplied by the allowable stress for increase due to 
short-term loads due to seismic or upset conditions. It also 
sets allowable limits of combined stress for fatigue loading 
where secondary and peak stresses are major considerations. 
Table 1-1 sets allowable stresses for both stress classifications 
and stress categories. 

Table 1-1 
Allowable Stresses for Stress Classifications and Categories 

Stress Classification or Cateaorv 

General primary membrane, P, 
General primary bending, Pb 
Local primary membrane, PL 

Secondary membrane, Q, 
Secondary bending, Qb 
Peak, F 

(PL=P, +QmJ 

p m  f Pb + em + Qb 
pL+  Pb 

p m  + Pb +Q& + Qb 
Pm + Pb + Q& + Qb + F 

Allowable Stress 

SE 
1.5SE < .9Fy 

1.5SE 4 .9Fy 
1.5SE < .9Fy 
3SE < 2Fy UTS 

3SE < 2Fy < UTS 
1.5SE < .9Fy 
3SE < 2Fy < UTS 

2Sa 

2Sa 

Notes: 
Q,, = membrane stresses from sustained loads 
W, =membrane stresses from relenting, self-limiting loads 
S=allowable stress per ASME Code, Section VIII, Division 1, at design 

F,= minimum specified yield strength at design temperature 
UTS = minimum specified tensile strength 
S,=allowable stress for any given number of cycles from design fatigue curves. 

temperature 

SPECIAL PROBLEMS 

This book provides detailed methods to cover those areas 
most frequently encountered in pressure vessel design. The 
topics chosen for this section, while of the utmost interest to 
the designer, represent problems of a specialized nature. As 
such, they are presented here for information purposes, and 
detailed solutions are not provided. The solutions to these 
special problems are complicated and normally beyond the 
expertise or available time of the average designer. 

The designer should be familiar with these topics in order 
to recognize when special consideration is warranted. If 
more detailed information is desired, there is a great deal 
of reference material available, and special references have 
been included for this purpose. Whenever solutions to prob- 
lems in any of these areas are required, the design or analysis 
should be referred to experts in the field who have proven 
experience in their solution. 

~ ~ ~ ~ 

Thick-Walled Pressure Vessels 

As discussed previously, the equations used for design of 
thin-walled vessels are inadequate for design or prediction of 
failure of thick-walled vessels where R,,/t < 10. There are 
many types of vessels in the thick-walled vessel category as 
outlined in the following, but for purposes of discussion here 
only the monobloc type will be discussed. Design of thick- 
wall vessels or cylinders is beyond the scope of this book, but 
it is hoped that through the following discussion some insight 
will be gained. 

In a thick-walled vessel subjected to internal pressure, both 
circumferential and radlal stresses are maximum on the 
inside surface. However, failure of the shell does not begin 
at the bore but in fibers along the outside surface of the shell. 
Although the fibers on the inside surface do reach yield first 
they are incapable of failing because they are restricted by the 
outer portions of the shell. Above the elastic-breakdown pres- 
sure the region of plastic flow or “overstrain” moves radially 
outward and causes the circumferential stress to reduce at the 
inner layers and to increase at the outer layers. Thus the 
maximum hoop stress is reached first at the outside of the 
cylinder and eventual failure begins there. 

The major methods for manufacture of thick-walled 
pressure vessels are as follows: 

1. Monobloc-Solid vessel wall. 
2. Multilayer-Begins with a core about ‘/z in. thick and 

successive layers are applied. Each layer is vented (except 
the core) and welded individually with no overlapping 
welds. 

3.  Multiwall-Begins with a core about 1% in. to 2 in. 
thick. Outer layers about the same thickness are suc- 
cessively “shrunk fit” over the core. This creates com- 
pressive stress in the core, which is relaxed during 
pressurization. The process of compressing layers is 
called autofrettage from the French word meaning 
“self-hooping.” 

4. Multilayer autofirettage-Begins with a core about 
‘/z in. thick. Bands or forged rings are slipped outside 
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and then the core is expanded hydraulically. The 
core i s  stressed into plastic range but below ultimate 
strength. The outer rings are maintained at a margin 
below yield strength. The elastic deformation resi- 
dual in the outer bands induces compressive stress 
in the core, which is relaxed during pressurization. 

5. Wire wrapped z)essels--Begin with inner core of thick- 
ness less than required for pressure. Core is wrapped 
with steel cables in tension until the desired auto- 
frettage is achieved. 

6. Coil wrapped cessels-Begin with a core that is subse- 
quently wrapped or coiled with a thin steel sheet until 
the desired thickness is obtained. Only two longitudinal 
welds are used, one attaching the sheet to the core and 
the final closure weld. Vessels 5 to 6ft in diameter for 
pressures up to 5,OOOpsi have been made in this 
manner. 

Other techniques and variations of the foregoing have been 
used but these represent the major methods. Obviously 
these vessels are made for very high pressures and are very 
expensive. 

For materials such as mild steel, which fail in shear rather 
than direct tension, the maximum shear theory of failure 
should be used. For internal pressure only, the maximum 
shear stress occurs on the inner surface of the cylinder. At 
this surface both tensile and compressive stresses are max- 
imum. In a cylinder, the maximum tensile stress is the cir- 
cumferential stress, 06. The maximum compressive stress is 
the radial stress, or. These stresses would be computed as 
follows: 

Therefore the maximum shear stress, 5 ,  is [9]: 

ASME Code, Section VIII, Division 1, has developed 
alternate equations for thick-walled monobloc vessels. The 
equations for thickness of cylindrical shells and spherical 
shells are as follows: 

0 Cylindrical shells (Para. 1-2 (a) (1)) where t > .5 Ri or 
P > ,385 SE: 

S E + P  Z=- 
SE - P 

A 

B 

Figure 1-3. Comparision of stress distribution between thin-walled (A) 
and thick-walled (B) vessels. 

0 Spherical shells (Para. 1-3) where t > ,356 Ri or P >.665 SE: 

2(SE + P) 
Y =  

2SE - P 

The stress distribution in the vessel wall of a thick-walled 
vessel varies across the section. This is also true for thin- 
walled vessels, but for purposes of analysis the stress is 
considered uniform since the difference between the inner 
and outer surface is slight. A visual comparison is offered 
in Figure 1-3. 

Thermal Stresses 

Whenever the expansion or contraction that would occur 
normally as a result of heating or cooling an object is 
prevented, thermal stresses are developed. The stress is 
always caused by some form of mechanical restraint. 
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Thermal stresses are “secondary stresses” because they 
are self-limiting. That is, yielding or deformation of the 
part relaxes the stress (except thermal stress ratcheting). 
Thermal stresses will not cause failure by rupture in 
ductile materials except by fatigue over repeated applica- 
tions. They can, however, cause failure due to excessive 
deformations. 

Mechanical restraints are either internal or external. 
External restraint occurs when an object or component is 
supported or contained in a manner that restricts thermal 
movement. An example of external restraint occurs when 
piping expands into a vessel nozzle creating a radial load 
on the vessel shell. Internal restraint occurs when the tem- 
perature through an object is not uniform. Stresses from 
a “thermal gradient” are due to internal restraint. Stress is 
caused by a thermal gradient whenever the temperature dis- 
tribution or variation within a member creates a differential 
expansion such that the natural growth of one fiber is 
influenced by the different growth requirements of adjacent 
fibers. The result is distortion or warpage. 

A transient thermal gradient occurs during heat-up and 
cool-down cycles where the thermal gradient is changing 
with time. 

Thermal gradients can be logarithmic or linear across a 
vessel wall. Given a steady heat input inside or outside a tube 
the heat distribution will be logarithmic if there is a tem- 
perature difference between the inside and outside of the 
tube. This effect is significant for thick-walled vessels. A 
linear temperature distribution occurs if the wall is thin. 
Stress calculations are much simpler for linear distribution. 

Thermal stress ratcheting is progressive incremental 
inelastic deformation or strain that occurs in a component 
that is subjected to variations of mechanical and thermal 
stress. Cyclic strain accumulation ultimately can lead to 
incremental collapse. Thermal stress ratcheting is the result 
of a sustained load and a cyclically applied temperature 
distribution. 

The fundamental difference between mechanical stresses 
and thermal stresses lies in the nature of the loading. Thermal 
stresses as previously stated are a result of restraint or tem- 
perature distribution. The fibers at high temperature are 
compressed and those at lower temperatures are stretched. 
The stress pattern must only satisfy the requirements for 
equilibrium of the internal forces. The result being that 
yielding will relax the thermal stress. If a part is loaded 
mechanically beyond its yield strength, the part will continue 
to yield until it breaks, unless the deflection is limited by 
strain hardening or stress redistribution. The external load 
remains constant, thus the internal stresses cannot relax. 

The basic equations for thermal stress are simple but 
become increasingly complex when subjected to variables 
such as thermal gradents, transient thermal gradients, 
logarithmic gradients, and partial restraint. The basic equa- 
tions follow. If the temperature of a unit cube is changed 

TH 
AT 

Figure 1-4. Thermal linear gradient across shell wall. 

from TI to Tz and the growth of the cube is fully 
restrained: 

where T1= initial temperature, O F  

Tz = new temperature, O F  

(11 = mean coefficient of thermal expansion in./in./”F 
E = modulus of elasticity, psi 
v = Poisson’s ratio = .3 for steel 

AT = mean temperature difference, O F  

Case 1 :  If the bar is restricted only in one direction but free 
to expand in the other drection, the resulting uniaxial 
stress, 0, would be 

0 = -Ea(Tz - TI) 

0 If Tt  > TI, 0 is compressive (expansion). 
0 If TI > Tz, 0 is tensile (contraction). 

Case 2: If restraint is in both directions, x and y, then: 

0, = cy = -(~IE AT/1- o 

Case 3: If restraint is in all three directions, x, y, and z, then 

0, = oy = 0, = -aE AT11 - 2~ 

Case 4 :  If a thermal linear gradient is across the wall of a 
thin shell (see Figure 14),  then: 

0, = O+ = f(11E AT/2(1- V) 

This is a bending stress and not a membrane stress. The hot 
side is in tension, the cold side in compression. Note that this 
is independent of vessel diameter or thickness. The stress is 
due to internal restraint. 

Discontinuity Stresses 

Vessel sections of different thickness, material, dameter, 
and change in directions would all have different displace- 
ments if allowed to expand freely. However, since they 
are connected in a continuous structure, they must deflect 
and rotate together. The stresses in the respective parts at or 
near the juncture are called discontinuity stresses. Disconti- 
nuity stresses are necessary to satisfy compatibility of defor- 
mation in the region. They are local in extent but can be of 
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very high magnitude. Discontinuity stresses are “secondary 
stresses” and are self-limiting. That is, once the structure 
has yielded, the stresses are reduced. In average application 
they will not lead to failure. Discontinuity stresses do 
become an important factor in fatigue design where cyclic 
loadlng is a consideration. Design of the juncture of the 
two parts is a major consideration in reducing discontinuity 
stresses. 

In order to find the state of stress in a pressure vessel, it is 
necessary to find both the membrane stresses and the dis- 
continuity stresses. From superposition of these two states 
of stress, the total stresses are obtained. Generally when 
combined, a higher allowable stress is permitted. Due to 
the complexity of determining dlscontinuity stress, solutions 
will not be covered in detail here. The designer should be 
aware that for designs of high pressure (>1,500 psi), brittle 
material or cyclic loading, discontinuity stresses may be a 
major consideration. 

Since discontinuity stresses are self-limiting, allowable 
stresses can be very high. One example specifically 
addressed by the ASME Code, Section VIII, Division 1, 
is discontinuity stresses at cone-cylinder intersections 
where the included angle is greater than 60”. Para. 1-5(e) 
recommends limiting combined stresses (membrane + dis- 
continuity) in the longitudinal direction to 4SE and in the 
circumferential direction to 1.5SE. 

ASME Code, Section VIII, Division 2,  limits the com- 
bined stress, primary membrane and discontinuity stresses 
to 3S,,, where S, is the lesser of %FFy or ‘/,U.T.S., whichever 
is lower. 

There are two major methods for determining dis- 
continuity stresses: 

1. Displacement Method-Conditions of equilibrium are 

2. Force Method-Conditions of compatibility of dis- 

See References 2, Article 4-7; 6, Chapter 8; and 7, 
Chapter 4 for detailed information regarding calculation of 
discontinuity stresses. 

expressed in terms of displacement. 

placements are expressed in terms of forces. 

Fatigue Analysis 

ASME Code, Section VIII, Division 1, does not speci- 
fically provide for design of vessels in cyclic service. 

Although considered beyond the scope of this text as well, 
the designer must be aware of conditions that would require 
a fatigue analysis to be made. 

When a vessel is subject to repeated loading that could 
cause failure by the development of a progressive fracture, 
the vessel is in cyclic service. ASME Code, Section VIII, 
Division 2, has established specific criteria for determining 
when a vessel must be designed for fatigue. 

It is recognized that Code formulas for design of details, 
such as heads, can result in yielding in localized regions. 
Thus localized stresses exceeding the yield point may be 
encountered even though low allowable stresses have been 
used in the design. These vessels, while safe for relatively 
static conditions of loading, would develop “progressive frac- 
ture” after a large number of repeated loadings due to these 
high localized and secondary bending stresses. It should be 
noted that vessels in cyclic service require special considera- 
tion in both design and fabrication. 

Fatigue failure can also be a result of thermal variations as 
well as other loadings. Fatigue failure has occurred in boiler 
drums due to temperature variations in the shell at the feed 
water inlet. In cases such as this, design details are of 
extreme importance. 

Behavior of metal under fatigue conrlltions vanes signifi- 
cantly from normal stress-strain relationships. Damage 
accumulates during each cycle of loading and develops at 
localized regions of high stress until subsequent repetitions 
finally cause visible cracks to grow, join, and spread. Design 
details play a major role in eliminating regions of stress 
raisers and discontinuities. It is not uncommon to have 
the design strength cut in half by poor design details. 
Progressive fractures develop from these discontinuities 
even though the stress is well below the static elastic strength 
of the material. 

In fatigue service the localized stresses at abrupt changes 
in section, such as at a head junction or nozzle opening, 
misalignment, defects in construction, and thermal gradients 
are the significant stresses. 

The determination of the need for a fatigue evaluation is 
in itself a complex job best left to those experienced in this 
type of analysis. For specific requirements for determining if 
a fatigue analysis is required see ASME Code, Section VIII, 
Division 2,  Para. AD-160. 

For additional information regarding designing pressure 
vessels for fatigue see Reference 7, Chapter 5. 
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General Design 
PROCEDURE 2-1 

GENERALVESSEL FORMULAS 11, 21 

Notation 

P = internal pressure, psi 
D,, D, = insidehtside diameter, in. 

S = allowable or calculated stress, psi 
E =joint efficiency 
L =crown radius, in. 

K,, R, = insidehutside radius, in. 
K, M = coefficients (See Note 3) 

crx = longitudinal stress, psi 
crTd = circumferential stress, psi 

R,,, = mean ra&us of shell, in. 
t =thickness or thickness required of shell, head, 

r =knuckle radius, in. 
or cone, in. 

Notes 

1. Formulas are valid for: 
a. Pressures < 3,000 psi. 
b. Cylindrical shells where t 5 0.5 R, or P 5 0.385 SE. 

For thicker shells see Referencr 1, Para. 1-2. 
c. Spherical shells and hemispherical heads where 

t 5 0.356 R, o r  P 5 0.665 SE. For thicker shells see 
Reference 1, Para. 1-3. 

2, All ellipsoidal and torispherical heads having a mini- 
mum specified tensile strength greater than 80,000 psi 
shall be designed using S = 20,000 psi at ambient tem- 
perature and reduced by the ratio of the allowable 
stresses at design temperature and ambient tempera- 
ture where required. 

Ellipsoidal or 
torispherical 
head 

- 

t-4 

,JK 

Figure 2-1. General configuration and dimensional data for vessel 
shells and heads. 

3.  Formulas for factors: 

15 
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$ Table 2-1 v) 

tD 
v) 
v) 

0 
< 

General Vessel Formulas 2 
0 
tD 
E. 
(0 
3 

z m 

Stress, S Thickness, t Pressure, P 

I.D. OB. I.D. 0.0. 1.0. 0.0. Part Stress Formula 

Shell 
Longitudinal 
[l, Section UG-27(~)(2)] 

Circumferential 
[l, Section UG-27(c)(l); 
Section 1-l(a)(l)] 

Heads 
Hemi sphere 

[ I ,  Section 1-1 (a)(2); 
Section UG-27(d)] 

[ l  , Section 1 -4(c)] 
Ellipsoidal 

2:l S.E. 
[ l ,  Section UG-32(d)] 

100%-6% Torispherical 
[l, Section UG-32(e)] 

- 
3 
C 

P(Ro - 1.4t) 
2Et 

PR, a, = - 
0.2t 

P(Ri - 0.4t) 
2Et 

2SEt 
Ro - 1.4t 

2SEt 
Ri - 0.4t 

SEt 
Ri + 0.6t 

PRO 
2SE + 1.4P 

P Ri 
2SE + 0.4P 

P(Ri Et + 0.6t) P(R0 Et - 0.4t) SEt 
Ro - 0.4t 

PRO 
SE + 0.4P 

PRi 
SE - 0.6P 

P(R0 - 0.8t) 
2Et 

P(Ri + 0.2t) 
2Et 

See 
Procedure 2-2 

2SEt 
Ro - 0.8t 

PSEt 
R, + 0.2t 

PRO 
2SE + 0.8P 

PRm PRi 
ax = a+ = - 

2t 2SE - 0.2P 

PDiK 
2SE - 0.2P 

See 
Procedure 2-2 

2SEt 
KDo - 2t(K - 0.1) 

2SEt 
Do - 1.8t 

2SEt 
KDi + 0.2t 

PDoK 
2SE + 2P(K - 0.1) 

PDo 
2SE + 1.8P 

PSEt 
Di + 0.2t 

PD, 
2SE - 0.2P 

SEt 
0.8851, - 0.8t 

SEt 
0.8854 + O.lt 

0.885P1, 
SE + 0.8P 

0.885PLi 
SE-0.1P 

Torispherical Ur c 16.66 
[l , Section 1 -4(d)] 

PSEt 
1,M - t(M - 0.2) 

2SEt 
4M + 0.2t 

P b M  
2SE + P(M - 0.2) 

PLiM 
2SE - 0.2P 

Cone 
Longitudinal P(Di - 0.8tCOS a) P(Do - 2.8tc0~ CX) 

4Etcos cx 4Etcos 0: 
4SEtcos cx 

Do - 2.8tCOS O: 

4SEtcos 0: 
Di - 0.8tCOS cx 

PRm PDi PDo 
a, = - 

2tcos 0: 4COS cx (SE + 0.4P) 4c0S cx (SE + 1.4P) 

Circumferential 
[l, Section 1-4(e); 
Section UG-32(g)] 

P(Di + 1  CO COS K) P(Do - 0.8tc0~ CX) 

2Etcos cx 2Etcos cx 
2SEtcos 0: 

Do - 0.8tCOS cx 
2SEtcos cx 

D, + 1.2tcos 0: 
PRm PDi PDo 

2COS O: (SE - 0.6P) 2 ~ 0 s  N (SE + 0.4P) 
cT@ = ~ 

tcos 0: 
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3 
16 

7 
8 
- 

1_3 
16 

- 3 
4 

1! 
16 

- 5 
8 

9 
1% 

1 
2 
- 

7 
1% 

3 
8 
- 

5 
i6 

1 
4 

3 
1% 

1 
8 
- 

1.21 9 

1.156 

1.094 

1.031 

0.969 

0.906 

0.844 

0.781 

0.71 9 

0.656 

0.594 

0.531 

0.469 

0.406 

0.344 

0.281 

0.21 9 

24 36 48 60 72 84 96 108 120 132 144 156 168 

Vessel Diameter, Inches 

Figure 2-la. Required shell thickness of cylindrical shell. 
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Figure 2-la. (Continued) 
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PROCEDURE 2-2 

EXTERNAL PRESSURE DESIGN 

Notation 
~~ ~ 

A =factor “A,” strain, from ASME Section TI, Part 

A, = cross-sectional area of stiffener, in.2 
D, Subpart 3, dimensionless 

R = factor “B,” allowable compressive stress, from 

D = inside diameter of cylinder, in. 
Do =outside diameter of cylinder, in. 
]I1, = outside diameter of the large end of cone, in. 
D, = outside diameter of small end of cone, in. 
E = modulus of elasticity, psi 
I = actual moment of inertia of stiffener, in. 

I, = required moment of inertia of stiffener, in.4 
I: = required moment of inertia of combined shell- 

ring cross section, in. 
L, = for cylinders-the design length for external 

pressure, including k the depth of heads, in. 
For cones-the design length for external pres- 
snre (see Figures 2-lb and 2-lc), in. 

ASME Section 11, Part D, Subpart 3, psi 

4 

4 

L,, = equivalent length of conical section, in. 
L, = length between stiffeners, in. 

I,, - T = length of straight portion of shell, tangent to 
tangent, in. 

P = design internal pressure, psi 
P;, = allowable external pressure, psi 
P, = design external pressure, psi 
R,, = outside radius of spheres and hemispheres, 

t =thickness of cylinder, head or conical section, in. 
crown radius of torispherical heads, in. 

t,, =equivalent thickness of cone, in. 
c( =half apex angle of cone, degrees 

Unlike vessels which are designed for internal pressure 
alone, there is no single formula, or unique design, which 
fits the external pressure condition. Instead, there is a range 
of options a ~ a i l ~ b l e  to the designer which can satisfy the 
solution of the design. The thickness of the cylinder is only 
one part of the design. Other factors which affect the design 
are the length of cylinder and the use, size, and spacing of 
stiffening rings. Designing vessels for external pressure is an 
iterative procedure. First, a design is selected with all of the 
variables included, then the design is checked to determine 
if it is adequate. If inadequate, the procedure is repeated 
until an acceptable design is reached. 

Vessels subject to external pressure may fail at well below 
the yield strength of the material. The geometry of the part is 

the critical factor rather than material strength. Failures can 
occur suddenly, by collapse of the component. 

External pressure can be caused in pressure vessels by a 
variety of conditions and circumstances. The design pressure 
may be less than atmospheric due to condensing gas or 
steam. Often refineries and chemical plants design all of 
their vessels for some amount of external pressure, regarcl- 
less of the intended service, to allow fbr steam cleaning and 
the effects of the condensing steam. Other vessels are in 
vacuum service by nature of venturi devices or connection 
to a vacuum pump. Vacuums can be pulled inadvertently by 
failure to vent a vessel during draining, or from improperly 
sized vents. 

External pressure can also be created when vessels are 
jacketed or when components are within iririltichairibererl 
vessels. Often these conditions can be many times greater 
than atmospheric pressure. 

When vessels are designed for bot11 internal arid external 
pressure, it is common practice to first determine the shell 
thickness required for the internal pressure condition, then 
check that thickness for the maximum allowable external 
pressure. If the design is not adequate then a decision is 
made to either bump up the shell thickness to the next 
thickness of plate available, or add stiffening rings to 
reduce the “L’ dimension. If the option of adding stiffening 
rings is selected, then the spacing can be determined to suit 
the vessel configuration. 

Neither increasing the shell thickness to remove stiffening 
rings nor using the thinnest shell with the Inaximum number 
of stiffeners is economical. The optimum solution lies some- 
where between these two extremes. Typically, the utilization 
of rings with a spacing of 2D for vessel diairictcrs up to abont 
eight feet in diameter and a ring spacing of approximately 
“D” for diameters greater than eight feet, provides an eco- 
nomical solution. 

The design of the stiffeners themselves is also a trial and 
error procedure. The first trial will be quite close if the old 
APT-ASME formula is used. The forinula is its follows: 

0.16D~P,LS 
E Is = 

Stiffeners should never be located over circurnferentlal 
weld seams. If properly spaced they may also double as insu- 
lation support rings. Vacuum stiffeners, if coinbined with 
other stiffening rings, such as cone reinforcement rings or 
saddle stiffeners on horizontal vessels, must be designed for 
the combined condition, not each independently. If at all 
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possible, stiffeners should always clear shell nozzles. If una- 
voidable, special attention should be given to the design of a 
boxed stiffener or connection to the nozzle neck. 

Design Procedure For Cylindrical Shells 

Step 1: Assume a thichess if one is not already determined. 
Step 2: Calculate dimensions “L’ and “D.” Dimension “L’ 

should include one-third the depth of the heads. The over- 
all length of cylinder would be as follows for the various 
head types: 

W/(2) hemi-heads 
W/(2) 2:1 S.E. heads 

L = LT-T + 0.333D 
L = LT-T + 0.16661) 

W/(2) 100% - 6% heads L = h - ~  + 0.112D 

Step 3: Calculate UD, and D,Jt ratios 
Step 4: Determine Factor “ A ’  from ASME Code, Section 11, 

Part D, Subpart 3, Fig G: Geometric Chart for 
Components Under External or Compressive Loadings 
(see Figure 2-le). 

Step 5: Using Factor “ A ’  determined in step 4, enter the 
applicable material chart from ASME Code, Section 11, 
Part D, Subpart 3 at the appropriate temperature and 
determine Factor “B.” 

Step 6: If Factor “A’ falls to the left of the material line, then 
utilize the following equation to determine the allowable 
external pressure: 

Step 7: For values of “A’  falling on the material line of the 
applicable material chart, the allowable external pressure 
should be computed as follows: 

4B 

Step 8: If the computed allowable external pressure is less 
than the design external pressure, then a decision must be 
made on how to proceed. Either (a) select a new thickness 
and start the procedure from the beginning or (b) elect 
to use stiffening rings to reduce the “L’  hmension. If 
stiffening rings are to be utilized, then proceed with the 
following steps. 

Step 9: Select a stiffener spacing based on the maximum 
length of unstiffened shell (see Table 2-la). The stiffener 
spacing can vary up to the maximum value allowable for 
the assumed thickness. Determine the number of stiffen- 
ers necessary and the correspondmg “L’ dimension. 

Step 10: Assume an approximate ring size based on the fol- 
lowing equation: 

O.lGD~P,L, 
E 

I =  

Step 11: Compute Factor “B” from the following equation 
utilizing the area of the ring selected: 

0.75PD0 g = -  
t+As / Ls 

Step 12: Utilizing Factor “B” computed in step 11, find the 
corresponding “ A ’  Factor from the applicable material 
curve. 

Step 13: Determine the required moment of inertia from the 
following equation. Note that Factor “A” is the one found 
in step 12. 

I, = Ls(t+As /Ls 1-41 
14 

Step 14: Compare the required moment of inertia, I, with 
the actual moment of inertia of the selected member. If 
the actual exceeds that which is required, the design is 
acceptable but may not be optimum. The optimization 
process is an iterative process in which a new member 
is selected, and steps 11 through 13 are repeated 
until the required size and actual size are approximately 
equal. 

Notes 

1. For conical sections where c( < 22.5 degrees, design the 
cone as a cylinder where Do = DL and length is equal 
to L. 

2. If a vessel is designed for less than 15psi, and the 
external pressure condition is not going to be stamped 
on the nameplate, the vessel does not have to be 
designed for the external pressure condition. 
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I 

1 

.kj$ r2 

Dss 

I 
1 

Case B Case c I 

Case D Case E 

Figure 2-1 b. External pressure cones 22 1 /2" <a < 60". 

For Case B, L,. = L 
For Cases A, C, D, E: 

t,. =tcos c( 
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Large End Small End 

Figure 2-lc. Combined shelkone 

Design stiffener for large end of cone as cylinder 
where: 

Do = DL 

t = tI> 

L1 L2 L,=-+- 
2 2  

I 

I 

Design stiffener for small end of cone as cylinder where: 

Do = Ds 

t = t, 

L --+- 1+- 
" 2  L3 "[ 2 3 

Ro = 0.9 Do 

I 

R o w  = D o  

I 

' I  I 
Sphere/Hemisphere 2:l S.E. Head 

Figure 2-ld. External pressure - spheres and heads. 

Torispherical 
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Figure 2-le. Geometric chart for components under external or compressive loadings (for all materials). (Reprinted by permission from the ASME 
Code. Section VIII, Div. 1.) 



Design Procedure For Spheres and Heads 

Step 1: Assume a thickness and calculate Factor “A.” 

0.125 A = -  
Ro 

Step 2: Find Factor ‘‘€3” from applicable material chart. 

B =  

Step 3: Compute Pa. 

Figure 2-If. Chart for determining shell thickness of components under external pressure when constructed of carbon or low-alloy steels (specified 
minimum yield strength 24,OOOpsi to, but not including, 30,OOOpsi). (Reprinted by permission from the ASME Code, Section VIII, Div. 1.) 

25.000 

20.000 
18,OM) 

16.000 

14.000 

12.000 

lO.Oo0 

8.003 5 
0 

7.000 (d u. 
6.000 

5,000 

9.000 m 

4.000 

3,500 

3,000 

2.500 

o.oooo1 a m i  0.001 

Factor A 
0.01 0 1  

Figure 2-1 g. Chart for determining shell thickness of components under external pressure when constructed of carbon or low-alloy steels (specified 
minimum yield strength 30,OOOpsi and over except materials within this range where other specific charts are referenced) and type 405 and type 410 
stainless steels. (Reprinted by permission from the ASME Code, Section VIII, Div. 1.) 
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0.0625E 
P, = ~ A to left of material line 

Bt P. - - 
- R,, 

A to right of material line 

Notes 

1. As an alternative, the thickness required for 2:l S.E. 
heads for external pressure may be computed from the 
formula for internal pressure where P = 1.67 P, and 
E = 1.0. 

Table 2-1 a 
Maximum Length of Unstiffened Shells 

36 

42 

48 

54 

60 

66 

72 

78 

84 

90 

96 

102 

108 

114 

120 

126 

132 

138 

144 

150 

156 

162 

204 

168 
31 3 
142 
264 
122 
228 
104 
200 

91 
174 
79 

152 
70 

136 
63 

123 
57 

112 
52 

103 
48 
94 
44 
87 
42 
79 
39 
74 
37 
69 
35 
65 
33 
62 
31 
59 

00 

280 

235 
437 
203 
377 
178 
330 
157 
293 
138 
263 
124 
237 
110 
21 2 
99 

190 
90 

173 
82 

160 
76 

148 
70 

138 
65 

128 
61 

120 
57 

113 
54 

106 
51 
98 
49 
92 
46 
87 
44 
83 

00 

358 

306 

268 
499 
238 
442 
21 3 
396 
193 
359 
175 
327 
157 
300 
143 
274 
130 
249 

228 
109 
21 1 
101 
197 
95 

184 
88 

173 

163 
78 

154 
74 

146 
70 

67 
131 

00 

00 

1 i a  

a3 

138 

437 

381 

336 
626 
302 
561 
273 
508 
249 
462 
228 
424 
21 0 
391 
190 
363 
176 
337 
162 
31 1 
149 
287 
138 
266 
129 

121 
234 
114 
221 
107 
209 
101 
199 
96 

189 

00 

248 

458 

408 

369 
686 
336 
625 
308 
573 

528 
263 
490 
245 
456 
223 
426 
209 
400 
195 
374 

348 
169 
325 
158 
304 
148 

140 
271 
133 
258 

00 

00 

284 

1 a i  

286 

537 

483 
00 

438 
81 6 
402 
748 
370 

343 
639 
320 
594 
299 
555 
280 
52 1 
263 
490 
242 
462 
228 
437 
21 4 
41 1 
201 
385 

363 
178 
342 

689 

1 a9 

61 6 

559 

51 0 

470 

435 
810 
405 
754 
379 
705 
355 
660 
334 
62 1 
31 5 
586 
297 
555 
275 
526 
26 1 
499 

475 
233 
448 

00 

00 

a75 

248 

637 

585 715 

540 661 
1,005 00 

502 613 
935 00 

469 571 
874 1,064 
440 536 
819 997 
414 504 

391 475 

369 449 
687 836 
350 426 
652 793 
332 405 
619 753 
309 385 
590 717 
294 367 

00 

770 938 

727 a84 

562 684 

795 

738 

687 

642 

603 
1,124 

569 
1,060 

538 
1,002 

510 
950 

902 
462 
859 
440 
81 9 

00 

00 

485 

a75 

81 6 

762 

71 5 

673 
1,253 

636 
1,185 

603 
1,123 

573 
1,066 

546 
1,015 

520 
968 

00 

894 

839 

789 

744 

705 
1,312 

669 
1,246 

637 
1,186 

608 
1,131 

00 

00 

974 

916 

864 

81 7 

774 
1,442 

737 
1,373 

703 
1,309 

00 

1,053 

994 

940 1,073 

891 1,017 1,152 

846 966 1,095 

806 919 1,042 

00 

co 

1,509 co 

Notes. 

1. All values are in in. 
2. Values are for temperatures up to 500°F. 
3. Top value is for full vacuum, lower value is half vacuum. 
4. Values are for carbon or low-alloy steel (Fv>3O,O0Opsi) based on Figure 2-19, 
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Table 2-1 b 
Moment of Inertia of Bar Stiffeners 

Thk Max, Height, h, in. 
t, in. ht, in. 

1 1% 2 2% 3 3% 4 4% 5 5% 6 6% 7 7% 8 

'I4 2 0.020 0.070 0.167 
0.250 0.375 0.5 

~ r [ T h S ,  
5116 2.5 0.026 0.088 0.208 0.407 

0.313 0.469 0.625 0.781 

"I8 3 0.031 0.105 0.25 0.488 0.844 
0.375 0.563 0.75 0.938 1.125 th3 I =  - 

12 7/16 3.5 0.123 0.292 0.570 0.984 1.563 
0.656 0.875 1.094 1.313 1.531 

4 0.141 0.333 0.651 1.125 1.786 2.667 
0.75 1.00 1.25 1.50 1.75 2.00 

'lI6 4.5 0.375 0.732 1.266 2.00 3.00 4.271 
1.125 1.406 1.688 1.969 2.25 2.53 

"8 5 0.814 1.41 2.23 3.33 4.75 6.510 
1.563 1.875 2.188 2.50 2.813 3.125 

116 5.5 1 1  1.55 2.46 3.67 5.22 7.16 9.53 
2.063 2.406 2.75 3.094 3.438 3.78 

'I4 6 1.69 2.68 4.00 5.70 7.81 10.40 13.5 
2.25 2.625 3.00 3.375 3.75 4.125 4.50 

l3lI6 6.5 2.90 4.33 6.17 8.46 11.26 14.63 18.59 
2.844 3.25 3.656 4.063 4.469 4.875 5.281 

7 4.67 6.64 9.11 12.13 15.75 20.02 25.01 
3.50 3.94 4.375 4.813 5.25 5.688 6.125 

1 8 
_______ 

5.33 7.59 10.42 13.86 18.00 22.89 28.58 35.16 42.67 
4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 

Note: Upper value in table is the moment of inertia. Lower value is the area 
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Table 2-lc 
Moment of Inertia of Composite Stiffeners 

- I 

- f2 

H 

1 

ti H3 
11 =- 

12 

Iz == - 
12 

1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

3 
3 
4 
4 
4.5 
5 
5.5 
6 
6 
5.5 
6.5 
7 
8 
8 

3 
4 
4 
5 
5 
4 
4 
5 
6 
6 
6 
6 
6 
6 

0.375 
0.5 
0.375 
0.5 
0.5 
0.5 
0.5 
0.5 
0.625 
0.875 
0.75 
0.625 
0.75 
1 

0.5 
0.5 
0.5 
0.625 
0.5 
0.625 
0.5 
0.625 
0.625 
0.875 
0.75 
0.75 
1 
1 

2.63 
3.50 
3.50 
5.13 
4.75 
5.00 
4.75 
6.13 
7.50 

10.01 
9.38 
8.88 

12.00 
14.00 

0.87 
1.17 
2.04 
2.77 
3.85 
5.29 
6.97 
9.10 

11.37 
12.47 
17.37 
18.07 
32.50 
43.16 

2.50 
2.50 
3.28 
3.41 
3.57 
3.91 
4.01 
4.69 
4.66 
4.42 
4.99 
5.46 
6.25 
5.93 

2.84 

6.45 
9.28 
0.125 

15.12 
17.39 
25.92 
31.82 
37.98 
48.14 
51.60 
93.25 

112.47 

-3.80 

Moment of Inertia of Stiffening Rings 

Figure 2-1 h. Case 1 : Bar-type stiffening ring. Figure 2-li. Case 2: T-type stiffening ring. 
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As 

E = modulus of 
elasticity 

STIFFENING RING CHECK FOR EXTERNAL PRESSURE 

If B > 2,500 psi, 
determine A from 
applicable material 
charts 

I Moment of inerlia wlo shell 

Moment of inertia w/ shell 

D2LO + A S / W  1: = 
10.9 

From Ref. 1, Section UG-29. 

PROCEDURE 2-3 

CALCULATE MAP. MAWP. AND TEST PRESSURES 

Notation 

Sa = allowable stress at ambient temperature, psi 
SDT = allowable stress at design temperature, psi 
SCA = allowable stress of clad material at ambient tempera- 

SCD = allowable stress of clad material at design tempera- 

SBA = allowable stress of base material at ambient tempera- 

SBD = allowable stress of base material at design tempera- 

C.a. = corrosion allowance, in. 

ture, psi 

ture, psi 

ture, psi 

ture, psi 

t,, =thickness of shell, corroded, in. 
t,, =thickness of shell, new, in. 
thc =thickness of head, corroded, in. 
thn =thickness of head, new, in. 
tb =thickness of base portion of clad material, in. 
t, =thickness of cladding, in, 

R, =inside radius, new, in. 
R, = inside radius, corroded, in. 
R, = outside radius, in. 
D, =inside diameter, new, in. 
D, =inside diameter, corroded, in. 
D, =outside diameter, in. 
PM = MAP, psi 
PW = MAWP, psi 

P = design pressure, psi 
Ps = shop hydro pressure (new and cold), psi 
PF = field hydro pressure 

(hot and corroded), psi 

E =joint efficiency, see Procedure 2-1 
and Appendix C 

Definitions 

Maximum Allowable Working Pressure (MAWP): The 
MAWP for a vessel is the maximum permissible pressure at 
the top of the vessel in its normal operating position at a 
specific temperature, usually the design temperature. 
When calculated, the MAWP should be stamped on the 
nameplate. The MAWP is the maximum pressure allowable 
in the “hot and corroded’ condtion. It is the least of the 
values calculated for the MAWP of any of the essential parts 
of the vessel, and adjusted for any difference in static head 
that may exist between the part considered and the top of 
the vessel. This pressure is based on calculations for every 
element of the vessel using nominal thicknesses exclusive of 
corrosion allowance. It is the basis for establishing the set 
pressures of any pressure-relieving devices protecting the 
vessel. The design pressure may be substituted if the 
MAWP is not calculated. 

The MAWP for any vessel part is the maximum internal or 
external pressure, including any static head, together with 
the effect of any combination of loadings listed in UG-22 
which are likely to occur, exclusive of corrosion allowance 
at the designated coincident operating temperature. The 
MAWP for the vessel will be governed by the MAWP of 
the weakest part. 

The MAWP may be determined for more than one de- 
signated operating temperature. The applicable allowable 
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stress value at each temperature would be used. When more 
than one set of conditions is specified for a given vessel, the 
vessel designer and user should decide which set of condi- 
tions will govern for the setting of the relief valve. 

Maximum Allowable Pressure (MAP): The term MAP 
is often used. It refers to the maximum permissible pressure 
based on the weakest part in the new (uncorroded) and cold 
condition, and all other loadings are not taken into consid- 
eration. 

Design Pressure: The pressure used in the design of a 
vessel component for the most severe condition of coinci- 
dent pressure and temperature expected in normal opera- 
tion. For this condition, and test condition, the maximum 
difference in pressure between the inside and outside of a 
vessel, or between any two chambers of a combination unit, 
shall be considered. Any thichess required for static head or 
other loadings shall be additional to that required for the 
design pressure. 

Design Temperature: For most vessels, it is the tem- 
perature that corresponds to the design pressure. 
However, there is a maximum design temperature and a 
minimum design temperature for any given vessel. The mini- 
mum design temperature would be the MDMT (see 
Procedure 2-17). The MDMT shall be the lowest tempera- 
ture expected in service or the lowest allowable temperature 
as calculated for the individual parts. Design temperature for 
vessels under external pressure shall not exceed the maxi- 
mum temperatures given on the external pressure charts. 

Operating Pressure: The pressure at the top of the 
vessel at which it normally operates. It shall be lower than 
the MAWP, design pressure, or the set pressure of any pres- 
sure relieving device. 

Operating Temperature: The temperature that will be 
maintained in the metal of the part of the vessel being con- 
sidered for the specified operation of the vessel. 

Calculations 

e MAWP, corroded at Design Temperature P,. 

Shell: 

2:l S.E. Head: 

e MAP, new and cold, P M  

Shell: 

SaEtsn 
R, - 0.4tsn 

or SaEtsn 
Rn + 0.6tsn 

PM = 

2:l  S.E. Head: 

e Shop test pressure, Ps. 

P, = 1 . 3 P ~  or 1 . 3 P ~  - 

e Field test pressure, P F .  

PF = 1.3P 

e For clad vessels where credit is taken for the clad material, 
the following thicknesses may be substituted into the equa- 
tions for MAP and MAWP: 

Notes 

1. Also check the pressure-temperature rating of the 

2. All nozzles should be reinforced for MAWP. 
3. The MAP and MAWP for other components, i.e., 

cones, flat heads, hemi-heads, torispherical heads, 
etc., may be checked in the same manner by using 
the formula for pressure found in Procedure 2-1 and 
substituting the appropriate terms into the equations. 

4. It is not necessary to take credit for the cladding thick- 
ness. If it is elected not to take credit for the cladding 
thickness, then base all calculations on the full base 
metal thickness. This assumes the cladding is equiva- 
lent to a corrosion allowance, and no credit is taken for 
the strength of the cladding. 

flanges for MAWP and MAP. 
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PROCEDURE 2-4 

STRESSES IN HEADS DUE TO INTERNAL PRESSURE [e, 31 
Notation 

L =crown radius, in. 
r =knuckle radius, in. 
h =depth of head, in. 

RL =latitudinal radius of curvature, in. 
R, = meridional radius of curvature, in. 
r ~ #  =latitudinal stress, psi 
ox = meridional stress, psi 
P =internal pressure, psi 

Formulas 

Lengths of RL and R, for ellipsoidal heads: 

At equator: 

h2 
R, =- 

R 
RL = R 

At center of head: 

a At any point X: 

Notes 

1. Latitudinal (hoop) stresses in the knuckle become com- 
pressive when the R/h ratio exceeds 1.42. These heads 
will fail by either elastic or plastic buckling, depending 
on the R/t ratio. 

2. Head types fall into one of three general categories: 
hemispherical, torispherical, and ellipsoidal. Hemi- 
spherical heads are analyzed as spheres and were 

Figure 2-2. Direction of stresses in a vessel head. 

: 
Figure 2-3. Dimensional data for a vessel head. 

covered in the previous section. Torisphericz (also 
known as flanged and dished heads) and ellipsoidal 
head formulas for stress are outlined in the following 
form. 
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U X  

I TORISPHERICAL HEADS I 
U 

& 
K 

In Crown I 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

.5 .57 .65 .73 .81 .9 .99 1.08 1.18 1.27 1.36 

In Knuckle I 

At Tangent Line I 

I ELLIPSOIDAL HEADS I 

I At Any Point X I 

At Center of Head I I 

I At Tangent Line I 

PROCEDURE 2-5 

DESIGN OF INTERMEDIATE HEADS [ 1, 31 

Notation 

A = factor A for external pressure 
A, = shear area, in.2 
B = allowable compressive stress, psi 
F =load on weld(s), lb/in. 
5 :shear stress, psi 

E =joint efficiency 

S = code allowable stress, psi 
HL) =hydrostatic end force, lb 

P, = maximum differential pressure on concave side of 

El  = modulus of elasticity at temperature, psi 

head, psi 

P, = maximum differential pressure on convex side of 

K = spherical radius factor (see Table 2-2) 
L =inside radius of hemi-head, in. 

=0.9D for 2:l S.E. heads, in. 
= KD for ellipsoidal heads, in. 
=crown radius of F & D heads, in. 

head, psi 

Table 2-2 
Spherical Radius Factor, K 
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0 

-k 

Figure 24. Dimensional data for an intermediate head. 

Seal OF 

A, = t, + lesser of t2 or t, 

Case 1 

Butter to 

t2 

D sin e = 2 ~  

A, = lesser of t2 or t3 
E = 0.7 (butt weld) 

Case 3 

Required Head Thickness, t, 

0 Znternal pressure, Pi. Select appropriate head formula 
based on head geometry. For dished only heads as in 
Figure 2-5, Case 3: 

A,= t, 

Case 2 

Reinforcing 
plate 

E = 0.7 

E = 0.55 

Design the weld attaching 
the head as in Case 3 and 
the welds attaching the 
reinforcing plate to share full 
load 

Case 3 Alternate 

Figure 2-5. Methods of attachment of intermediate heads. 
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0 External pressure, P,. Assume corroded head thickness, th 
0.125th 

Factor A = ____ 
L 

Factor B can be taken from applicable material charts in 
Section 11, Part D, Subpart 3 of Reference 1. 
Alternatively (or if Factor A lies to the left of the material/ 
temperature line): 

AE I B = -  
2 

pe L 
t'=B 

The required head thickness shall be the greater of that 
required for external pressure or that required for an in- 
ternal pressure equal to 1.67 x P,. See Reference 1, Para. 
UG-33(a). 

Shear Stress 

where P = 1.5 x greater of Pi or P,. (See Reference 1, 
Figure UW-13.1.) 

0 Shear loads on welds, F. 

Note: sin8 applies to Figure 2-5, Case 3 head at- 
tachments only! 

0 Shear stress, 5. 

F 
AS 

t=-- 

0 Allowable shear stress, SE. 

0 Hydrostatic end force, H D .  

PnD2 
Hn=-  

4 

PROCEDURE 2-6 

DESIGN OF TORICONICAL TRANSITIONS 11, 31 

I- 
d 

I 
Notation 

P = internal pressure, psi 
S = allowable stress, psi 
E =joint efficiency 

PI, P2 = equivalent internal pressure, psi 

ul. uz = circumferential membrane stress, psi 
f i ,  f2 = longitudinal unit loads, lb/in. 

a =half apex angle, deg 
m=code correction factor for thickness of large 

P, =external pressure, psi 
MI, M2 =longitudinal bending moment at elevation, in.-lb 
WI, Wz = dead weight at elevation, lb 

knuckle 

Anyplace on cone 

I 

D 

Figure 2-6. Dimensional data for a conical transition. 
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Calculating Angle, cc 

T. L. 

T. L. 

t 
I 
$ 

I 
B 

I 

I p& - 0' 

Lo > 

~~ 

Case 1 

0 > 0' 

Step 1: 

Step 2: 

A 
tan@ =- 

B 
@ =  

Step 3: 

a = + + @  
a =  

L = COS 4dA2 + B2 

k 0' 

Case 2 

0' > 0 

Step 1: 

Step 2: 

A 
t a n @ = -  

B 

Step 3: 

(Y = 90- 0 - 4 
01=  

L = sin ~ J A ~  + BZ 
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Dimensional Formulas 

DI D - 2(R - R  COS^) 

DI L, =- 
2 cos a 

Large End (Figure 2-7) 

Figure 2-7. Dimensional data for the large end of a conical transition. 

e Maximum longitudinal loady, f i  

( + ) tension; ( - ) compression 

e D&rmine equiualent prmsiire!, PI 

e Circumferential stress, D1 

Compression: 

PLl '1,"' [;;I 
c1=--- - t 

e Circumferential stress at DI withotit londs, c / 1  

Compression: 

e Thickness required knuckle, t,-k [I, section 1-4(d)]. 

With loads: 

Without loads: 

PLlm 
2SE - 0.2P trk = 

e Thickness required cone, t,, [l, section UG-32(g)]. 

N7ith loads: 

PiDi 
2 cos a ( S E  - 0.6P1) 

trc = 

Without loads: 

PDl 
2 COS u(SE - 0.W) 

tr, = 

~~ 

Small End (Figure 2-8) 

e Maximum longitudinal l o a h ,  f 2 .  

( + ) tension; ( - ) compression 

e Determine equi.L;alent pressure, P2. 

4fz 
P ? . = P + -  

D2 
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Figure 2-8. Dimensional data for the small end of a conical transition. 

Circumferential stress at DZ. 

Compression: 

Circumferential stress at 0 2  without loads, 02. 

Compression: 

Thickness required cone, at DZ, t,, [l, section UG-32(g)]. 

With loads: 

PzDz 
2 cos a(SE - O.6P2) t, = 

Without loads: 

PDz 
2 COS a(SE - 0.6P) trc = 

Thickness required knuckle. There is no requirement for 
thickness of the reverse knuckle at the small end of the 
cone. For convenience of fabrication it should be made 
the same thickness as the cone. 

Additional Formulas (Figure 2-9) 

Thickness required of cone at any diameter D', tDl. 

PD' 
tD' = 2 cos a(SE - 0.6P) 

-- 
I I 

DL *I 
Figure 2-9. Dimensional data for cones due to external pressure. 

a Thickness required for external pressure [l, section UG- 
WOI. 

te = tcosa 

D ~ = D 2 + 2 b  
D, = D1+ 2te 
L = X - sina(R + t) - sina(r - t) 

L - -  e-:( 1+- ::) 

Using these values, use Figure 2-le to determine Factor A. 

Allowable external pressure, Pa. 

where E = modulus of elasticity at design temperature. 

Notes 

1. Allowable stresses. The maximum stress is the com- 
pressive stress at the tangency of the large knuckle 
and the cone. Failure would occur in local yielding 
rather than buckling; therefore the allowable stress 
should be the same as required for cylinders. Thus 
the allowable circumferential compressive stress 
should be the lesser of 2SE or F,. Using a lower allow- 
able stress would require the knuckle radius to be 
made very large-well above code requirements. See 
Reference 3. 

2. Toriconid sections are mandatory if angle 01 exceeds 
30" unless the design complies with Para. 1-5(e) of the 
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ASME Code [l]. This paragraph requires a discontinu- 
ity analysis of the cone-shell juncture. 

3. No reinforcing rings or added reinforcement is required 
at the intersections of cones and cylinders, providing a 
knuckle radius meeting ASME Code requirements is 
used. The minimum knuckle radius for the large end 
is not less than the greater of 3t or 0.12(R+t). The 
knuckle radius of the small end (flare) has no minimum. 
(See [Reference 1, Figure UG-361). 

4. Toriconical transitions are advisable to avoid the high 
discontinuity stresses at the junctures for the following 
conditions: 
a. High pressure-greater than 300 p ig .  
b. High temperature-greater than 450 or 500°F. 
c. Low temperature-less than -20°F. 
d. Cyclic service (fatigue). 

PROCEDURE 2-7 

DESIGN OF FLANGES [ 1, 41 

Notation 

A = flange O.D., in. 
2 AI, =cross-sectional area of bolts, in. 

A,,, =total required cross-sectional area of 
bolts, i n2  

a = nominal bolt diameter, in. 
B =flange I.D., in. (see Note 6) 

B1 =flange I.D., in. (see Note 6) 
B, =bolt spacing, in. 
b = effective gasket width, in. 

b,, = gasket seating width, in. 
C =bolt circle diameter, in. 
d =hub shape factor 

dl =bolt hole diameter, in. 
E, hI), hc;, hT, R =radial distances, in. 

e =hub shape factor 
F =hub shape factor for integral-type 

FL, =hub shape factor for loose-type flanges 
f = hub stress correction factor for integral 

flanges 

flanges 
G = diameter at gasket load reaction, in. 
% =thickness of hub at small end, in. 
gl =thickness of hub at back of flange, in. 
H =hydrostatic end force, lb 

HD =hydrostatic end force on area inside of 

HG = gasket load, operating, lb 
H, = total joint-contact surface compression 

HT =pressure force on flange face, lb 

flange, lb 

load, lb 

h =hub length, in. 
h, =hub factor 

MD = moment due to HD, in.-lb 

MG = moment due to HG, in.-lb 
M, =total moment on flange, operating, in.& 
ML =total moment on flange, seating 
MT = moment due to HT, in.-lb 

m, = unit load, operating, lb 
mg = unit load, gasket seating, lb 

m = gasket factor (see Table 2-3) 

N =width of gasket, in. (see Table 2-4) 
w =width of raised face or gasket contact width, 

n = number of bolts 
u = Poisson’s ratio, 0.3 for steel 
P = design pressure, psi 

S, = allowable stress, bolt, at ambient temperature, 

S,, = allowable stress, bolt, at design temperature, 

Sf, = allowable stress, flange, at ambient tempera- 

Sf,, = allowable stress, flange, at design temperature, 

SH =longitudinal hub stress, psi 
SR = radial stress in flange, psi 
ST =tangential stress in flange, psi T, U, Y 
Z = K-factors (see Table 2-5) 

T,, U,, Y, = K-factors for reverse flanges 
t = flange thickness, in. 

in. (see Table 2-4) 

psi 

psi 

ture, psi 

psi 

t, =pipe wall thickness, in. 
V =hub shape factor for integral 

flanges 
VL =hub shape factor for loose flanges 
W = flange design bolt load, lb 

Wml = required bolt load, operating, lb 
Wrrr2 = required bolt load, gasket seating, Ib 

y = gasket design seating stress, psi 
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_ _ _ _ _ _ _ _ _ _ _ _ ~  

Formulas 

C - dia. HD 
2 

h D  = 

C - dia. HT 
2 

hT = 

C - G  hc =- 
2 

ho = 

nB2P 
4 

HD=-  

HT = H - HD 

HG =operating = Wm, - H 
gasket seating = W 

(1 - u2)(K2 - l )U  
T =  

(1 - U) + (1 + v)K2 

K2 + 1 Z=- 
K2 - 1 

Y = (1 - v2)U 

K2(I+4.6052 ( 1 + ~ / l  -~ ) log , ,K) - l  
U =  

1.0472(K2 - 1)(K - 1)(1 + u)  

B1 = loose flanges = B + g, 
= integral flanges, f < 1 = B + g, 
= integral flanges, f 2 1 = B + g, 

Uho& 
d = loose flanges = ~ 

VL 

UhO& 

Urho& 

= integral flanges = - 

= reverse flanges = - 

V 

V 

F L  e = loose flanges = - 
h0 

F 
= integral flanges = - 

h0 

G = (if b, 5 0.25 in.) mean diameter of gasket face 
= (if bo > 0.25 in.) O.D. of gasket contact face - 2b 

Stress Formula Factors 

a = t e + l  

f f f f  
y = - or - for reverse flanges 

T Tr 
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h = y + 6  

1 [ 3(K + 1)(1 - u)] 
K2 XY 

q=- 1 +  

For factors, F, U,  FI,, and U12, see Table 2-7.1 of the 
ASME Code [l]. 

Special Flanges 

Special flanges that are required to be designed should 
only be used as a last resort. Whenever possible, standard 
flanges should be utilized. In general, special designs as out- 
lined in this procedure are done for large or high-pressure 
designs. Flanges in this category will be governed by one of 
t u 7 0  conditions: 

1. Gasket seating force, W m 7  

2. Hydrostatic end force, H 

For high-pressure flanges, typically the hydrostatic end 
force, H, will govern. For low-pressure flanges, the gasket 
seating force will govern. Therefore the strategy for 
approaching the design of these flanges will vary. The strategy 
is as follows: 

e For low-pressure flanger 
<I. Minimize the gasket width to reduce the force neces- 

sary to seat the gasket. 
b LJse a larger number of smaller diameter bolts to mini- 

mize the bolt circle diameter and thus reduce the 
moment drm which governs the flange thickness. 

c Utilize liubless flanges (either lap joint or plate flanges) 
to minimize the cost of forgings. 

e For high-pressure jlanges 
High-pressure flanges require a large bolt area to counter- 
act the large hydrostatic end force. Large bolts, in turn, 
increase the bolt circle with a corresponding increase in 
the moment arm. Thicker flanges and large hubs are 
necessary to distribute the bolt loads. Seek a balance 
between the quantity and size of bolts, bolt spacing, and 
bolt circle diameter. 

Design Strategy 

Step 1: Determine the number and size of bolts required. As 
a rule of thumb, start with a number of bolts equal to the 
nominal size of the bore in inches, rounded to the nearest 
multiple of four. First, calculate Wlnl or Wm2, A,, is equal 
to the larger of W,,,, or Wrn2 divided by S , .  The quantity of 

bolts required is: 

n = A,dR;, 

To find the size of bolt for a given quantity: 

R,= Am/n 

With these two equations a variety of coinbinations can be 
determined. 

Step 2: Determine the bolt circle diameter for the selected 
bolt size. 

C = B + 2,1+2H 

The flange O.D. may now be established. 

A = C + 2 E  

Step 3: Check the minimum bolt spacing (not an ASME 
requirement). Coinpare with the value of B, in Table 2-5a. 

B, = C/n 

Note: Dimensions R, ,  R, E, and B, are from Table 2-5a. 

Step 4: After all of the preliminary dimensions and details 
are selected, proceed with the detailed analysis of the 
flange by calculating the balance of forces, moments, 
and stresses in the appropriate design form. 

Gasket Facing and Selection 

The gasket facing and type correspond to the service con- 
ditions, fluid or gas handled, pressure, temperature, thermal 
shock, cyclic operation, and the gasket selection. The greater 
the hazard, the more care that should be invested in the 
decisions regarding gasket selection and facing details. 

Facings which confine the gasket, male and female, 
tongue and groove and ring joint offer greater security 
against blowouts. Male and fernale and tongue and groove 
have the disadvantage that mating flanges are not alike. 
These facings, which confine the gasket, are known as en- 
closed gaskets and are required for certain services, such as 
TEMA Class “R.” 

For tongue and groove flanges, the tongue is more likely to 
be damaged than the groove; therefore, from a maintenance 
standpoint, there is an advantage in placing the tongue on 
the part which can be transported for servicing, i.e., blind 
flanges, manway heads, etc. If the assembly of these joints is 
horizontal then there will be less difficulty if the groove is 
placed in the lower side of the joint. The gasket width should 
be made equal to the width of the tongue. Gaskets for these 
joints are typically metal or metal jacketed. 
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TYPE 1: WELD NECK FLANGE DESIGN (INTEGRAL) 

Design pressure, P 
Design temperature 
flange material 
Bolting material 
Corrosion allowance 

1 DESIGN CONDITIONS 
Allowable Stresses 

flange Bolting 
Design temp., SC, 
Atm. temp., & 

Design temp., s b  

Atm. temp., Sa 

~ 

3 TABLES 2-3 AND 2 4  

N 
b 
G 
Y 
m 

- 
Gasket I I Facina I 

4 W D  AND BOLT CALCULATIONS 

W, = brGy 
Hp = 2brGmP 
H = G2rP14 Ab 
Wm1 p Hp + H 

A,,, = greater of 
WdS. or W d S b  

W = O W &  + %)Sa 

Ho = ~ 0 ~ P l 4  
HG = Wml - H 
HT - H - HD 

hD E R + a5gl 
hG = 0.5(c - G) 
hT =a5(R + gl + hG) 

K AND HUB FACTORS 6 
K = N B  I I h/h, I 

MD = H o b  
MG = HGhG 
MT = HT~T 
Mo 

Z 
Y 
U 
gllao 

ho = 

V 
f 
e = Flh. 

d = 1 hogo2 

7 STRESS FORMULA FACTORS 

t 
a = t e + l  
B = 4 3  te + 1 

Allowable Stress 
1.5 s o  

s, 

Sf, 

SfO 

If bolt spacing exceeds 2a + 1, multiply 
m, and mG in above equation by: 

Operatlng Allowable Stress Seatlng 
Longitudinal hub, 1.5 S, Longitudinal hub, 
SH = fm&g12 SH = fmcjhg? 
Radial flange, S a  Radial flange, 
SR = BmAt2 SR = @m&2 
Tangential flan e, S a  Tangential flange, 

Greater of 0.5(SH + SR) 
or 0.5(SH + %) 

ST = m,vn2 - 9sR ST = mGY1t2 - ZSR 
8. Greater of 0.5(SH + SR) 

or 0 . 5 ( S ~  + ST) 

c 
t =  

I 
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Design preseure, P 
Design temperature 
flange material 
Bolting material 
conosi alkwance 

TYPE 2: SLIP-ON FLANGE DESIGN (LOOSE) 

A l i ~ ~ a b i e  S t r e s ~ ~  
flange Bolting 

Design temp., SC, 
Atm. temp., Sh 

Design temp., Sb 
Abn. temp., S. 

3 TABLES 2-3 AND 2 4  

N I 
b 

K AND HUB FACTORS 

4 UMD AND BOU CALMllATlONS 

W- I bff iy I A,,, = greater of 
HP = 2bffimP WdS. or Wml& 

l e = r  F 

- 
Allowable S t r o  Operating Allowable Stresa Seating 

Longitudinal hub, 1.5 S a  Longitudinal hub, 

SI0 Radial flange, st. Radial flange, 
SR /3mdxt2 SR = Bmdxp 
Tangential Ran e. Sh Tangential Ran e, 

Greater of 0.5(S~ + SR) 

1.5 S o  
SH = mdxg12 SH = mdxg12 

E+ = m,Yn2 - ~ s R  ST = mYn2 -3% sl. 

s, Greater of as(S~ + S 
Of + 4 Sh 

or o.5(SM + ST) 
< 

ho = 6 
STRESS FOFMULA FACTORS 

a = t e + l  
/ 3=4 /3 te+ l  
y = all 
d = P/d 

I X = r + b  I I I 

m, and m, in above equation by: 

I ML I 

I 
r-"= 
I 

W 

t -  1 1 1  
I I I +  

q) Bolts 

c 
go = 

91 = 

B =  

C= 

khT+-X h G  G =  

H G  

Figure 2-11. Dimensional data and forces for a slip-on 
flange (loose). 

8 STRESS CALCULATIONS 
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Design pressure, P 
Design temperature 
Flange material 
Bolting material 
Corrosion allowance 

Allowable Stresses 
Flange Bolting 

Design temp., S, 
Atm. temp., S, 

Design temp., Sb 
Atm. temp., Sa 

3 TABLES 2-3 AND 2-4 
N 
b 
G 
Y 
rn 

4 UMD AND BOLT CAIMILAlWNS 
Wm = b&y 
Hp = Pb&mP 
H = GZrPl4 
W,, = Hp + H 

A,,, = greater of 
WmdS. or Wmdsb 

Ab 
w = WA, + Ab)% 

FLANGE THICKNESS REQUIRED 

Ho = &PI4 

HT = H - Ho 
HG= Wmt - H 

I 

ho = O.!i(C - E) 

hr = aS(ho + hG) 

Mo = Hoho 

MT = HThT 

Mo 

ho = OS(C - G) M G  = HGhG 

Figure 2-12. Dimensional data and forces for a ring 
flange. I t = @  

S f 8  

I,B 

+ tn go 

L a 7 c  min 

Figure 2-1 3. Various attachments of ring flanges. (All other dimensions and loadings per Figure 2-1 1 .) 

8 NOTES 

If g, <1.5tnand h<go I design as integral. Ifg, >1.51. andh>g,, design as h a .  
ifg,sWin.. Wg. 5300, Pi300psianddesigntenp. <700', designasintegralorloose. 

c=-roi t, or { loooe::am ] but not kssm 114 in. 
intssrd 2g. 

Adapted from Taylor Forge International. Inc., by permission. 
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TYPE 4: REVERSE FLANGE DESIGN 

Design pressure, P 
&sign temperature 
Flange material 
&Ring material 
conosion allowance 

Allowabk Stresses 
Flange Bolting 

Design temp., &, 
Atm. temp.. E+. 

Design temp., Sb 

Am. temp., S. 

3 TABLES 2-3 AND 2-4 

N 
b 
G 

Y 
m 

4 LOAD AND BOLT CALCULATIONS 
Wmz = brGy 
Hp a Pb*GmP 
H = G2rP14 Ab 

Wmi = Hp + H 

An, = greater of 
W d S .  or WmtISb 

w = WA, + &Pa 

K = Am' I I hlh, I I 

Ho = rB2PI4 
Ha = W m i  - H 
&=H-HI ,  

I I V  I I 

ho = OS(C + 91 - 2%- B) MD = HDho 
hG = 0.5(c - G) 
hT o.Yc - (B + GY2) MT = HThT 

MQ = HGhG 

Add moments algebraically, then use the absolute value I Mol In all subsequent calculations. 

43 

I Mol 

~ 

dapted from Taylor Forge International. Inc., by permission. 

~ ~ 

a = t e + l  
/3=4/3te+l  
y = aflR 

~~ 

X = y + 6  

m. = &.le' flange. 
I l k  = M;m' 

Figure 2-14. Dimensional data and forces for a reverse 
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Flange material 
Bolting material 

TYPE 5: SLIP-ON FLANGE, FLAT FACE, FULL GASKET 

I Design temp.. & 
IAtm. temp., S, 

Design temp., Sb 
Atm. temp., S. 

I 1  DESIGN CONDITIONS 

3 TABLES 23 AND 2-4 

G - C - 2 k  
b (C - By4 
Y 
m 

Desianwessure. P I I AllowrM. Streswr 

4 LOAD AND BOLT CALCULATIONS 
WM = b&y + H& 
Hp = 2bffimP 
H i  = (hdh3Hp Ab 
H = G2rP14 
Wmj = H + Hp+ HC 

& = greater of 
W d %  or Wrn& 

w = O.Y& + 4)s. 
H6v = (hdhg)b&Y 

I D d a n  temoerature I I f l a w  I Boltitla 

D 

L 

+ s o =  

* B =  

-SI= 

C= 
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Gasket Material 
Self-energizing types: 0 rings, 

metallic. elastomer or other 
gasket lypes considered as 
self-sealing 

Table 2-3 
Gasket Materials and Contact Facings' 

Gasket Factors (m) for Operating Conditions and Minimum Design Seating Stress (y) 

Mln. 
Design we 

U K  Gasket Seating Sketches 
Factor Stress and Sketch Column 

m Y Notes Refe~ to Table 2-4 

0 0 
Elastomers without fabric or a 

high percentage of asbestos 
fiber: 

Below 75A Shore Durometer 
75A or higher Shore 

Durometer 
Asbestos with a suitable binder 

for the operating wndiiions 

Elastomers with cotton fabric 
insertion 

0.50 0 0  

1 .00 200 ;:z 0 1h thick 2.00 
H e  thick 2.75 
%u thick 3.50 6.500 

1.25 

Elastomers with asbestos fabric 
insertion. with or without wire 
reinforcement 

%ply 

2-PlY 

2.25 2.200 1 2.50 

Vegetable fiber 

l-Pb 2.75 3,700 a 
1.75 1.100 0 

I Spiral-wound metal. asbestos Carbon 2.50 1o.oO0 
filled I Stainless or Monel 1o.oO0 

~~~ ~~~ ~~ 

Corrugated metal. asbestos Soft aluminum 
inserted or corrugated metal, Soft copper or brass 

Iron or SOH steel 
Monel or 4%-6% chrome 
Stainless steels 
Soft aluminum 
Soft copper or brass 
Iron or Soft steel 
Monel or 4%-6% chrome 
Stainless steels 

Soft aluminum 

Iron or soft steel 
Monel or 
4 % 4 %  chrome 
Stainless steels 

Soft aluminum 

jacketed asbemos filled 

Corrugated metal 

Flat metal jacketed asbestos 
filled Soft copper or brass 

2.50 
2.75 
3.00 
3.25 
3.50 6,500 

2.75 3,700 
3.00 4.500 
3.25 5.500 
3.50 6,500 
3.75 7,600 

3.25 5.500 - 
3.50 6.500 
3.75 
3.50 

3.75 9,000 

3.25 5.500 

:::E e!zgp 

(la). (Ib). ::= e (IC). (Id). 
(2)2 3.75 9.m e 

Grwved metal 
Soft copper or brass 
Iron or soft steel 
Monei or 4%-6% chrome 
Stainless steels 
Soft aluminum 
Soft copper or brass 
Iron or soft steel 
Monel or 4%-6% chrome 
Stainless steels 

Monel or 4%-6% chrome 
Stainless steels 

Sohd flat metal 

Rlng lolnt 

NOTES: 

1. This table gives a list of many commonly used gasket materials and contact facings with suggested design values of m and 
y that have generally proved satisfactory in actual service when using effective gasket seating width b given in Table 2-4. 
The design values and other details given in this table are suggested only and are not mandatory. 

2. The surface of a gasket having a lap should not be against the nubbin. 

Reprinted by permission from ASME Code Section Vlll Div. 1, Table 2-5.1. 
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N 

1/64 in. Nubbin ' w'l 

(2) A& 
7 

Table 2-4 
Effective Gasket Width 

w + N  w + 3 N  
4 8 
- 

-~ ~- 
Facing Sketch 

(Exaggerated) Column I 

Basic Gasket Seating Width, bo 
Column II 

(1 a) -- 
N 
2 
- N 

2 
- 

. ,  

I I N 
4 
- 3N 

8 
- 

Note: The gasket 
factors listed only 
apply to flanged 
joints in which the 
gasket is contained 
entirely within the 
inner edges of the 

*Where serrations do not exceed %+in. depth and lk-in. width spacing, sketches (lb) and (Id) shall be used. 

Reprinted by permission from ASME Code Section Vlll Div. 1, Table 2-52, 



Table 2-5 
Table of Coefficients 

K T Z Y U 

1.001 1.91 
1.002 1.91 
1.003 1.91 
1.004 1.91 
1.005 1.91 

1.006 1.91 
1.007 1.91 
1.008 1.91 
1.009 1.91 
1.010 1.91 

1.011 1.91 
1.012 1.91 
1.013 1.91 
1.014 1.91 
1.015 1.91 

1.016 1.90 
1.017 1.90 
1.018 1.90 
1.019 1.90 
1.020 1.90 

1.021 1.90 
1.022 1.90 
1.023 1.90 
1.024 1.90 
1.025 1.90 

1.026 1.90 
1.027 1.90 
1.028 1.90 
1.029 1.90 
1.030 1.90 

1.031 1.90 
1.032 1.90 
1.033 1.90 
1.034 1.90 
1.035 1.90 

1.036 1.90 
1.037 1.90 
1.038 1.90 
1.039 1.90 
1.040 1.90 

1.041 1.90 
1.042 1.90 
1.043 1.90 
1.044 1.90 
1.045 1.90 

- 

1000.50 
500.50 
333.83 
250.50 
200.50 

167.17 
143.36 
125.50 
111.61 
100.50 

91.41 
83.84 
77.43 
71.93 
67.17 

63.00 
59.33 
56.06 
53.14 
50.51 

48.12 
45.96 
43.98 
42.17 
40.51 

38.97 
37.54 
36.22 
34.99 
33.84 

32.76 
31.76 
30.81 
29.92 
29.08 

28.29 
27.54 
26.83 
26.15 
25.51 

24.90 
24.32 
23.77 
23.23 
22.74 

1911.16 
956.16 
637.85 
478.71 
383.22 

31 9.56 
274.09 
239.95 
213.40 
192.19 

174.83 
160.38 
148.06 
137.69 
128.61 

120.56 
11 1.98 
107.36 
101.72 
96.73 

92.21 
88.04 
84.30 
80.81 
77.61 

74.70 
71.97 
69.43 
67.1 1 
64.91 

62.85 
60.92 
59.1 1 
57.41 
55.80 

54.29 
52.85 
51.50 
50.21 
48.97 

47.81 
46.71 
45.64 
44.64 
43.69 

21 00.18 
1050.72 
700.93 
526.05 
421.12 

351.16 
301.20 
263.75 
234.42 
211.19 

192.13 
176.25 
162.81 
151.30 
141.33 

132.49 
124.81 
118.00 
1 11.78 
106.30 

101.33 
96.75 
92.64 
88.81 
85.29 

82.09 
79.08 
76.30 
73.75 
71.33 

69.06 
66.94 
64.95 
63.08 
61.32 

59.66 
58.08 
56.59 
55.17 
53.82 

53.10 
51.33 
50.15 
49.05 
48.02 

__ 
K T Z Y U 

1.046 
1.047 
1.048 
1.049 
1.050 

1.051 
1.052 
1.053 
1.054 
1.055 

1.056 
1.057 
1.058 
1.059 
1.060 

1.061 
1.062 
1.063 
1.064 
1.065 

1.066 
1.067 
1.068 
1.069 
1.070 

1.071 
1.072 
1.073 
1.074 
1.075 

1.076 
1.077 
1.078 
1.079 
1.080 

1.081 
1.082 
1.083 
1.084 
1.085 

1.086 
1.087 
1.088 
1.089 
1.090 

1.90 
1.90 
1.90 
1.90 
1 .89 

1.89 
1 .89 
1.89 
1.89 
1 .89 

1 .89 
1 .89 
1.89 
1 .89 
1.89 

1.89 
1 .89 
1 .89 
1 .89 
1 .89 

1 .89 
1 .89 
1 .89 
1 .89 
1 .89 

1 .89 
1 .89 
1 .89 
1.88 
1.88 

1.88 
1.88 
1.88 
1.88 
1.88 

1.88 
1.88 
1.88 
1.88 
1.88 

! .88 
1.88 
1.88 
1.88 
1.88 

22.05 
21.79 
21.35 
20.92 
20.51 

20.12 
19.74 
19.38 
19.03 
18.69 

18.38 
18.06 
17.76 
17.47 
17.18 

16.91 
16.64 
16.40 
16.15 
15.90 

15.67 
15.45 
15.22 
15.02 
14.80 

14.61 
14.41 
14.22 
14.04 
13.85 

13.68 
13.56 
13.35 
13.18 
13.02 

12.87 
12.72 
12.57 
12.43 
12.29 

12.15 
12.02 
11.89 
11.76 
11.63 

42.75 
41.87 
41.02 
40.21 
39.43 

38.68 
37.96 
37.27 
36.60 
35.96 

35.34 
34.74 
34.17 
33.62 
33.04 

32.55 
32.04 
31.55 
31.08 
30.61 

30.1 7 
29.74 
29.32 
28.91 
28.51 

28.13 
27.76 
27.39 
27.04 
26.69 

26.36 
26.03 
25.72 
25.40 
25.10 

24.81 
24.52 
24.24 
24.00 
23.69 

23.44 
23.18 
22.93 
22.68 
22.44 

46.99 
46.03 
45.09 
44.21 
43.34 

42.51 
41.73 
40.96 
40.23 
39.64 

38.84 
38.19 
37.56 
36.95 
36.34 

35.78 
35.21 
34.68 
34.17 
33.65 

33.17 
32.69 
32.22 
31.79 
31.34 

30.92 
30.51 
30.1 1 
29.72 
29.34 

28.98 
28.69 
28.27 
27.92 
27.59 

27.27 
26.95 
26.65 
26.34 
26.05 

25.77 
25.48 
25.20 
24.93 
24.66 

K T Z Y U 

1.091 1.88 
1.092 1.88 
1.093 1.88 
1.094 1.88 
1.095 1.88 

1.096 1.88 
1.097 1.88 
1.098 1.88 
1.099 1.88 
1.100 1.88 

1.101 1.88 
1.102 1.88 
1.103 1.88 
1.104 1.88 
1.105 1.88 

1.106 1.88 
1.107 1.87 
1.108 1.87 
1.109 1.87 
1.110 1.87 

1.111 1.87 
1.112 1.87 
1.113 1.87 
1.114 1.87 
1.115 1.87 

1.116 1.87 
1.117 1.87 
1.118 1.87 
1.119 1.87 
1.120 1.87 

1.121 1.87 
1.122 1.87 
1.123 1.87 
1.124 1.87 
1.125 1.87 

1.126 1.87 
1.127 1.87 
1.128 1.87 
1.129 1.87 
1.130 1.87 

1.131 1.87 
1.132 1.87 
1.133 1.86 
1.134 1.86 
1.135 1.86 

11.52 
11.40 
11.28 
11.16 
11.05 

10.94 
10.83 
10.73 
10.62 
10.52 

10.43 
10.33 
10.23 
10.14 
10.05 

9.96 
9.87 
9.78 
9.70 
9.62 

9.54 
9.46 
9.38 
9.30 
9.22 

9.15 
9.07 
9.00 
8.94 
8.86 

8.79 
8.72 
8.66 
8.59 
8.53 

8.47 
8.40 
8.34 
8.28 
8.22 

8.16 
8.1 1 
8.05 
7.99 
7.94 

22.22 
21.99 
21.76 
21.54 
21.32 

21.11 
20.91 
20.71 
20.51 
20.31 

20.15 
19.94 
19.76 
19.58 
19.38 

19.33 
19.07 
18.90 
18.74 
18.55 

18.42 
18.27 
18.13 
17.97 
17.81 

17.68 
17.54 
17.40 
17.27 
17.13 

17.00 
16.87 
16.74 
16.62 
16.49 

16.37 
16.25 
16.14 
16.02 
15.91 

15.79 
15.68 
15.57 
15.46 
15.36 

24.41 
24.16 
23.91 
23.67 
23.44 

23.20 
22.97 
22.75 
22.39 
22.18 

22.12 
21.92 
21.72 
21.52 
21.30 

21.14 
20.96 
20.77 
20.59 
20.38 

20.25 
20.08 
19.91 
19.75 
19.55 

19.43 
19.27 
19.12 
18.98 
18.80 

18.68 
18.54 
18.40 
18.26 
18.1 1 

17.99 
17.86 
17.73 
17.60 
17.48 

17.35 
17.24 
17.11 
16.99 
16.90 

K 
~ 

1.136 
1.137 
1.138 
1.139 
1.140 

1.141 
1.142 
1.143 
1.144 
1.145 

1.146 
1.147 
1.148 
1.149 
1.150 

1.151 
1.152 
1.153 
1.154 
1.155 

1.156 
1.157 
1.158 
1.159 
1.160 

1.161 
1.162 
1.163 
1.164 
1.165 

1.166 
1.167 
1.168 
1.169 
1.170 

1.171 
1.172 
1.173 
1.174 
1.175 

1.176 
1.177 
1.178 
1.179 
1.180 

T Z  

1.86 7.88 
1.86 7.83 
1.86 7.78 
1.86 7.73 
1.86 7.68 

1.86 7.62 
1.86 7.57 
1.86 7.53 
1.86 7.48 
1.86 7.43 

1.86 7.38 
1.86 7.34 
1.86 7.29 
1.86 7.25 
1.86 7.20 

1.86 7.16 
1.86 7.11 
1.86 7.07 
1.86 7.03 
1.86 6.99 

1.86 6.95 
1.86 6.91 
1.86 6.87 
1.86 6.83 
1.86 6.79 

1.85 6.75 
1.85 6.71 
1.85 6.67 
1.85 6.64 
1.85 6.60 

1.85 6.56 
1.85 6.53 
1.85 6.49 
1.85 6.46 
1.85 6.42 

1.85 6.39 
1.85 6.35 
1.85 6.32 
1.85 6.29 
1.85 6.25 

1.85 6.22 
1.85 6.19 
1.85 6.16 
1.85 6.13 
1.85 6.10 

Y 

15.26 
15.15 
15.05 
14.95 
14.86 

14.76 
14.66 
14.57 
14.48 
14.39 

14.29 
14.20 
14.12 
14.03 
13.95 

13.86 
13.77 
13.69 
13.61 
13.54 

13.45 
13.37 
13.30 
13.22 
13.15 

13.07 
13.00 
12.92 
12.85 
12.78 

12.71 
12.64 
12.58 
12.51 
12.43 

12.38 
12.31 
12.25 
12.18 
12.10 

12.06 
12.00 
11.93 
11.87 
11.79 

U 

16.77 
16.65 
16.54 
16.43 
16.35 

16.22 
16.11 
16.01 
15.91 
15.83 

15.71 
15.61 
15.51 
15.42 
15.34 

15.23 
15.14 
15.05 
14.96 
14.87 

14.78 
14.70 
14.61 
14.53 
14.45 

14.36 
14.28 
14.20 
14.12 
14.04 

13.97 
13.89 
13.82 
13.74 
13.66 

13.60 
13.53 Q 
13.46 
13.39 p, 
13.30 0 

13.25 g. 
13.18 s 
13.1 1 
13.05 
12.96 

(D 



Table 2-5 
Table of Coefficients (Continued) 

I< T z Y U 

1.182 
1.184 
1.186 
1.188 
1.190 
1.192 
1.194 
1.196 
1.198 
1.200 
1.202 
1.204 
1.206 
1.208 
1.21 0 
1.212 
1.214 
1.216 
1.218 
1.220 
1.222 
1.224 
1.226 
1.228 
1.230 
1.232 
1.234 
1.236 
1.238 
1.240 
1.242 
1.244 
1.246 
1.248 
1.250 
1.252 
1.254 
1.256 
1.258 
1.260 
1.263 
1.266 
1.269 
1.272 
1.275 

1.85 6.04 
1.85 5.98 
1.85 5.92 
1.85 5.86 
1.84 5.81 
1.84 5.75 
1.84 5.70 
1.84 5.65 
1.84 5.60 
1.84 5.55 
1.84 5.50 
1.84 5.45 
1.84 5.40 
1.84 5.35 
1.84 5.31 
1.83 5.27 
1.83 5.22 
1.83 5.18 
1.83 5.14 
1.83 5.10 
1.83 5.05 
1.83 5.01 
1.83 4.98 
1.83 4.94 
1.83 4.90 
1.83 4.86 
1.83 4.83 
1.82 4.79 
1.82 4.76 
1.82 4.72 
1.82 4.69 
1.82 4.65 
1.82 4.62 
1.82 4.59 
1.82 4.56 
1.82 4.52 
1.82 4.49 
1.82 4.46 
1.81 4.43 
1.81 4.40 
1.81 4.36 
1.81 4.32 
1.81 4.28 
1.81 4.24 
1.81 4.20 

11.70 
11.58 
11.47 
11.36 
11.26 
11.15 
11.05 
10.95 
10.85 
10.75 
10.65 
10.56 
10.47 
10.38 
10.30 
10.21 
10.12 
10.04 
9.96 
9.89 
9.80 
9.72 
9.65 
9.57 
9.50 
9.43 
9.36 
9.29 
9.22 
9.15 
9.08 
9.02 
8.95 
8.89 
8.83 
8.77 
8.71 
8.65 
8.59 
8.53 
8.45 
8.37 
8.29 
8.21 
8.13 

12.86 
12.73 
12.61 
12.49 
12.37 
12.25 
12.14 
12.03 
11.92 
11.81 
11.71 
11.61 
11.51 
11.41 
11.32 
11.22 
11  -12 
11.03 
10.94 
10.87 
10.77 
10.68 
10.60 
10.52 
10.44 
10.36 
10.28 
10.20 
10.13 
10.05 
9.98 
9.91 
9.84 
9.77 
9.70 
9.64 
9.57 
9.51 
9.44 
9.38 
9.28 
9.19 
9.11 
9.02 
8.93 

K T z Y U 

1.278 
1.281 
1.284 
1.287 
1.290 
1.293 
1.296 
1.299 
1.302 
1.305 
1.308 
1.31 1 
1.314 
1.317 
1.320 
1.323 
1.326 
1.329 
1.332 
1.335 
1.338 
1.341 
1.344 
1.347 
1.350 
1.354 
1.358 
1.362 
1.366 
1.370 
1.374 
1.378 
1.382 
1.386 
1.390 
1.394 
1.398 
1.402 
1.406 
1.41 0 
1.41 4 
1.418 
1.422 
1.426 
1.430 

1.81 
1 .a1 
1.80 
1.80 
1.80 
1.80 
1.80 
1.80 
1.80 
1.80 
1.79 
1.79 
1.79 
1.79 
1.79 
1.79 
1.79 
1.78 
1.78 
1.78 
1.78 
1.78 
1.78 
1.78 
1.78 
1 .n 
1.77 
1.77 
1 .77 
1.77 
1.77 
1.76 
1.76 
1.76 
1.76 
1.76 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.75 
1.74 

4.16 
4.12 
4.08 
4.05 
4.01 
3.98 
3.94 
3.91 
3.88 
3.84 
3.81 
3.78 
3.75 
3.72 
3.69 
3.67 
3.64 
3.61 
3.58 
3.56 
3.53 
3.51 
3.48 
3.46 
3.43 
3.40 
3.37 
3.34 
3.31 
3.28 
3.25 
3.22 
3.20 
3.17 
3.15 
3.12 
3.10 
3.07 
3.05 
3.02 
3.00 
2.98 
2.96 
2.94 

8.05 
7.98 
7.91 
7.84 
7.77 
7.70 
7.63 
7.57 
7.50 
7.44 
7.38 
7.32 
7.26 
7.20 
7.14 
7.09 
7.03 
6.98 
6.92 
6.87 
6.82 
6.77 
6.72 
6.68 
6.63 
6.57 
6.50 
6.44 
6.38 
6.32 
6.27 
6.21 
6.16 
6.1 1 
6.06 
6.01 
5.96 
5.92 
5.87 
5.82 
5.77 
5.72 
5.68 
5.64 

1.74 2.91 5.60 

8.85 
8.77 
8.69 
8.61 
8.53 
8.46 
8.39 
8.31 
8.24 
8.18 
8.1 1 
8.05 
7.98 
7.92 
7.85 
7.79 
7.73 
7.67 
7.61 
7.55 
7.50 
7.44 
7.39 
7.33 
7.28 
7.21 
7.14 
7.08 
7.01 
6.95 
6.89 
6.82 
6.77 
6.72 
6.66 
6.60 
6.55 
6.49 
6.44 
6.39 
6.34 
6.29 
6.25 
6.20 
6.15 

K T 2 Y U 

1.434 
1.438 
1.442 
1.446 
1.450 
1.454 
1.458 
1.462 
1.466 
1.470 
1.475 
1.480 
1.485 
1.490 
1.495 
1.500 
1.505 
1.510 
1.515 
1.520 
1.525 
1.530 
1.535 
1.540 
1.545 
1.55 
1.56 
1.57 
1.58 
1.59 
1.60 
1.61 
1.62 
1.63 
1.64 
1.65 
1.66 
1.67 
1.68 
1.69 
1.70 
1.71 
1.72 
1.73 
1.74 

1.74 
1.74 
1.74 
1.74 
1.73 
1.73 
1.73 
1.73 
1.73 
1.72 
1.72 
1.72 
1.72 
1.72 
1.71 
1.71 
1.71 
1.71 
1.71 
1.70 
1.70 
1.70 
1.70 
1.69 
1.69 
1.69 
1.69 
1.68 
1.68 
1.67 
1.67 
1.66 
1.65 
1.65 
1.65 
1.65 
1.64 
1.64 
1.63 
1.63 
1.63 
1.62 
1.62 
1.61 
1.61 

2.89 
2.87 
2.85 
2.83 
2.81 
2.80 
2.78 
2.76 
2.74 
2.72 
2.70 
2.68 
2.66 
2.64 
2.62 
2.60 
2.58 
2.56 
2.54 
2.53 
2.51 
2.49 
2.47 
2.46 
2.44 
2.43 
2.40 
2.37 
2.34 
2.31 
2.28 
2.26 
2.23 
2.21 
2.18 
2.16 
2.14 
2.12 
2.10 
2.08 
2.06 
2.04 
2.02 
2.00 
1.99 

5.56 
5.52 
5.48 
5.44 
5.40 
5.36 
5.32 
5.28 
5.24 
5.20 
5.16 
5.12 
5.08 
5.04 
5.00 
4.96 
4.92 
4.88 
4.84 
4.80 
4.77 
4.74 
4.70 
4.66 
4.63 
4.60 
4.54 
4.48 
4.42 
4.36 
4.31 
4.25 
4.20 
4.15 
4.10 
4.05 
4.01 
3.96 
3.92 
3.87 
3.83 
3.79 
3.75 
3.72 

6.10 
6.05 
6.01 
5.97 
5.93 
5.89 
5.85 
5.80 
5.76 
5.71 
5.66 
5.61 
5.57 
5.53 
5.49 
5.45 
5.41 
5.37 
5.33 
5.29 
5.25 
5.21 
5.17 
5.13 
5.09 
5.05 
4.99 
4.92 
4.86 
4.79 
4.73 
4.67 
4.61 
4.56 
4.50 
4.45 
4.40 
4.35 
4.30 
4.26 
4.21 
4.17 
4.12 
4.08 

3.68 4.04 

1.75 
1.76 
1.77 
1.78 
1.79 
1.80 
1.81 
1.82 
1.83 
1.84 
1.85 
1.86 
1.87 
1.88 
1.89 
1.90 
1.91 
1.92 
1.93 
1.94 
1.95 
1.96 
1.97 
1.98 
1.99 
2.00 
2.01 
2.02 
2.04 
2.06 
2.08 
2.10 
2.12 
2.14 
2.16 
2.18 
2.20 
2.22 
2.24 
2.26 
2.28 
2.30 
2.32 
2.34 
2.36 

'p 

K T z Y u $  
5 

4.00 3 1.60 
1.60 
1.60 
1.59 
1.59 
1.58 
1.58 
1.58 
1.57 
1.57 
1.56 
1.56 
1.56 
1.55 
1.55 
1.54 
1.54 
1.54 
1.53 
1.53 
1.53 
1.52 
1.52 
1.51 
1.51 
1.51 
1.50 
1.50 
1.49 
1.48 
1.48 
1.47 
1.46 
1.46 
1.45 
1.44 
1.44 
1.43 
1.42 
1.41 
1.41 
1.40 
1.40 
1.39 
1.38 

1.97 
1.95 
1.94 
1.92 
1.91 
1.89 
1.88 
1.86 
1.85 
1.84 
1.83 
1.81 
1.80 
1.79 
1.78 
1 .TI 
1.75 
1.74 
1.73 
1.72 
1.71 
1.70 
1.69 
1.68 
1.68 
1.67 
1.66 
1.65 
1.63 
1.62 
1.60 
1.59 
1.57 
1.56 
1.55 
1.53 
1.52 
1.51 
1 S O  
1.49 
1.48 
1.47 
1.46 
1.45 
1.44 

3.64 
3.61 
3.57 
3.54 
3.51 
3.47 
3.44 
3.41 
3.38 
3.35 
3.33 
3.30 
3.27 
3.24 
3.22 
3.19 
3.17 
3.14 
3.12 
3.09 
3.07 
3.05 
3.03 
3.01 
2.98 
2.96 
2.94 
2.92 
2.88 
2.85 
2.81 
2.78 
2.74 
2.71 
2.67 
2.64 
2.61 
2.58 
2.56 
2.53 
2.50 
2.48 
2.45 
2.43 
2.40 

~~ 

3.96 6 
3.89 
3.85 
3.82 2. 
3.78 I3 

3.75 
3.72 $ 
3.69 El 
3.65 
3.62 
3.59 
3.56 
3.54 
3.51 
3.48 
3.45 
3.43 
3.40 
3.38 
3.35 
3.33 
3.30 
3.28 
3.26 
3.23 
3.21 
3.17 
3.13 
3.09 
3.05 
3.01 
2.97 
2.94 
2.90 
2.87 
2.84 
2.81 
2.78 
2.75 
2.72 
2.69 
2.67 
2.64 

3.93 E 



2.38 1.38 
2.40 1.37 
2.42 1.36 
2.44 1.36 
2.46 1.35 

2.48 1.35 
2.50 1.34 
2.53 1.33 
2.56 1.32 

2.59 1.31 
2.62 1.30 
2.65 1.30 
2.68 1.29 

2.71 1.28 
2.74 1.27 
2.77 1.26 
2.80 1.26 

1.80 
1.78 
1.76 
1.75 
1.73 

1.71 
1.70 
1.68 
1.67 

1.65 
1.64 
1.62 
1.61 

1.60 
1.59 
1.57 
1.56 

1.43 
1.42 
1.41 
1.40 
1.40 

1.39 
1.38 
1.37 
1.36 

1.35 
1.34 
1.33 
1.32 

1.31 
1.31 
1.30 
1.29 

4.15 0.989 
4.20 0.982 
4.25 0.975 
4.30 0.968 

4.35 0.962 
4.40 0.955 
4.45 0.948 
4.50 0.941 
4.55 0.934 
4.60 0.928 
4.65 0.921 
4.70 0.914 
4.75 0.908 
4.80 0.900 

4.85 0.893 
4.90 0.887 
4.95 0.880 
5.00 0.873 

2.38 2.61 
2.36 2.59 
2.33 2.56 
2.31 2.54 
2.29 2.52 

2.27 2.50 
2.25 2.47 
2.22 2.44 
2.19 2.41 

2.17 2.38 
2.14 2.35 
2.12 2.32 
2.09 2.30 

2.07 2.27 
2.04 2.25 
2.02 2.22 
2.00 2.20 

2.83 1.25 
2.86 1.24 
2.89 1.23 
2.92 1.22 

2.95 1.22 
2.98 1.21 
3.02 1.20 
3.06 1.19 

3.10 1.18 
3.14 1.17 
3.18 1.16 
3.22 1.16 
3.26 1.15 

3.30 1.14 
3.34 1.13 
3.38 1.12 
3.42 1.11 

1.28 
1.28 
1.27 
1.27 

1.26 
1.25 
1.25 
1.24 

1.23 
1.23 
1.22 
1.21 
1.21 

1.20 
1.20 
1.19 
1.19 

1.98 
1.96 
1.94 
1.92 

1.90 
1.88 
1.86 
1.83 

1 .81 
1.79 
1.77 
1.75 
1.73 

1.71 
1.69 
1.67 
1.66 

2.17 
2.15 
2.13 
2.1 1 

2.09 
2.07 
2.04 
2.01 

1.99 
1.97 
1.94 
1.92 
1.90 

1 .88 
1.86 
1.84 
1.82 

3.46 
3.50 
3.54 
3.58 
3.62 

3.66 
3.70 
3.74 
3.78 

3.82 
3.86 
3.90 
3.94 

3.98 
4.00 
4.05 
4.10 

1.11 
1.10 
1.09 
1.08 
1.07 

1.07 
1.06 
1.05 
1.05 

1.04 
1.03 
1.03 
1.02 

1.01 
1.009 
1.002 
0.996 

1.18 
1.18 
1.17 
1.17 
1.16 

1.16 
1.16 
1.15 
1.15 

1.15 
1.14 
1.14 
1.14 

1.13 
1.13 
1.13 
1.13 

1.64 
1.62 
1.61 
1.59 
1.57 

1.56 
1.55 
1.53 
1.52 

1.50 
1.49 
1.48 
1.46 

1.45 
1.45 
1.43 
1.42 

1.12 
1.12 
1.12 
1.11 

1.11 
1.11 
1.11 
1.10 
1.10 
1.10 
1.10 
1.09 
1.09 
1.09 

1.09 
1.09 
1.08 
1.08 

1.40 
1.39 
1.38 
1.36 

1.35 
1.34 
1.33 
1.31 
1.30 
1.29 
1.28 
1.27 
1.26 
1.25 

1.24 
1.23 
1.22 
1.21 

1.54 
1.53 
1.51 
1.50 

1.48 
1.47 
1.46 
1.44 
1.43 
1.42 
1.41 
1.39 
1.38 
1.37 

1.36 
1.35 
1.34 
1.33 

Reprinted by permission of Taylor Forge International, Inc. 
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91 1 9 0  

Figure 2-16. Values of V (integral flange factors). (Reprinted by permission from the ASME Code, Section VIII, Div. 1, Figure 2-7.3.) 

1 1.5 2 2.5 3 3.5 4 4.5 5 

91 / g o  

Figure 2-17. Values of F (integral flange factors). (Reprinted by permission from the ASME Code, Section VIII, Div. 1, Figure 2-7.2.) 
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1 
1 1.5 2 3 4 5 

Figure 2-18. Values of f (hub stress correction factor). (Reprinted by permission from the ASME Code, Section VIII, Div. 1, Figure 2-7.6.) 
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1 I 0.05 
I I I 

15 

10 

I I 
1 0 ’- 

08. 
1 50 

0 5  

0 4  I I 1 
- 

3 0  4 0  5 0  1 5  2 0  1 0  
91 /Po 

Figure 2-19. Values of VL (loose hub flange factors). (Reprinted by 
permission from the ASME Code, Section VIII, Div. 1, Figure 2-7.5.) 

Figure 2-20. Values Of FL (loose hub flange factors). (Reprinted by 
Permission from the ASME Code, Section VIII, Div. 1, Figure 2-7.4.) 
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Table 2-5a 
Dimensional Data for Bolts and Flanges 

Standard Thread 8-Thread Series Bolt Spacing 

No. of Root No. of Root Minimum Preferred Radial Edge Dimension Fillet Radius 
Maximum Minimum Nut 

Bolt Size Threads Area Threads Area Bs Distance R Distance E (across flats) at base of hub 

13 0.126 
11 0.202 
10 0.302 
9 0.41 9 
8 0.551 

7 0.693 
7 0.890 
6 1.054 
6 1.294 

5% 1.515 
5 1.744 
5 2.049 

4% 2.300 

4% 3.020 
4 3.715 
4 4.61 8 
4 5.621 

No. 8 thread 
series below 1’ 

8 

8 
8 
8 
8 

8 
8 
8 
8 

8 
8 
8 
8 

0.551 

0.728 
0.929 
1.155 
1.405 

1.680 
1.980 
2.304 
2.652 

3.423 
4.292 
5.259 
6.234 

13 

15 
3 ‘  11 6 

3 11 6 
3 1 lI8 

3 I ’I4 
3 I 3i8 

3 1 112 
3 1 ’14 

1 ’18 

2118 
2 ’i4 
23i8 
2112 

2 

23/4 

3318 
3”18 

3‘116 

1 13i16 ’4 6 
2 

Notes 

1. The procedures as outlined herein have been taken 
entirely from Taylor Forge Bulletin No. 502, 7th 
Edition, entitled “Modern Flange Design.” The forms 
and tables have been duplicated here for the user’s 
convenience. The design forms are fast and accurate 
and are accepted throughout the industry. For addi- 
tional information regarding flange design, please con- 
sult this excellent bulletin. 

2. Whenever possible, utilize standard flanges. The 
ASME Code accepts the standard pressure-tempera- 
ture ratings of ANSI B16.5. For larger diameter flanges 
use ANSI B16.47. 

3.  Flange calculations are done either as “integral” or 
“loose.” A third classification, “optional,” refers to 
flanges which do not fall into either of the foregoing 
categories and thus can be designed as either integral 
or loose. Definitions and examples of these categories 
are: 

Integral-Hub and flange are one continuous struc- 
ture either by manufacture or by full penetration 
welding. Some examples are: 

a. Welding neck flanges. 
b. Long weld neck flanges. 

c. Ring flanges attached with full penetration welds. 
Use design form “Type 1: Weld Neck Flange 
Design (Integral),” or “Type 3: Ring Flange 
Design.” 

Loose-Neither flange nor pipe has any attachment 
or is non-integral. It is assumed for purposes of 
analysis, that the hubs (if used) act independent of 
the pipe. Examples are: 
a. Slip-on flanges. 
b. Socket weld flanges. 
c. Lap joint flanges. 
d. Screwed flanges. 
e. Ring flanges attached without full penetration 

welds. 
Use design form “Type 2: Slip-On Flange Design 
(Loose),” or “Type 3: Ring Flange Design.” 

4. Hubs have no minimum limit for h and go, but values of 
g, < 1.5 t, and h < g, are not recommended. For slip-on 
flanges as a first trial, use gl = 2 times pipe wall thick- 
ness. 

5. The values of T, Z, Y, and U in Table 2-5 have been 
computed based on Poisson’s ratio of 0.3. 

6. B is the I.D. of the flange and not the pipe I.D. For 
smalldameter flanges when B is less than 20gl, it is 
optional for the designer to substitute B1 for B in Code 
formula for longitudinal hub stress, SH. (See [I, Para. 
2-3 of Section VIII, Div 11.) 



General Design 53 

7. In general, bolts should always be used in multiples of 
4. For large-diameter flanges, use many smaller bolts 
on a tight bolt circle to reduce the flange thickness. 
Larger bolts require a large bolt circle, which greatly 
increases flange thickness. 

8. If the bolt holes are slotted to allow for swing-away 
bolting, substitute the diameter of the circle tangent 
to the inner edges of the slots for dimension A and 
follow the appropriate design procedures. 

9. Square and oval flanges with circular bores should be 
treated as “inscribed” circular flanges. Use a bolt circle 
passing through the center of the outermost bolt holes. 
The same applies for noncircular openings; however, 

the bolt spacing becomes more critical. The spacing 
factor can be less than required for circular flanges 
since the metal available in the corners tends to 
spread the bolt load and even out the moment. 

10. Design flanges to withstand both pressure and external 
loads, use “equivalent” pressure P, as follows: 

16M 4F 
P - -+ -+P  

e -  nG3 nG2 

where M =bending moment, in.-lb 
F = radial load. Ib 

0 
MAWP (PSIG) 

1000 2000 3000 3500 

Notes: 1. For carbon steel flanges only. Material Group 1.1 A-105 or A-350-LF2 with flat 
ring gasket only. 

2. Based on ANSI 816.5. 

Figure 2-20a. Pressure-temperature ratings for standard flanges. 



Primary 
Service 
Pressure 
Rating Bolting 

Number 

150 Pound 

Nominal Pipe Size 

?& 1 1% 1% 2 2% 3 3% 4 5 6 8 10 12 14 16 18 20 24 
Flange 
Facing 

4 4 4 4 4 4 4 4 8 8 8 8 8 1 2 1 2 1 2  16 16 20 20 

300 Pound 

Diameter 

Lengthofstud 
Bolts 

Lengthof 
Mach. Bolts 

400 Pound 

% % % % % 5 / 8 5 / 8 5 / 8 5 / 8 5 / 8 % % % ' / 8 ' / 8  1 1 1% 1% 1% 

%6"RF 2% 2% 2% 2% 2% 3 3% 3% 3% 3% 3% 3% 4 4% 4% 5 5% 5% 6 6% 

RTJ . . .  . . .  3 3 3% 3% 3% 4 4 4 4% 4% 4% 5 5 5% 5% 6% 6% 7% 

%6"RF 1% 2 2 2% 2% 2% 3 3 3 3 3% 3% 3% 3% 4 4% 4% 4% 5% 5% 

600 Pound 

Number 

Diameter 

Lengthofstud 
Bolts 

Lengthof 
Mach. Bolts 

Number 

Diameter 

Lengthofstud 
Bolts 

Table 2-5b 
Number and Size of Bolts for Flanged Joints 

I I 

4 4 4 4 4 8 8 8 8 8 8 1 2 1 2 1 6 1 6 2 0  20 24 24 24 

% 543 76 5/8 % 5/8 % % % % % % '/8 1 1% 1% 1% 1% 1% 1% 

%6"RF 2% 2% 3 3 3% 3% 3% 4 4?4 4% 4% 4% 5% 6 6% 6% 7% 7% 8 9 

RTJ 3 3% 3% 3% 4 4 4% 4% 5 5 5% 5% 6 6% 7% 7% 8 8% 8% 10 

%6''RF 2 2% 2% 2% 3 3 3% 3% 3% 3% 4 4% 4% 5% 5% 6 6% 6% 7 7% 

4 4 4 4 4 8 8 8 8 8 8 1 2 1 2 1 6 1 6 2 0  20 24 24 24 

% 5 / 8 5 / 8 5 / 8 %  5 / 8 % % ' / 8  '/8 '/8 '/8 1 1 % 1 % 1 1 / 4  1% 1% 1% 1% 

%"RF 3 3% 3% 3% 4 4 4% 4% 5% 5% 5% 5% 6% 7% 7% 8 8% 8% 9% 10% 

RTJ 3 3% 3% 3% 4 4% 4% 5 5% 5% 5% 6 6% 7% 8 8% 8% 9 9% 11 

M & F  2% 3 3% 3% 3% 3% 4% 4% 5 5 5% 5% 6% 7 7% 7% 8% 8% 9% 10% 
T & G  

Number 

Diameter 

Lengthof Stud 
Bolts 

4 4 4 4 4 8 8 8 8 8 8 1 2 1 2 1 6 2 0 2 0  20 20 24 24 

% 5 / 8 5 / 8 5 / 8 % 5 / 8 % % ' / 8 ' / 8  1 1 1% 1% 1% 1% 1% 1% 1% 1% 

%" RF 3 3% 3% 3% 4 4 4% 4% 5% 5% 6% 6% 7% 8% 8% 9 9% 10% 11% 12% 
~ _ _ _ _ _ _ _ _ - _ _  -----__--- 

RTJ 3 3% 3% 3% 4 4% 4% 5 5% 5% 6% 6% 7% 8% 8% 9% IO 10% 11% 13% 

M & F  
T & G  

2% 3 3% 3% 3% 3% 4% 4% 5 5% 6 6% 7% 8 8% 8% 9% 10% 11 12% 



900 Pound 

1500 
Pound 

2500 
Pound 

20 I 20 I 20 I 20 I 20 

16 I 16 I 16 I 16 I 16 

VI 
VI 
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MMAX = Lesser of MI thru M5 

1. Calculate the Maximum Allowable Moment 

DERIVATION OF FLANGE MAXIMUM ALLOWABLE PRESSURE 

@ Design Temperature @ Ambient Temperature 

1. Calculate Moments M, through M5 as follows: I @ Design Temperature I @ Ambient Temperature 

&I: B MI = (Lesser of 1.5 Sf, or 2.5 Sfa) ~ f 

Sf,hBt2 
M2 =- 

I .33te + 1 

SfohBt2 
M3 = 

YA - Z(1.33te + 1) 

2StoABt2g: 
Mq = 

f?+(l.33te + 1)g: 

I I 
2. 

&(MAX) = - Ab 
~ M M A X (  @Ambient Temperature) 

hGSa 

Note : If Am2>Am(MA~), then the gasket width, seating stress, or bolting is insufficient. 

3. Determine the Maximum Allowable Pressure set by the Maximum Allowable Moment: (Operating Condition) 

M~m(@Design Temperature) 
0.785B2hD+6.28bGmh~+0.785(G2 - B')h, 

4. Determine the Maximum Allowable Pressure set by A m ( ~ ~ x ) :  (Gasket Seating) 

6.28bGm + 0.785G2 

5. The Maximum Allowable Pressure = the lesser of 3. or 4. 

SbAm(MAX) 

Note that this pressure includes any static head applicable for the case under consideration. 

Maximum Allowable Pressure = 

MAWP is based on corroded condition at design temperature. 
When MMAX is governed by Mz: Check integral type flange for new & uncorroded condition. 
MAP (cold & corroded) is based on corroded condition @ ambient temperature. 
MAP (new & cold) is based on new condition @ ambient temperature. 
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PROCEDURE 2-8 

Design pressure. P 
Design temperature 
flange material 
Boltina material 

DESIGN OF SPHER 

A l l o m M  str#rw 
Flange Bolting 

Design temp., !& 
Amb. temD.. St, I Amb. temD.. S. I 

Design temp., S, 

CALLY DISHED COVERS 

HI, - wB2P/4 
HG = HP 
HT = H - HD 
Hr = Hdtsn 81 

B b1 = arc sin - 2L + t 

hD = 0.qC - B) MD = H o h ~  
he O.xc - G) MG = HG~G 
hT - 0.5(hD + hG) M i  = HThT 
hr M, 9 Hrhr 

8 Calculation 

Note: Mr is ( + ) if C of head is below the center 
Mo = MD + MG + M T ~ M ,  

of gravity; ( - ) if above. 

2 GASKET AND FACING DETAILS 

Gasket I Facing 
R TABLES 2-3 AND 2 4  LOAD AND BOLT CAWLATIONS 

Ho - W I hG IM. = WhG 

7 FLANQE AND HEAD THICKNESS CALCULATION 

Head Thickmu Required 

where M = M, 
or ML, whichever 
is greater 

T=F+- 

Diameter of 
bolts 

A 
H T I  HG 

Figure 2-21. Dimensional data and forces for a spherically dished 
cover. 
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Boning material 

PROCEDURE 2-9 

IAtm. temp., sl. I IAtm. temp., S. I 

DESIGN OF BLIND FLANGES WITH OPENINGS [ 1, 41 

3 TABLES 2-3 AND 2 4  

N 
b 
G (see below) 
Y 
m 

I1 DESIGN CONDITIONS 

4 LOAD AND BOLT CALCULATIONS 

WM = bffiy A,,, = greater of 
Hp I 2 b d m P  ' W d S .  or Wmd% 
H = G2rP14 Ab 

W O.!5(Am + &)Sa 
hG = 0.qC - G) 

Wmi = Hp + H 

Designpressure, P I 1 Allowable slr6cMI. 
Desian temoerature I flange I Bolting 

PR, 
L=- SE - 0.6P 

4 P0.W 
A1 =(t-tO)(h-d) 

Az = 2h(t, - m) 

I mama material I IDesian temn.. stn I IDesian temo., sh I 

A3 = 2tnh 
A4 = area of welds 

& = L(0.D. pad - O.D. node) 

EA = A, through A5 

EA >Ar  

Bolts: NO.- __ 
- ma.-- 

R- - 

Greater of d 
orA.+I,,+t 

Figure 2-22. Dimensional data and forces for a blind 
flange. 

Reinforcement 

Notes 

1. Reinforcement is only required for operating condi- 

2. Options in lieu of calculating reinforcement: 
tions not bolt up. 

Option 1-No additional reinforcement is required if 
flange thickness is greater than 1.414 to. 

Option 2-If opening exceeds one-half the nominal 
flange dameter, the flange may be computed as an 
optional-type reducing flange. 

Option &No additional reinforcement is required if to 
is calculated substituting 0.6 for 0.3 in the equation 
for to (doubling of c value). 

3. For terms and Tables 2-3 and 2-4. see Procedure 2-7. 
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Size %, in. '/8 in. 1 in. 1% in. 1% in. 1% in. 

d 0.6273 0.7387 0.8466 0.9716 1.0966 1.2216 

0.6850 0.8028 0.9188 1.0438 1.1688 1.2938 dm 

0.7344 0.8594 0.9844 1.1094 1.2188 1.3438 t" 

Size 1% in. 1% in. 2 in. 2% in. 2% in. 2% in. 

d 1.5966 1.7216 1.8466 2.0966 2.3466 2.5966 

1.6688 1.7938 1.9188 2.1688 2.4188 2.6688 

1.71 88 1.8438 1.9688 2.2031 2.4531 2.7031 

dm 

t" 
~~~ 

PROCEDURE 2-10 

1% in. 1% in. 

1.3466 1.4716 

1.4188 1.5438 

1.4688 1.5938 

3 in. 3Y4 in. 

2.8466 3.0966 

2.9188 3.1688 

2.9531 3.1875 

BOLT TORQUE REQUIRED FOR SEALING FLANGES [ 10-131 

Notation 

Ah = cross-sectional area of bolts, 
A, = actual joint-contact area of gasket, in.2 
b = effective gasket seating width, in. 
d = root diameter of threads, in. 

d,, =pitch diameter of threads, in. 
G = diameter at location of gasket load reaction, in. 
M = external bending moment, in.-lb 
m = gasket factor 
N =gasket width, in. 
n = number of bolts 

El, = modulus of elasticity of bolting material at tempera- 

E, = modulus of elasticity of gasket material at tempera- 
ture, psi 

ture, psi 
P = internal pressure, psi 

P, = equivalent pressure including external loads, psi 
P, = radial load, lb 

W 

1L YAPL 
Tongue and groove 

PT =test pressure, psi 
F = restoring force of gasket (decreasing compression 

force) from initial bolting strain, lb 
Fho = initial tightening force, Ib 
& = effective length of bolt, mid nut to mid nut, in. 
W = total tightening force, lb 

W,1= H + H, = required bolt load, operating, lb 
W,z = required bolt load, gasket seating, lb 

y = gasket unit seating load, psi 
H =total hydrostatic end force, lb 

T =initial tightening torque required, ft-lb 
t, =thickness of gasket, in. 
t, =thickness of nut, in. 
K =total friction factor between bolthut and nut/ flange 

w =width of ring joint gasket, in. 

HP = total joint-contact surface compression load, lb 

face 

Note: See Procedure 2-7 for values of G, N, m, b, and y. 

e- x$$ 
I 

Raised face k4.J 
Ring joint 

Figure 2-23. Flange and joint details. 
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Table 2-7 
Modulus of Elasticity, Eb, 1 O6 psi 

Temperature, 'F 

Material 70" 200" 300" 400" 500" 600" 700" 800" 900" 

Carbon steel A-307-B 27.9 27.7 27.4 27.0 26.4 25.7 24.8 23.4 18.5 

Low alloy A-1 93-87, B16, B7M 29.9 29.5 29.0 28.6 28.0 27.4 26.6 25.7 24.5 

Straight chrome A-193-B6, B6X 29.2 28.7 28.3 27.7 27.0 26.0 24.8 23.1 22.1 

Stainless A-1 93-88 series 28.3 27.7 27.1 26.6 26.1 25.4 24.8 24.1 23.4 

Note: Values per ASME Code, Section II. 

1 

m 

AL - -  - ,  
Elongation - Compression 

*- 

Figure 2-24. Typical joint diagram. 

DESIGN DATA 

Flange size I 

AF = change in joint load 
due to the gasket relaxing 

Design pressure, P 

Moment, M I 
Radial load, Pr I 

~ 

Friction factor, K 

Design temperature 

BOLTING DATA GASKET DATA 

TY Pe Nominal size 

Diameter of raised 
face 

Quantity n 

~ 

O.D., 1.D. d 

N or w I d, 
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Modulus of Elasticity of Gasket Material, E, 

Ring joint and flat metal: Select values from ASME 

Comp asb = 70 ksi 
Rubber = 10 ksi 
Grafoil = 35 ksi 
Teflon = 24 ksi 
Spiral wound = 569 ksi 

Section 11, or Appendix K of this book. 

Friction Factor, K 

Lubricated = 0.075-0.15 
Nonlubricated = 0.15-0.25 

Calculations 

Equicalent pressure, P,, psi 

16M 4P, 
P , = - + - + P  

nC3 nC2 

e Hydrostatic end force, H ,  lh 

e Totaljoint-contact-surface compression load, H,,, lh. 

Hp = BbnGmP, 

Minimum required bolt load fo r  gasket seating, WTnz, lb. 

W,,,2 = nbCv 

e Actualjoint area contact f o r  gasket, A,, 

A, = 2nbG 

Decreasing compression force in gasket, AF, lb 

e Initial required tightening force (tension), Fbo, lb. 

Fb<, = HI, + A F  

Total tightening force required to seal joint, W, lh. 

W = greater of Fhl, or W,,,2 

Required torque, T,  ft-lh. 

Notes 

1. Bolted joints in high-pressure systems require an initial 
preload to prevent the joint from leaking. The loads 
which tend to open the joint are: 
a. Internal pressure. 
b. Thermal bending moment. 
c. Dead load bending moment. 

2. Either stud tensioners or torque wrenches are used for 
prestressing bolts to the required stress for gasket seat- 
ing. Stud tensioners are by far the most accurate. Stud 
tension achieved by torquing the nut is affected by 
many variables and may vary from 10% to 100% of 
calculated values. The following are the major variables 
affecting tension achieved by torquing: 
a. Class of fit of nut and stud. 
b. Burrs. 
c. Lubrication. 
d. Grit, chips, and dirt in threads of bolts or nuts. 
e. Nicks. 
f. The relative condition of the seating surface on the 

3. Adequate lubrication should be used. Nonlubricated 
bolting has an efficiency of about 50% of a well-lubri- 
cated bolt. For standard applications, a heavy graphite 
and oil mixture works well. For high temperature ser- 
vice (500'F to 1000"F), a high temperature thread 
compound may be used. 

flange against which the nut is rotated. 

Table 2-8 
Bolt Torques 

Torque Required in R-lb to Produce the Following Bolt Stress 

Bolt Size 15ksi 30 ksi 45 ksi 60 ksi 

-13 
%-11 
% -10 
7* -9 

1% -8 
1% -8 
1% -8 
1% -8 
1% -8 
1% -8 

1-8 

1% -8 

2% -8 

2% -8 
3-8 

2-8 

2% -8 

15 
30 
50 
80 

123 
195 
273 
365 
437 
600 
775 

1050 
1125 
- 
- 
- 
- 

30 
60 

100 
160 
245 
390 
500 
680 
800 

1100 
1500 
2000 
2200 
31 80 
4400 
5920 
7720 

45 
90 

150 
240 
368 
533 
750 

1020 
1200 
1650 
2250 
3000 
3300 
4770 
6600 
8880 

1 1580 

60 
120 
200 
320 
490 
71 0 

1000 
1360 
1600 
2200 
3000 
4000 
4400 
6360 
8800 

1 1840 
15440 
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Figure 2-25. Sequence for tightening of flange bolts. Note: Bolts should be tightened to 1/3 of the final torque value at 
illustrated in the figure. Only on the final pass is the total specified torque realized. 

4. The stiffness of the bolt is only 1/3 to 1/5 that of the 
joint. Thus, for an equal change in deformation, the 
change of the load in the bolt must be only 1/3 to 1/5 
of the change in the load of the joint. 

5. Joints almost always relax after they have first 
been tightened. Relaxation of 10% to 20% of the initial 

a time in the sequence 

preload is not uncommon. Thus an additional preload 
of quantity F is required to compensate for this “relax- 
ing” of the joint. 

PROCEDURE 2-11 

DESIGN OF FLAT HEADS 11, 2. 5. 6. 71 

Notation 
~ 

C = attachment factor 
D = long span of noncircular heads, in. 
d=diameter of circular heads or short span of non- 

E =joint efficiency (Cat. A seam only) 
circular heads, in. 

1 =length of straight flange measured from tangent line, 

P = internal pressure psi 
r =inside comer radius of head, in. 
S =code allowable stress, tension, psi 
t = minimum required thickness of head, in. 
t f=  thickness of flange of forged head, in. 

in. 
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th =thickness of head, in. 
t, = minimum required thickness of seamless shell, in. 
t, =thickness of shell, in. 

t,. =thickness of weld joint, in. 
t, = minimum distance from outside of head to edge of 

Z = factor, dependent on d/D ratio 
Q, = shear force per unit length, Ib/in. 
N, =axial tensile force per unit length, lb/in. 
M, =radial bending moment, in.-Win. 

weld prep, in. 

u = Poisson’s ratio, 0.3 for steel 

= Influence coefficients for head 
b1,2,:3 I 
a4,5,6 = Influence coefficients for shell 
b4,5,6 i 

Formulas 

e Circular heads 

t = d  - E 
e Noncircular heads 

t = d E  

where Z = 3.4 - y; < 2.5 

e Dirnensionless factors. 

a 
= (-)3(1 - U) - 

th 

a’ = 2(1 - u )  

3d(l - U) 
a3 = 

32t1, 

2 

bs = ( - ) O S ( $ )  

Cases 

Case 1 (Figure 2-26) 

1. C = 0.17 for forged circular or noncircular heads. 
2. r 2 3th 
3. C = 0.1 for circular heads if 

fh 

Figure 2-26. Case 1 : Flanged head [l , Section UG-34 (a)], 
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1 < (1.1 -?)a 
or 

I 1 

for length 2 6  and taper is 4:l minimum. 

Case 2 (Figure 2-27) 

Figure 2-27. Case 2: Forged head [ l  , Section UG-34(b-1)]. 

1. C=0.17 
2. tf 1 2t, 
3. r 2 3tf 
4. For forged circular or noncircular heads. 

Case 3 (Figure 2-28) 

fh 

Figure 2-28. Case 3: Integrally forged head [ l  , Figure 6-34 (b-2)]. 

1. C = 0.33 m but > 0.2 
2. r 2 0.375in. if t, 5 1.5in. 
3. r 3 0.25ts if t, is greater than 

greater than 0.75in. 
Sin.  but need not be 

Case 4 (Figure 2-29) 

Figure 2-29. Case 4: Screwed flat head [l , Section UG-34(c)]. 

1. C=0.3 
2. r 2 3th 
3. Design threads with 4:l safety factor against failure by 

shear, tension, or compression due to hydrostatic end 
force. 

4. Seal welding optional. 
5. Threads must be as strong as standard pipe threads. 

Case 5 (Figure 2-30) 

Figure 2-30. Case 5: Lap welded head [l , Section UG-34(c)]. 

1. Circular heads: C = 0.13 if 

e > (1.1 -?)A 

2. Noncircular heads and circular heads regardless of 

3. r 1 3 t h  
e : c = 0.2. 

Case 6 (Figure 2-31) 

1. C=0.13 
2. d 5 24in. 
3. 0.05 < tlJd < 0.25 
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r 

fh 

Figure 2-31. Case 6: Integrally forged head [ l ,  Section UG-34(d)]. 

4. 4, L ts 
5. r 2 0.25t1, 
6. Head integral with shell by upsetting, forging, or spin- 

7 .  Circular heads only. 
ning. 

Case 7 (Figure 2-32) 

Projection optional ' 
Figure 2-32. Case 7: Welded flat heads [l , Section UG-34(e)(f)]. 

1. Circular heads: C = 0.33 m but 2 0.2. If m < 1, then 
shell cannot be tapered within 2& from inside of 
head. 

2. Noncircular heads: C = 0.33 
3. Liquid penetrant (L.P.) or magnetic particle test (M.T.) 

end of shell and O.D. of head if t, or th is greater than 
1/2 in. thick (before and after welding). 

Case 8 (Figure 2-33) 

1. Circular heads: C = 0.33 m but 20.2. 

t, > 2t, and > 1.25tS but I tl, 

If in < 1, then shell cannot be tapered within 2& 
from inside of head. 

2. Noncircular heads: C = 0.33 

Bevel optional 

Figure 2-33. Case 8: Welded flat heads (Full penetration welds re- 
quired) [l , Section UG-34(g)]. 

3. See Note 3 in Case 7 

Case 9 (Figure 2-34) 

- 1  Type 1 

Backing 
strip may 
be used 

Figure 2-34. Case 9: Welded flat heads [l , Section UG-34(h), UW-13.2 
(f)(g)l. 

1. Circular heads only. 
2. C=O.33 
3. t, 2 1.25tr 
4. L.P./M.T. end of shell and O.D. of head if t, or th is 

greater than 1/2 in. thick (before and after welding). 
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5. Type 1: al+az>2t ,  
0.5a2 c al < 2a2 

Type 2: a > 2t, 
Type 3: a+b>2 t ,  

b = 0 is permissible 

Case 10 (Figure 2-35) 

Backing 
strip 
optional 

a 

Figure 2-35. Case 10: Welded flat heads [l ,  Section UG-34(h)(i)]. 

1. For Figure 2-34A C = 0.33 and t, 2 1.25tr 
2. For Figure 2-34B: C = 0.33 m but 2 0.2 
3. tp > t, or 0.25in. 
4. tw 2 ts 
5. a- tb>2tS 
6. a 2 t, 
7. L.P./M.T end of shell and O.D. of head if t, or th is 

greater than M in. thick (before and after welding). 

Case 11 (Figure 2-36) 

1. C=0.3  
2. All possible means of failure (by shear, tension, com- 

pression, or radial deformation, including flaring, 
resulting from pressure and differential thermal expan- 
sion) are resisted by factor of safety of 4:l. 

3. Sed welding may be used. 
4. Circular heads only. 

Retaining 
ring 

fh 

Threaded 
ring 

L 
d 

Figure 2-36. Case 11: Heads attached by mechanical lock devices [l,  
Section UG-34(m)(n)(o)]. 

Case 12 (Figure 2-37) 

Min = greater 
of th or 1, 

d @th 

Figure 2-37. Case 12: Crimped head [l,  Section UG-34(r)]. 

1. C=0.33 
2. Circular plates only. 
3. d =  &in. maximum. 
4. a = 30" minimum, 45" maximum. 

Case 13 (Figure 2-38) 

1. C=0.3  
2. Circular plates only. 
3. d = 18-in. maximum. 
4. 01 = 30" minimum, 45" maximum. 
5. t,/d > P/S > 0.05 
6. Maximum allowable working pressure e S/5d. 
7. Crimping must be done at the proper forging tempera- 

ture. 
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s5j$j(Ta Seal welding 

I r'. 
.8t, min 

3/41 min 
typical 

Figure 248. Case 13: Crimped heads [l , Section UG-34(s)]. 

Stresses in Flat Heads 

Maximum stress occurs at the junction, is axial in direc- 
tion, and may be in either the head or the shell. When 
th/ts 5 1, the maximum stress is in the head at the junction. 
When th/t, > 1, the maximum stress is in the shell at the 
junction. The bending moment M, is a result of internal 
forces No and Q,,. 
e Internal force, Q(,. 

e Bending moment, M,. 

e Axial stress in shell at junction, [5, Equation 6.1221. 

e Axial stress in shell atjunction, a h  [5, Equation 6.1321. 

Qo QO 

p3t d, - - 

A Qo Qo 

QO Qo 

Figure 2-39. Discontinutty at flat head and cylindrical shell juncture. 

e P r i m  y bending stress in  head, ab. Note: Primary bending 
stress is maximum at the center of the head. 

( - ) Inside head, compression 
( + ) Outside head, tension 
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ds % in. % in. '/8 in. l in .  1% in. 12, in. 1% in. 

X 1 . 1 1  1.33 1.55 1.77 2.00 2.44 2.66 

S 1.28 1.84 2.50 3.28 4.15 5.12 6.20 

PROCEDURE 2-12 

1% in. 1% in. 1% in. 1% in. 

2.88 3.10 3.32 3.56 

7.38 8.66 10.05 11.55 

~~ 

REINFORCEMENT FOR STUDDING OUTLETS 

Figure 2-40. Typical studding outlet. 

Table 2-9 
Tapped Hole Area Loss, S, in.'* 

Calculation of Area of Reinforcement 
(Figure 2-40) 

A = (dt,F) + S 
L = Greater of d or R, + t, + t 

A1 = 2(L - R, - t,)(t - t,) 
A2 = 2(tp - h - tr)(t, - tm) 

A3 = 2(ht,) 
AT=AI+AZ+AB 

Notes 

1. Check plane which is nearest the longitudinal axis of 
the vessel and passes through a pair of studded holes. 

2. Sb=allowable stress of stud material at design tem- 
perature. 
Sf, = allowable stress of flange material at design tem- 
perature. 

3. A2 as computed ignores raised face. 

2in. 2% in. 

1 00 

0 95 

0 90 

0 85 

0 80 
LL 
L 

5075 - 
2 
0 70 

0 65 

0 60 

0 55 

050 1 
0" 10" 20" 30" 40" 50" 60" 70" 80" 90" 

Anqla of plane with Longitudinal Axis 

Figure 2-41. Chart for determining the value of F. (Reprinted by permis- 
sion from ASME Code, Section VIII, Div. 1 ,  Figure UG-37.) 
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PROCEDURE 2-13 

DESIGN OF INTERNAL SUPPORT BEDS 18, 91 

Notation 
2 A = cross-sectional area of bolt, in. 

I3 =ratio of actual force to allowable force per inch of 

1) =width of bearing bar, grating, in. 
d = depth of bearing bar, grating, in. 

D =vessel inside diameter, ft 
E = modulus of elasticity, in. 
F =total load of bed, lb 

AT = total area supported by beam, In' 

weld 

FI, = allowable bending stress, psi 
F, = minimum specified yield strength, psi 
wf =fillet weld size, in. 
h =height of beam seat or length of clip, in. 
I = moment of inertia, in. 

K = distance from bottom of beam to top of fillet of web, 

= length of beam, width of ring, or unsupported width 

4 

in. [Y]  

of grating, ft or in. 
M =bending moment, i n . 4  
N = minimum bearing length, in. 
n = number of bolts 
P = concentrated load, lb 

AP = differential pressure between top and bottom of bed, 
(-1 up, (+I down, psi 

p =uniform load, psf 
R =end reactions, lb 

R, = root area of bolts, in. 
S = allowable shear stress in bolts or fillet welds, psi 
t =thickness of clip, gusset, or ring, in. 

w = uniform load, lb/ft 
Z = section modulus, in. 
F, = equivalent concentrated load, lb 

2 

3 

Process vessels frequently have internal beds that must be 
supported by the vessel shell. Sand filters, packed columns, 
and reactors with catalyst beds are typical examples. The 
beds are often supported by a combination of beam(s), grat- 
ing, and a circumferential ring which supports the periphery 
of the grating. The beams are in turn attached to the shell 
wall by either clips or beam seats. This procedure offers a 
quick way for analyzing the various support components. 

Hold down or 
balls 

Ring 

Beam seat 

P 

1 

Some applicatmns 

in this area 

lhermal expansion 

Figure 2-42. Typical support arrangements and details of an internal 
bed. 
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1 I D I 
1 I 1 

Approximate 
distribution 

L 

CASE 1: SINGLE BEAM 
I WEIGHTS I 

Total moment M = MI + M2 + M3 

Total end reaction R = Rl + R2 + R1 

Corrosion allowance 

Specific gravity 

M New 

F b  Corroded 
.?,, = - 

,J \ curve 

I \ I  I I /  True 
distribution 
curve 1 % % 1 

I. I. I c Y 
'* 1 a .I 

wl = weight 
of beam 

Figure 2-43. Loading diagram of single-beam support. 
Area of loadina = 48%. 

Packinglcatalyst unit weight 

Entrained liquid weight 

Weight of liquid above bed 

Differential oressure 

1 Weight of grating I 
~~ 

Weight of beam (est.) 

Miscellaneous 

[Total load, F = I 
F Uniform load, p = - *P - 1 I 

BEAM 
I I 
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Figure 2-44. Loading diagram of double-beam support. 
Area of loading = 37% per beam. 

I I I I Q 

Uniform load, = - F 
rr2 

I Corrosion allowance I 

19, Figure 41 

MOMENT AND REACTION 
Total moment M = M1 + M2 + M3 
Total end reaction R = R1 + R2 + R3 
Select beam and add appropriate correction allowance to web and flange 

I 

CASE 2: DOUBLE BEAM 

CALCULATIONS 
New 
Corroded F b  I Zr& = 

Specific gravity 

I Liquid holdup (%) I 

Packinglcatalyst unit weight 

IVolurne of packing/catalyst I 
1 Packinglcatalyst total weight 

Entrained liquid weight 

I Weight of liquid above bed I 
h e r e n t i i l  pressure 

Weight of grating 

Weight of beam (est.) 

I Miscellaneous 

Total load, F = 

71 
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Clip (Figure 2-45, Table 2-10) 

Size 
R. 

I 

78 in. % in. in. 1 in. 1% in. 
0.202 0.302 0.41 9 0.551 0.693 

* bolts 

Single 

Double 

Figure 2-45. Typical clip support. 

10,000 15,000 

20,000 30,000 

R =total end reactions, lb 
M =moment in clip, in.-lb 

t =thickness required, clip, in. 
F b  = allowable stress, bending, psi 
A, = area of bolt required, in.' 
n = number of bolts 

0 Moment in clip, M .  

M = Re 

e Thickness required, t. 

6M t = -  
h2Fb 

0 Area required, A, 

R 
A, = g 

Select appropriate bolts. 

Quantity - 
Size - 

Material - 

I Allowable Shear Stress, S, psi I 
I Material I A-307 1 ~ A - 3 r  1 

Beam Seat (Figure 2-46) 

K 
h r  

L ! ; -  
I 

1 

/ 
Gusset 

Optional trim 
lines 

c 

- 
Figure 2-46. Typical beam seat support. 

N = minimum bearing length, in. 

t, = thickness, web, in. 
K =vertical &stance from bottom of beam flange to top 

B =ratio of actual force to allowable force per inch of 

wf= fillet weld size, in. 
F, =yield strength, psi 

t =thickness required, gusset, in. 

of fillet of beam web, in. [9] 

weld 

e Thickness required, gusset, t .  

R(6e - 2a) 
Fba2sin2# 

t =  

e Length, N .  

R 
N =  - K  

tW(0.75F,) 

e Ratio, B.  
For E60 welds: 

R 
23,040wf 

B =  

For E70 welds: 

R 
26,880wf 

B =  

rn Required height, h. 

Notes €or Beam Seat 

1. Make width of beam seat at least 40% of h. 
2. Make fillet weld leg size no greater than 0.75tW. 
3. Make stiffener plate thickness greater oft, or 1.33wf. 
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Ring (Figure 2-47) 

Figure 2-47. Loading diagram of a continuous ring. 

Case 1: Single Beam 

wg = maximum unit load on circular ring, lb/in. 

PD 

M = w3.e 

w? -- 
4 

t = / -  6M 
Fh 

Select appropria--. ring size. 

Case 2: Two Beams 

Select appropriate ring size. 

~ 

Grating 

F1, = maximum allowable fiber stress = 18,000 psi 
M = maximum moment at midspan, ft-lb 
p = uniform load, psf 
E = mocMus of elasticity, lo6 psi 
n =number of bearing bars per foot 
6 =deflection, in. 
I = moment of inertia per foot of width, in.4 

Z = section modulus per foot of width, in.3 
C =maximum unsupported width, ft. 

Case 1: single beam-l=0.5D 
Case 2: two beams-l= 0.333D 

b =width of bearing bar (corroded), in, 
d =depth of bearing bar (corroded), in. 

12M 
Ft, 

Zreqd = ~ 

Proposed bearing bar size: 

nbd2 Z=- 
6 

nbd3 I = -  
12 

5~C(12l )~  
384EI 

6 =  

Select grating size. 

Notes 

1. Recommended beam ratio, span over depth, should be 
between 15 and 18 (20 maximum). 

2. For loading consider packing, catalyst, grating, weight 
of beam(s), liquid above packing or filter media, 
entrained liquid, and differential pressure acting 
down on bed. Entrained liquid =volume x specific 
gravity x liquid holdup x free area x 62.4 lb per cu ft. 

3. Minimum gusset thickness of beam seat should not be 
less than the web thickness of the beam. 

4. Main bearing bars of grating should run perpendicular 
to direction of support beams. 

Table 2-1 1 
Summary of Forces and Moments 

No. of 
Beams Beam AT FT R M 

1 Beam - 
2 Beams - 

3 Beams Outer 
Center 

4 Beams Inner 
Outer 

5 Beams Inner 
Outer 
Center 

0.39270' 

0.2698D2 

0.1 850D' 
0.2333D2 

0.19250' 
0.1 405D' 

0.1548D' 
0.1092D' 
0.1655D2 

0.3927pD2 

0.2698pD2 

0.1850pD' 
0.2333pD2 

0.1925pD' 
0.1 405pD2 

0.1548pD' 
0.1 092pD' 
0.1655pD' 

0.1864pd 

0.1 349pD2 

0.0925pD2 
0.1 167pD' 

0.0963pD' 
0.0703pD' 

0.0774pD' 
0.0546pD2 
0.0828pD' 

0.0565pD3 

0.0343pD3 

0 . 0 2 1 9 ~ 0 ~  
0.031 lpD3 

0.0240pD3 
0.0143pD3 

0.0185pD3 
0.0107pD3 
0.0208pD3 
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PROCEDURE 2-14 

NOZZLE REINFORCEMENT 

The following are only guidelines based on Section VIII, 
Division 1 of the ASME Code [l]. This is not an attempt to 
cover every possibility nor is it to become a substitute for 
using the Code. 

1. Limits. 
a. No reinforcement other than that inherent in the 

construction is required for nozzles [ 1, Section 
UG-36(c) ( 3 ) ] :  
0 3-in. pipe size and smaller in vessel walls 3/8-in. 

and less. 
0 %in. pipe size and smaller in vessel walls greater 

than 3/8in. 
b. Normal reinforcement methods apply to [I, Section 

UG-36(b) (I)]: 
0 Vessels 60-in. diameter and less--1/2 the vessel 

0 Vessels greater than 60-in. diameter-113 the 

c. For nozzle openings greater than the limits of 
Guideline Ib, reinforcement shall be in accordance 
with Para. 1-7 of ASME Code. 

diameter but not to exceed 2Oin. 

vessel diameter but not to exceed 40 in. 

2. Strength. 
It is advisable but not mandatory for reinforcing pad 
material to be the same as the vessel material [I, 
Section UG-411: 
a. If a higher strength material is used, either in the 

pad or in the nozzle neck, no additional credit may 
be taken for the higher strength. 

b. If a lower strength material is used, either in the pad 
or in the nozzle, then the area taken as reinforce- 
ment must be decreased proportionately by the ratio 
of the stress intensity values of the two materials. 
Weld material taken as reinforcement must also be 
decreased as a proportion, assuming the weld mate- 
rial is the same strength as the weaker of the two 
materials joined. 

3.  Thickness. 
While minimum thicknesses are given in Reference 1, 
Section UG-IG(b), it is recommended that pads be not 
less than 75% nor more than 150% of the part to which 
they are attached. 

4. Width. 
While no minimum is stated, it is recommended that 
re-pads be at least 2in. wide. 

5. Forming. 
Reinforcing pads should be formed as closely to the 
contour of the vessel as possible. While normally put 
on the outside of the vessel, re-pads can also be put 
inside providing they do not interfere with the vessel’s 
operation [I, Section UG-821. 

6. Tell-tale holes. 
Reinforcing pads should be provided with a U4-in. 
tapped hole located at least 45” off the longitudinal 
center line and given an air-soap suds test [I, Section 
UW-I5(d)]. 

7. Elliptical or obround openings. 
When reinforcement is required for elliptical or 
obround openings and the long dimension exceeds 
twice the short dimension, the reinforcement across 
the short dimension shall be increased to guard 
against excessive distortion due to twisting moment 
[l, Section UG-36(a) (I)]. 

8. Openings inflat heads. 
Reinforcement for openings in flat heads and blind 
flanges shall be as follows [I, Section UG-391: 
a. Openings e 112 head diameter-area to be replaced 

equals 0.5d (tr), or thickness of head or flange may 
be increased by: 

Doubling C value. 
0 Using C = 0.75. 
0 Increasing head thickness by 1.414. 

b. Openings > 1/2 head diameter-shall be designed 
as a bolted flange connection. See Procedure 2-15. 

9. Openings in torispherical heads. 
When a nozzle opening and all its reinforcement fall 
within the dished portion, the required thickness of 
head for reinforcement purposes shall be computed 
using M = 1 [I, Section UG-37(a)]. 

IO.  Openings in elliptical heads. 
When a nozzle opening and all its reinforcement fall 
within 0.8D of an elliptical head, the required thick- 
ness of the head for reinforcement purposes shall be 
equal to the thickness required for a seamless sphere 
of radius K(D) [I, Section UG-37(a)]. 
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11. General. 
Reinforcement should be calculated in the corroded 
condition assuming maximum tolerance (minimum t). 
For non x-rayed vessels, t, must be computed using a 
stress value of 0.8s [ l ,  Section UG-37(a)]. 

12. Openings through seam. [ l ,  Section UW-141. 
a. Openings that have been reinforced may be located 

in a welded joint. E =joint efficiency of seam for 
reinforcement calculations. ASME Code, Division 
1, does not allow a welded joint to have two differ- 
ent weld joint efficiencies. Credit may not be taken 
for a localized x-rayed portion of a spot or non x- 
rayed seam. 

b. Small nozzles that are not required to be checked 
per the Code can be located in circumferential 
joints providing the seam is x-rayed for a distance 
three times the diameter of the opening with the 
center of the hole at midlength. 

13. Re-pads over seam.  
If at all possible, pads should not cover weld seams. 
When unavoidable, the seam should be ground flush 
before attaching the pad [l, Section UG-821. 

14. Openings near seams. 
Small nozzles (for which the Code does not require 
the reinforcement to be checked) shall not be located 
closer than 1/2 in. to the edge of a main seam. When 
unavoidable, the seam shall be x-rayed, per ASME 
Code, Section UW-51, a distance of one and a half 
times the diameter of the opening either side of the 
closest point [I, Section UW-141. 

15. External pressure. 
Reinforcement required for openings subject to exter- 
nal pressure only or where longitudinal compression 
governs shall only be 50% of that required for internal 
pressure and t, is thickness required for external pres- 
sure [l, Section UG-37(d) ]. 

16. Ligaments. 
When there is a series of closely spaced openings in a 
vessel shell and it is impractical to reinforce each 
opening, the construction is acceptable, provided 
the efficiency of the ligaments between the holes is 
acceptable [ l ,  Section UG-531. 

17. Multiple openings. [ l ,  Section UG-421. 
a. For two openings closer than 2 times the average 

diameters and where limits of reinforcement over- 
lap, the area between the openings shall meet the 
following: 
e Must have u combined urea equal to the sum of 

the two areas. 
e No portion of the cross-section shall apply to 

more than one opening. 
a Any overlap area shall be proportioned between 

the two openings by the ratio of the diameters. 
e Ifthe area between the openings is less than SO% 

of that required for the two openings, the 
supplemental rules of Pura. 1-7(a) and (c) shall 

b. When more than two openings are to be provided 
with combined reinforcement: 
e The minimum distance between the centers is 1 ?$ 

the average diameters. 
e The area of reinforcement between the two noz- 

zles shall be at least 50% of the urea required for 
the two openings. 

c. For openings less than 12 times the average dia- 
meters: 
e No credit m a y  be taken for the area between the 

e These openings shall be reinforced as in (d). 
d. Multiple openings may be reinforced as an opening 

equal in diameter to that of a circle circumscribing 
the multiple openings. 

apply. 

openings. 

18. Plane of reinforcement. 
A correction factor f may be used for “integrally re- 
inforced’ nozzles to compensate for differences in 
stress from longitudinal to circumferential axis of 
the vessel. Values o f f  vary from 1.0 for the longitu- 
dinal axis to 0.5 for circumferential axis [I ,  Section 
UG-371. 
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WORKSHEET FOR NOZZLE REINFORCEMENT CALCULATIONS 

IhpkotP*nemthla@udwAxis 

Figure 248. Chart for determinin! 
the value of F [l , Figure UG-371. Design liquid level Thinning allowance 

Notes: Assumes E = 1 8 f,, = 1 .O for noule abutting vessel wall 

Figure 2-48. Chart for determining the value of F [l ,  Figure UG-371. 
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I -  A L L 
r,- J 

Figure 2-49. Typical nozzle connections Figure 2-50. Typical self-reinforced nozzles 
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PROCEDURE 2-15 

DESIGN OF LARGE OPENINGS IN FLAT HEADS 111 

Notation 

P =internal pressure, psi 
Mo =bending moment in head, in.-lb 
Mh = moment acting on end of hub or shell at juncture, 

MD =component of moment M, due to HD, in.-lb 
MT =component of moment M, due to HT, in.-lb 

HD =hydrostatic end force on area of central opening, lb 

SH =longitudinal hub stress, psi 
S R  =radial stress in head, psi 
ST =tangential stress in head, psi 

in.-lb 

H =hydrostatic end force, lb 

HT=H-HD, lb 

SHS =longitudinal hub stress, shell, psi 
SRS =radial stress, head, at O.D., psi 
STS =tangential stress, head, at O.D., psi 

SHO = longitudinal hub stress at central opening, psi 
SRO = radial stress, head, at central opening, psi 
STO =tangential stress, head, at central opening, psi 

Z, Z1, Y, T, U, F, V, f, e, d, L, XI, and 8 are all factors. 

Factor Formulas 

1. Calculate geometry factors: 

2. Using the factors calculated in Step 1, find the follow- 
ing factors in Procedure 2-7. 

Z =  
Y =  
T =  
U =  
F =  
V =  
f =  

A htegraC 
opening with 

nozzle 1 € & i opening Loose- with- 

out nozzle 

B 
Ho 

H 

Figure 2-51. Dimensions (A) and loading diagram (B) for a flat integral 
head with opening. 

3. Using the values found in the preceding steps, compute 
the following factors: 

te + 1 t3 L=- f -=  
T d  

2K2 
z1=- 

K2 - 1 
- - 
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Stress and Moment Calculations 

1. H~ydro.static end forces, H, HD,  HT. 

nB%P 
€I = - 

4 
nBtP HI> =- 

4 
HT = H - HD 

2. Moment a m ,  h D  and h,. 
Integral: 

A - Bn - tn 
2 

h D  = 

0 Loose: 

A - B, 
hn = ~ 

2 

Integral or loose: 

3. Moments. 

4. Stresses in head and hub 

(1.33te + 1)M, 
Lt'B, 

SR = 

Integral: 

ST=-- YM, ZSR 
t2B, 

Loose: 

5. Factor, 8. 
0 Integral: 

Loose: 

6 .  Moment at juncture of shell and head, M H  

where h,, g, V, B1, and F refer to shell. 

7. Factor X1. 

where F and h, refer to shell. 

8. Stress at head-shell juncture. 

'"lMH (' E) 0 .64FM~ SRS = + 
Bst2 B,h,t 

where B,, F, h,, Z, f, go, gl, and V refer to shell. 

9. Calculate stresses at head-nozzle juncture. 

where F, B,, and h, refer to shell. 



80 Pressure Vessel Design Manual 

Notes 

1. This procedure is only applicable for integrally at- 
tached flat heads with centrally located openings 
which exceed one-half the head diameter. For appli- 
cable configurations see sketches in ASME Code, 
Figures UG-34(a), (b-I), (b-2), (d), or (g). 

2. For details where inside corner of shell-head juncture 
is machined to a radius: gl = go and f = 1. 

, L5 / 

, L4 / 

, L2/ 

L3 J 

&l+ ~ (-)dl Y +d2 b 

3. The method employed in this procedure is to disregard 
the shell attached to the outside diameter of the flat 
head and then analyze the flat head with a central 
opening. 

4. This procedure is based on appendix 14 of ASME 
Section VIII, Division 1. 

w + z 
-I 
LL 

PROCEDURE 2-16 

w 7 7  7 
w1 w2 w3 

U 

, C 
4 

FIND OR REVISE THE CENTER OF GRAVITY OF A VESSEL 

7 7 7 
w4 w5 w6 

t 

Notation 

C = distance to center of gravity, ft or in. 
D’ =revised distance to C.G., ft or in. 
d,=distance from original C.G. to weights to add or 

Ln =distance from REF line to C.G. of a component 

W,=weight of vessel component, contents or at- 

W’ =new overall weight, lb W + or - Cw,, 
W =overall weight, Ib, W, 
w, = revised unit weights, lb (+) to add weight 

To find the C.G.: 

remove, (+) or (-) as shown, ft or in. 

weight, ft or in. 

tachments, Ib 

(-) to remove weight 

To revise C.G.: 
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PROCEDURE 2-17 

MINIMUM DESIGN METAL TEMPERATURE (MDMT) 

Notation 

R =use the lesser of R1 or R2 
R i  =ratio of thickness required at MDMT to the cor- 

Rz = ratio of the actual stress to the allowable stress 
roded thickness 

tMT =thickness required of the part at MDMT, in. 
tDT =thickness required of the part at design tempera- 

ture, in. 
t,, =thickness of the part, new, in (exclusive of thinning 

allowance for heads and undertolerance for pipe) 
t, =thickness of the part, corroded, in. 

E =joint efficiency 
C.a. =corrosion allowance, in. 

SMT = allowable stress at MDMT, psi 
SI,T = allowable stress at design temperature, psi 

S, = actual tension stress in part due to pressure and all 
loadings, psi 

T, =lowest allowable temperature for a given part 
based on the appropriate material curve of 
Figure 2-55, degrees F 

T2 =reduction in MDMT without impact testing per 
Figure 2-54, degrees F 

This MDMT procedure is used to determine the lowest 
permissible temperature for which charpy impact testing is 
or is not required. The ASME Code requires this be deter- 
mined for every pressure vessel and the MDMT be stamped 
on the nameplate. While every pressure vessel has its own 
unique MDMT, this may or may not be the MDMT that is 
stamped on the nameplate. Not only does every pressure 
vessel have its own unique MDMT, but every component 
of that pressure vessel has an MDMT. The vessel MDMT is 
the highest temperature of all the component MDMTs. On 
occasion, the MDMT is specified by the end user as an ar- 
bitrary value. The vessel fabricator is then responsible to 
verify that the actual MDMT of every component used in 
that pressure vessel is lower than the arbitrary value 
requested for the nameplate stamping. Considering this, 
there are various definitions for MDMT depending on how 
it is used. The definitions follow: 

1. Arbitrary MDMT: A discretionary, arbitrary tempera- 
ture, specified by a user or client, or determined in 

accordance with the provisions of UG-20. Some users 
have a standard value that has been chosen as the 
lowest mean temperature of the site conditions, such 
as 15°F. 

2. Exemption MDMT: The lowest temperature at which 
the pressure vessel may be operated at full design pres- 
sure without impact testing of the component parts. 

3.  Test MDMT: The temperature at which the vessel is 
charpy impact tested. 

The ASME Code rules for MDMT are built around a set 
of material exemption curves as shown in Figure 2-55. These 
curves account for the different toughness characteristics of 
carbon and low alloy steel and determine at what tempera- 
ture and corresponding thickness impact testing will become 
mandatory. 

There is an additional exemption curve (see Figure 2-54), 
which allows a decrease in the MDMT of every component, 
and thus the vessel, depending on one of several ratios spec- 
ified. This curve would permit carbon steel, without impact 
testing, to be used at a temperature of -150"F, provided the 
combined stresses are less than 40% of the allowable stress 
for that material. Granted, the vessel would be inore than 
twice as thick as it needed to be for the pressure condition 
alone, but if the goal was to exempt the vessel from impact 
testing, it could be accomplished. 

Since impact testing is a major expense to the manufac- 
turer of a pressure vessel, the designer should do everything 
to avoid it. Impact testing can always be avoided but may not 
be the most economical alternative. Following these steps 
will help eliminate the need for impact testing and, at the 
same time, will provide the lowest MDMT. 

1. Upgrade the material to a higher group. 
2. Increase the thickness of the component to reduce the 

stress in the part. 
3. Decrease the pressure at MDMT. This is a process 

change and may or may not be possible. Sometimes a 
vessel does not operate at full design pressure at the 
low temperature condition but has alternate conditions, 
such as shutdown or depressurization. These alternate 
low temperature conditions can also be stamped on the 
nameplate. 
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Formulas 

= t, - C.a. 
Tz = (1 - R)100 

MDMT = TI - Tz 

Procedure 

Step 1: Determine the lowest anticipated temperature to 

Step 2: Compare the lowest combined pressure-temperature 
which the vessel will be subjected. 

case with the MDMT for each component. 

Part 

Shell 

Head(1) 

10” Noz(2) 

10” 300# Flg. (4) 

30” Blind (5) 

30” Body Flg. 

Wear PL 

Bolting 

SA-51 6-70 

SA-51 6-70 

SA-53-B 

SA-1 05 

SA-266-2 

SA-266-2 

SA-51 6-70 

SA-1 93-87 

B 

B 

B 

B 

B 

B 

B 

- 

17.5 

17.5 

12.8 

17.5 

17.5 

17.5 

17.5 

- 

Step 3: Determine if any components must be impact tested 
in their proposed material grade and thickness. This would 
establish the MDMT. 

Step 4: Establish the overall MDMT as the highest value of 
MDMT for each of the component parts. 

1. For flat heads, tubesheets, and blind flanges, the thick- 
ness used for each of the respective thickness’ is that 
thickness divided by 4. 

2. For comer, fillet, or lap-welded joints, the thickness 
used shall be the thinner of the two parts being joined. 

3. For butt joints, the thickness used shall be the thickest 
joint. 

4. For any Code construction, if the vessel is stress re- 
lieved and that stress relieving was not a Code re- 
quirement, the MDMT for that vessel may be 
reduced by 30” without impact testing. 

Table 2-12 
Determination of MDMT (Example) 

SDT 
ksi 

16.6 

16.6 

12.2 

16.6 

16.6 

16.6 

16.6 

- 

- 

t” 

1 .oo 
0.857 

0.51 9 

0.519 

6.06 

- 

Notes 

0.869 0.823 

0.653 0.620 

0.174 0.166 

0.128 0.121 

1.48 

tc 
0.875 

0.732 

0.394 

0.394 

5.94 

S. 
ksi 

13.97 

14.89 

5.26 

5.26 

- 

Ti 

31’ 

21.8 

- 

-5.18 

-5.18 

51” 

7 
105” -54” 

Notes: 
1. The governing thickness for heads is based on that portion of the head which is 
in tension. For a 2:l S.E. head this is the crown position where R = 0.90. 
2. Includes pipe 12%% under tolerance. 
3. Thickness exclusive of C.a. 
4. Thickness at the hub (weld attachment) governs. 
5. The governing thickness of flat heads and blind flanges is 1/4 of actual thick- 
ness. 
6. Since the tension stress in the wear plate is less than the tension stress in the 
shell, the MDMT for the shell will govern. 

Design Conditions (for example) 

4 Same as Shell .I +11 

D.T. = 700°F 
P = 400 PSlG 

C.a. =0.125 
Ri = 30” 

E (Shell) = 0.85 
E (Head) = 1 .OO 

MDMT for vessel = + 110 

NPS 10 SCH Bo PIPE (t 0.5ws) 
(SA.53, OR%. WELDED) 

1’ M K  SADDLE BAND 

ELLIPSOIDAL HEAD 
(0 857~ MIN. THK. 

Figure 2-53. Dimensions of vessel used for MDMT example. 
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0 20 40 60 80 100 120 140 
"F ("C) [See UCS-66(b)] 

Nomenclature (Note reference to General Notes of Fig. UCS-66-2.) 
lr= required thickness of the component under consideration in the corroded 

condition for all applicable loadings [General Note (Z)], based on the 
applicable joint efficiency €[General Note (3)]. in. (mm) 

1" = nominal thickness of the component under consideration before corrosion 
allowance is deducted, in. (mm) 

c = corrosion allowance, in. (mm) 
E' =as defined in General Note (3). 

Alternative Ratio = S'E'divided by the product of the maximum allowable stress value 
from Table UCS-23 times E. where S'is the applied general 
primary membrane tensile Stress and Eand E'are as defined in General 
Note (3) 

Figure 2-54. Reduction in minimum design metal temperature without 
impact testing. 

General Notes on Assignment of Materials to Curves (Reprinted 
with permission from ASME Code, Section VIII, Div. 1.) 

a. Curve A-all carbon and all low alloy steel plates, structural 

b. CurveB 
shapes, and bars not listed in Curves B, C, and D below. 

1. SA-285 Grades A and B 
SA-414 Grade A 
SA-515 Grades 55 and 60 
SA-516 Grades 65 and 70 if not normalized 
SA-612 if not normalized 
SA-662 Grade B if not normalized 

2. all materials of Curve A if produced to fine grain practice and 
normalized which are not listed for Curves C and D below. 

3. except for bolting (see (e) below), plates, structural shapes, and 
bars, all other product forms (such as pipe, fittings, forgings, 
castings, and tubing) not listed for Curves C and D below. 

4. parts permitted under UG-11 shall be included in Curve B even 
when fabricated from plate that otherwise would be assigned to 
a different curve. 

c. CurveC 
1. SA-1 82 Grades 21 and 22 if normalized and tempered 

SA-302 Grades C and D 
SA-336 Grades F21 and F22 if normalized and tempered 
SA-387 Grades 21 and 22 if normalized and tempered 
SA-516 Grades 55 and 60 if not normalized 
SA-533 Grades B and C 
SA-662 Grade A 

normalized and not listed for Curve D below. 
2. all material of Curve B if produced to fine grain practice and 

d. CurveD 
SA-203 
SA-508 Class 1 

Nominal Thickness, in (mm) 
[Limited lo 4 in (102 mm) for Welded Construction] 

Figure 2-55. Impact test exemption curves. 

SA-51 6 if normalized 
SA-524 Classes 1 and 2 
SA-537 Classes 1 and 2 
SA-61 2 if normalized 
SA-622 if normalized 

e. For bolting the following impact test exemption temperature shall 
apply: 

Impact Test 
Spec. No. Grade Exemption Temperature, F 

SA-193 B5 
SA-193 B7 
SA-193 B7M 
SA-193 B16 

-20 
-40 
-50 
-20 

SA-307 B -20 
SA-320 B L7, L7A, Impact tested 

SA-325 1, 2 -20 
SA-354 BC 0 
SA-354 BD +20 

L7M, L43 

SA-449 _ _ .  

SA-540 823124 

-20 

+10 

f. When no class or grade is shown, all classes or grades are 
included. 

g. The following shall apply to all material assignment notes: 
1. Cooling rates faster than those obtained by cooling in air, fol- 

lowed by tempering, as permitted by the material specification, 
are considered to be equivalent to normalizing or normalizing 
and tempering heat treatments. 

2. Fine grain practice is defined as the procedures necessary to 
obtain a fine austenitic grain size as described in SA-20. 
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1. SELECT UCS 66 MATERIAL 
2. UG-20 DESIGN TEMPERATURE 
3. UG-22 LOADINGS 
4. DESIGN FOR INTERNAL AND/ 

OR EXTERNAL PRESSURE 

4 

_ _ _ _ _ _ - - - - - - - - - -  - NO- 

- 
-YES- 

------ ---------- 
c--------------- 

4. DESIGN FOR THERMAL OR SHOCK LOAD ? 

I 

USE FLG. UCS 66 CURVES TO 
DETERMINE IF FOR THE GIVEN 
MINIMUM DESIGN TEMPERATURE N 0 - V  
AND THICKNESS, IS IMPACT 
TESTING REQUIRED FOR THIS 
MATERIAL ? 

STATIONARY VESSEL ? rYES 'rr" NO 

1 
I 

YES 

YES DOES THE DESIGN TEMP. AND THICKNESS REDUCE MDMT WITHOUT 
FALL ABOVE THE ADJUSTED CURVE ? IMPACTS 30 DEG. F. 

I 
YES 

AND/OR SHELL THICKNESS 
DETERMINE THE TEMPERATURE 
REDUCTION NEEDED TO AVOID 

DETERMINE THE TEMPERATURE 
REDUCTION NEEDED TO AVOID 

IMPACT TESTING, USE UCS 66 (b) 
TO DETERMINE THE STRESS RATIO 
REQUIRED AND CALCULATE THE 

IMPACT TESTING, USE UCS 66 (b) 
TO DETERMINE THE STRESS RATIO 
REQUIRED AND CALCULATE THE 
CORRESPONDING PRESSURE. 

YES 

IS THIS PRESSURE ABOVE THE 
PROCESS PRESSURE vs. TEMP. CURVE ? 

1 
J 

IS THIS COST E- 

YES __I EVALUATE IF THE MATERIAL SHOULD BE REVISED 
TO A TOUGHER MATERIAL TO AVOID IMPACT TESTING 

Figure 2-56. Flow chart showing decision-making process to determine MDMT and impact-testing requirements. 
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PROCEDURE 2-18 

BUCKLING OF THIN-WALLED CYLINDRICAL SHELLS 

This procedure is to determine the maximum allowable 
stress for tubular members that are subject to axial com- 
pression loadings. Tubular members may be a pressure 
vessel, a pipe, a silo, a stack, or any axially loaded cylinder 
of any kind. In addition, axial-loaded cylinders may be sub- 
jected to other load cases simultaneously. Other load cases 
include bending and internal or external pressure. 

Axial loads can also result when a vertical vessel, stack, or 
silo is transported and erected from the horizontal position 
due to bending of the shell. This procedure defines critical 
stress and critical load and differentiates between long, 
short, and intermediate columns. 

For ASME Code vessels; the allowable compressive stress 
is Factor “B.” The ASME Code, factor “B,” considers radius 
and length but does not consider length unless external pres- 
sure is involved. This procedure illustrates other methods of 
defining critical stress and the allowable buckling stress for 
vessels during transport and erection as well as equipment 
not designed to the ASME Code. For example, shell com- 
pressive stresses are developed in tall silos and bins due to 
the “side wall friction” of the contents on the bin wall. 

Shell buckling is a subtopic of nonlinear shell theory. In 
cylinders, buckling is a phenomenon that occurs when the 
cylinder fails in compression substantially before the ulti- 
mate compressive strength is reached. It is a function of 
the geometry of the item and is affected by imperfections 
in shape. A short, thick-walled column fails by yield due to 
pure compression. A long, thin-walled column fails by buck- 
ling. There is an intermediate region between the two. But in 
intermediate and long cylinders the mode of failure is very 
different. 

The term buckling refers to an unstable state. The force 
causing the instability is called the critical force. The stress 
that causes buckling failure is always less than that required 
for a direct compressive failure. 

The terms buckling and collapse are often used in- 
terchangeably. Buckling is defined as localized failure 
caused by overstress or instability of the wall under com- 
pressive loading. Collapse is a general failure of the entire 
cross section by flattening due to external pressure. 

Cylinders can buckle or collapse due to circumferential 
loadings as well. This procedure does not analyze cylinders 
for buckling due to circumferential loadings. There is a crit- 
ical uniform circumferential loading as well as a longitudinal 
one, as discussed in this procedure. 

There are two kinds of failure due to buckling. The first, 
general buckling, involves bending of the axis of the cylinder, 
resulting in instability. This is the type addressed by Euler 
and designed for by a “slenderness ratio” method. 

The other type of buckling is a result of local instability 
that may or may not result in a change in the axis of the 
cylinder. This type is known as local buckling, and the sta- 
bility against local buckling is dependent on t/R ratios. 

For short and intermediate cylinders the critical stress is 
independent of length. For long cylinders the length of the 
cylinder is a key factor. The range of cylinders whose slen- 
derness ratios are less than Euler’s critical value are called 
short or intermediate columns. 

There are three kinds of buckling: elastic, inelastic, and 
plastic. This procedure is concerned with elastic buckling 
only. AISC assumes that the upper limit of elastic buckling 
is defined by an average stress equal to one-half the yield 
point. 

Critical Length, Critical Load, 
Critical Stress 

The critical length is the length at which the critical stress 

The critical stress is the stress from the critical load. 
Any shell longer than its critical length is considered of 

“infinite” length because the additional length does not con- 
tribute to stiffness. 

is achieved. 

Effects of Internal or External Pressure 

The longitudinal pressure stresses either add or subtract 
from the axial compressive stresses. Internal pressure 
stresses are in the opposite direction of axial compression 
and therefore are subtracted. External pressure stresses 
add to the axial compression stresses since they are in the 
same direction. 

In addition, the hoop stresses resulting from external pres- 
sure reduce the ability of the cylinder to resist the overall 
axial load. The uniform circumferential compressive forces 
from external pressure aid in the buckling process. The crit- 
ical load is higher for a cylinder subjected to an axial load 
alone than for a cylinder subjected to the same overall load 
but a portion of which is a result of external pressure. This is 
because of the circumferential component of the external 
pressure. By the same token, internal pressure aids in a 
cylinder’s ability to resist compressive axial loading, for the 
same reasons. The longitudinal stress induced by the internal 
pressure is in the opposite direction of weight and any axial 
compressive loads. 
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leference 

Aichielson 
1948) (1) 

Table 2-13 
Comparison of "Local Buckling" Stress Equations 

Formula, ac, 

0.194E (&) 

='ogorelov 
1967) (1) 0.160E($) 

Example 

Parameters for Example In Table 2-13 

t = 0.25 in. 5263 15,789 

E = 29.5 x lo6 Dsi 15,219 1 5073 (irste (1954) (1) 
0.187E(&) 

---- 
14.812 

R. = 90in 
(empner 
1954) (1) 0.182E(&) 

4938 

Do = 180 in 

13,022 4341 

Fv = 36 KSI 

L = 90R 
4lcoa (1950) (1) 

34,700 - 11 5 0 E  
12.880 4293 

NA 5041 I = xR$t = 570.173in.4 

A=2nRmt=141.18in2 Timoshenko (1936) (1) 
0.6E(&) 

48,833 16,278 

~~ 

4788 AIS1 (Planiema) (1)(2) 
+ O.399Fy 

DO 

14.365 

~ 

4056 (0.12%) [0.125(0.25)] - o,ooo347 A=-- 
90 90 

B = From Fig. CS-2 = 5000 psi 

= !?! = 0.00139 
Do 180 

Do 180 _=- -  
t 0.25-720 

I = 0-25 = 0.00278 
R, 90 

360 
R, 90 _ = _ =  
t 0.25 

L 1080-6 
Do 180 

8112 
Baker (3) 

~ 

6580 1 l . l lOor  9870 
Wilson-Newmark (1933) 
(4) 

NA NA 

Marks Handbook 
(Donnell 1934) NA 5737 0.56tE 1<0.00425 ___ 

D -  D(1 +y) 

(0.6tE) 
F, c 30KSI ~ 

D(l +y) 
NA 5738 

Fluor (3) 
NA 4945 

Fv z 30KSI 3558(;)KSl 

ASME Factor "B" (3) A=- 0'125t B = from applicable curve 
R.3 

NA 5000 

L - = 12 
R O  

R. = 0.0833 
L 

Von Karmen-Tsien 
(1941) 0.195E(&) 

15,979 5326 

AWWA D-100 
L 

< 25 
NA 6744 

L 1080 -17 _ = _ -  
r 63.55 

Notes for Table 2-13: 

1. Uses a 3:l safety factor. 
2. Equation valid for values as follows: 

3. Uses a 2:l safely factor. 
4. Uses a 1.51 safely factor. 
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Stiffening Rings One can imagine a thin-walled cylinder loaded axially to 
the maximum extent possible. An inward circumferential 
load does not add any force longitudinally to the cylinder; 
however, it increases the risk of buckling. 

Safety Factor 

The allowable buckling stress is the “critical buckling 
stress” multiplied by some factor of safety. The safety 
factor for buckling ranges from 1.5:l to 3:l. In addition, 
certain upper boundaries are specified, such as one-half 
the yield strength. 

Stiffening rings, either internal or external, should be 
spaced at between 1 and 4 diameters. For vessels with stif- 
fening rings, the length of the cylinder is determined by the 
distance between the stiffening rings. This presupposes that 
the stiffening rings are of adequate size and stiffness to resist 
the forces imposed on them. The design of the stiffening 
rings is not a part of this procedure. 

ALLOWABLE BUCKLING STRESS IN CYLINDRICAL SHELLS 114-201 

Data 
2 A = metal cross-sectional area, in. 

B =ASME Code allowable stress, psi 
C =end connection coefficient, use 1.0 for simply sup- 

C, = max allowable slenderness ration per AWWA D-100 
D, = OD of cylinder, in. 

ported and 2.0 for cantilevered 

E = modulus of elasticity, psi 
e =tolerance for peaking, in. 

FS = factor of safety 
Fy = minimum specified yield strength, psi 
Fb = allowable longitudinal compressive stress, psi 

L, =length at which critical stress is achieved, in. 

M = longitudinal bending moment, in.-lb 
P, = critical external pressure buckling load, psi 

P,, = critical buckling load, Ib 
Pi =internal pressure, psi 
P, = external pressure, psi 
R, =vessel outside radms, in. 

r = radius of gyration, in. 
T, = factor for transition between elastic and inelastic 

4 I = moment in inertia, in. 

1 =tolerance for banding, in. 

buckling point per AWWA D-100 
t =wall thickness, in. 

W =weight of vessel above plane of consideration, lb 
a, =longitudinal stress, psi 
a,., = critical stress, psi 

Allowable Stress, Fb 

For ASME Code vessels, Fb = Factor “B” 

Slenderness ratio, Ur 

Figure 2-57. Graph showing comparison of column types with critical 

A 

- x -  

7- 
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e Maximum longitudinal compressive stress, Ob. 

With external pressure. 

-W 4M P,Do 
Ob=----- nD,t nDEt 4t 

With internal pressure. 

-W 4M PiD, 
Ob=--- +- 

nD,t nR:t 4t 

e Radius of gyration, r. 

Factor of Safety 

F.S. = 1.5-3.0 

Tolerances per AWWA D-100 

e = 0 . 0 4 6 r n a x  

1 = 4. JRotmax 

Table 2-14 
Formulas for Cylinders 

Short Cyilnder 

3etermination of Attribute 

Sritical External Pressure, P, 

Sritical Axial Stress, uCcr 

Sritical Buckling Load, P,, 

pc, = U c P  

intermediate Cylinder 

L < Lc 

1.72 - <-< 2.30 - cA0 R '  bo I !  I 

2.5 

2.6E(k) 
P, = 

e 

Long Cylinder 

L > Lc 
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Tc 

Table 2-15 
Formulas for Fb from AWWA D-100 Requirements 

Group 1 Materials Group 2 Materials 

0.0031088 0.0035372 

C C  

Elastic buckling 0 e t/R, e T, 

138 126 

Fb= 17.5(lO5)(VR,)[(I +50,000(t/R0)*]=psi Fb= 17.5(lO5)(VRO)[1 +50,000(L'R,)2] =psi 

Inelastic buckling T, c VR, e 0.01 25 

Plastic buckling t/Ro> 0.0125 

Group 1 materials: A131 Gr A & B; A283 Gr B. C, and D; A573 Gr 58. 
Group 2 materials: A36. 

Fb = [5775 + 738(103)(VRo)] = psi Fb = [6925 + 886(103)(t/R,)] =psi 

Fb = 15,000 psi Fb = 18,000 psi 

PROCEDURE 2-19 

OPTIMUM VESSEL PROPORTIONS 121-251 

This procedure specifically addresses drums but can be 
made applicable to any land of vessel. The basic question 
is: What vessel proportions, usually expressed as UD ratio, 
will give the lowest weight for a given volume? The maxi- 
mum volume for the least surface area, and weight, is of 
course a sphere. Unfortunately, spheres are generally more 
expensive to build. Thus, spheres are not the most econom- 
ical option until you get to very large volumes and for some 
process applications where that shape is required. 

For vessels without pressure, atmospheric storage vessels, 
for example, the optimum LJD ratio is 1, again using the 
criteria for the maximum volume for the minimum surface 
area. This optimum LJD ratio vanes with the following 
parameters: 

Pressure. 
Allowable stress. 
Corrosion allowance. 
Joint efficiency. 

In Process Equipment Design, Brownell and Young sug- 
gest that for vessels less than 2 in. in thickness, the optimum 
LJD ratio is 6 and for greater thicknesses is 8. However, 
this does not account for the parameters just shown. 
Others have suggested a further breakdown by pressure 
categories: 

Pressure (PSIG) LID Ratio 

0-250 3 
250-500 4 
>500 5 

Although this refinement is an improvement, it still does 
not factor in all of the variables. But before describing the 
actual procedure, a brief description of the sizing of drums in 
general is warranted. Here are some typical types of drums: 

Knock-out drums. 
Accumulator drums. 
Suction drums. 
Liquid-vapor separators. 
Liquid-liquid separators. 
Storage vessels. 
Surge drums. 

Typically the sizing of drums is related to a process con- 
sideration such as liquid holdup (surge), storage volume, or 
velocity considerations for separation. Surge volume in 
process units relates to the response time required for the 
alarms and operators to respond to upstream or down- 
stream conditions. 

For small liquid holdup, vessels tend to be vertical, while 
for large surge volumes they tend to be horizontal. For small 
volumes of liquid it may be necessary to increase the L/D 
ratio beyond the optimum proportions to allow for adequate 
surge control. Thus there may be an economic UD ratio for 
determining the least amount of metal for the given process 
conditions as well as a practical operating UD ratio. 

For liquid-vapor separators the diameter of the vessel is 
determined by the velocity of the product and the time it 
takes for the separation to occur. Baffles and demister pads 
can speed up the process. In addition, liquid-vapor separa- 
tors must provide for minimum vapor spaces. The sizing of 
vessels is of course beyond this discussion and is the subject 
of numerous articles. 
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v (cu. ft.) P (PSIG) Method' 

An economic U D  ratio is between 1 and 10. L/D ratios 
greater than 10 may produce the lowest surface-area-to- 
volume ratio but should be considered impractical for most 
applications. Obviously plot space is also a consideration in 
ultimate cost. In general, the higher the pressure the larger 
the ratio, and the lower the pressure the lower the ratio. As 
previously stated, the optimum UD ratio for an 
atmospheric drum is 1. Average pressure vessels will range 
between 3 and 5.  

Two procedures are included here and are called Method 
1 and Method 2. The two procedures, though similar in 
execution, yield different results. Both methods take into 
account pressure, corrosion, joint efficiency, and allowable 
stress. Even with this much detail, it is impossible to deter- 
mine exactly what proportions will yield the lowest overall 
cost, since there are many more variables that enter into the 
ultimate cost of a vessel. However, determining the lowest 
weight is probably the best parameter in achieving the lowest 
cost. 

The procedure for determining the optimum WD ratios 
for the two methods is as follows: 

D (ft) L (ft) t (in.) w (Ib) UD 

Given 

300 

V, volume 
P, pressure 
C, corrosion allowance 
S, allowable stress 
E, joint efficiency 

1 6 53 0.8125 35,703 8.8 

2 7.5 31.5 0.8125 28.668 4.2 

Method 1 

1. Calculate F1. 
2. From Fig. 2-58, using F1 and vessel volume, V, deter- 

3. Use D and V to calculate the required length, L. 
mine the vessel diameter, D. 

Method 2 

1. Calculate Fz. 
2. From Fig. 2-59 determine WD ratio. 
3. From the U D  ratio, calculate the diameter, D. 
4. Use D and V to calculate the required length, L. 

1500 150 I 1 I 7.5 I 34 I 0.5625 I 20,365 I 4.5 I 
2 I 8.5 I 23.6 I 0.625 I 20,086 I 2.8 I I 

'Methods are as follows, based on graphs: Method 1: K. Abakians, Hydrocarbon Processing, June 1963. Method 2: S.P. Jawadekar, Chemical Engineering, Dec. 15, 1980. 
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UD 

Optimum Vessel Proportions for Vessels with (2) 2:l S.E. Heads 

D 

Notation 

V =vessel volume, cu ft 
P = internal pressure, PSlG 
L=length, T-T, ft 
T =shell thickness, in. 

W =vessel weight, Ib 
D =diameter, ft 
C =corrosion allowance, in. 
A =surface area, sq ft 

F, =vessel ratios 
S =allowable stress, psi 
E =joint efficiency 
w = unit weight of plate, PSF 
Le =equivalent length of cylinder equal to the 

volume of a vessel with (2) 2:l S.E. heads 
h =height of cone, ft 
R =radius, ft 

K, =constant for ellipsoidal heads 

Diameter for Different L/D Ratios 

3 

I 

4 

5 E 
6 

7 E 
8 

Equations 

Le = L + 0.332D 

nD3 nD2L v=-+- 
12 4 

4 v  

= 

W=AW 

A=2.18D2 + nDL 

PR 
t =  + C  SE - 0.6P 

D 

F:!=C - -  (T 
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Case . 
Cylinder with flat ends 

Atmospheric Tank Proportions 

2 d  
K1  =- R I 

b 
a 

Ka = -  

(1 +/q 
In c 1 = 2  +--+ 

Flat Elliptical Ends 
( 1  -,/1 -K1 2 Jl -K; 

‘ d  

Note: For 2:l S.E. Heads, C, = 2.76 and K, = 0.5. Ellipsoidal Heads 

Table 2-1 7 
Optimum Tank Proportions 

Volume a Optimum Proportions 

2 n ~ 3  L = D  

L = R(CI + 4K1) 

Cylinder with ellipsoidal heads I -~ 

~~ ~ 

Cylinder with internal ellipsoidal heads 

L=R(C* + 4 K I )  

Cylinder with internal hemi-heads 

@ +-& L = 8 R  
6.66nR3 

3 1.5nR 
! 

Cylinder with conical ends h = a9R 

L = a9R - 0 r+ 
Cylinder with internal conical ends 

L 
: 

h = a9R 

L = 3.281 
3 2.68nR 

~~ ~ 

Elliptical tank with flat ends I 
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100,000 
80,000 
60.000 
50,000 
40,000 
30,000 

20,000 

10,000 
8,000 
6,000 
5,000 
4,000 
3,000 

2,000 

1.000 
800 
600 
500 
400 
300 

200 

100 
80 
60 
50 
40 
30 

20 

10 
1 1.5 2 3 4 5 6 7 8 9 1 0  15 20 

Vessel Diameter, ft 

(From K. Abakians, Hydrocarbon Processing and Petroleum Refiner, June 1963.) 

Figure 2-58. Method 1: Chart for determining optimum diameter. 



(From S.P. Jawadekar, Chemical Engineering, Dec. 15, 1980.) 

100 200 500 1,000 2,000 5,000 10,000 

Vessel volume, ft3 

Figure 2-59. Method 2: Chart for determining the optimum UD ratio. 
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PROCEDURE 2-20 

ESTIMATING WEIGHTS OF VESSELS AND VESSEL COMPONENTS 

Estimating of weights of vessels is an important aspect of 
vessel engineering. In the conceptual phase of projects, 
weights are estimated in order to determine costs and bud- 
gets for equipment, foundations, erection, and trans- 
portation. Estimated weights also help to get more 
accurate bids from suppliers. Accurate weights are necessary 
for the design of the vessel itself to determine forces and 
moments. 

There are a number of different types of weights that are 
calculated. Each weight is used for different purposes. 

1. Fabricated weight: Total weight as fabricated in the 
shop. 

2. Shipping weight: Fabrication weight plus any weight 
added for shipping purposes, such as shipping saddles. 

3.  Erection weight: Fabrication weight plus any weight 
installed for the erection of the equipment, such as any 
insulation, fireproofing, piping, ladders, platforms. 

4. Empty weight: The overall weight of the vessel sitting 
on the foundation, fully dressed, waiting for operating 
liquid. 

5 .  Operating weight: Empty weight plus any operating 
liquid weight. 

6. Test weight: This weight can be either shop or field 
test weight, that is, the vessel full of water. 

There are a number of ways to estimate the weights of 
vessels, depending on the accuracy required. Vessel weights 
can be estimated based on computer design programs. These 
programs typically calculate the volume of metal for the 
vessel shell and head and add weights for supports, nozzles, 
trays, and other components. Another fast and easy way to 
get the volume of metal in the shell and heads is to use the 
surface area in square feet and multiply this by the unit 
weight for the required thickness in pounds per square foot. 

In addition to the base weight of metal in the shell and 
heads, the designer must include an allowance for plate 
overages per Table 2-18. The mill never rolls the plates 
the exact specified thickness since there would be the 

possibility of being below thickness. The safety margin 
added by the mill is referred to as plate overage or over- 
weight percentage. The plate overage varies by the thickness 
of the material. 

In addition to the plate overage, the fabricator (or head 
manufacturer) also adds a thinning allowance to the head to 
ensure that the head meets the minimum thickness in all 
areas. Depending on the type of head, the diameter, and 
the thickness required, a thinning allowance can be deter- 
mined. This can be as much as 1.5 in. for large-diameter 
hemi-heads over 4 in. thick! The metal does not disappear 
during the forming process but may “flow” to the areas of 
most work. 

On a typical spun 2:l S.E. head, the straight flange will get 
thicker and the knuckle will get thinner due to cold working. 
The crown of the head should remain about the same. 
Therefore the completed head has a thickness averaging 
the initial thickness of the material being formed. 

After the weights of all the components are added for a 
total weight, an additional percentage is typically added to 
allow for other components and welding. The typical percen- 
tages are as follows: 

< 50,000 lb Add 10% 
50,000-75,000 lb Add 8% 
75,000-100,000 Ib Add 6% 
> 100,000 lb Add 5% 

The weight of any individual component can easily be 
calculated based on the volume of the material times the 
unit density weight given in Table 2-18. Any shape can be 
determined by calculating the surface area times the thick- 
ness times the density. The designer need only remember 
the density of steel for most vessels of 0.28331bh3 to de- 
termine any weight. For vessels or components of other ma- 
terials, either the density of that material or the factor for 
that material relative to carbon steel can be used. These 
values are also listed in the following tables. 
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Formulas for Calculating Vessel Weights 
Data 

D, =mean vessel diameter, in. 

A, =area of cone, in.2 

1 .O Weight of shell For carbon steel 

L = vessel length, tangent to tangent, in. 
T =vessel thickness, in. 

d =density of material, Ib/in.3 

W = n D,tLd = 0.89 DmLt 
dfl= 37.7 DmtL 

hemi = 1.57 D; td 
21 S.E. = 1.084Dktd 
100% - 6% = 0.95 D i td  
Cone = A,td 

= 10.68 D,t 

= 0.445 Dk t 
= 0.307 Dkt 
= 0.269 DG t 
= 0.2833 Act 

2.0 Weight of heads 

Calculation of Weight of Weld Neck Flange 
Data 

T =thickness of flange 
0 =flange OD 
D =bolt hole diameter 
H =hub height 
G =hub thickness at small end 
W = width of hub 
B = ID of flange 
v =volume, in.3 
d =density of material, Ib/in.3 
N = number of bolts/holes 

Formulas 

- 

1. [ $ - T I T = ( + )  

2. (6 + G}nGH = (+) 
3. 0.5{(B + 2G + W)nWH} = (+) 

r! - G  

A 0 

5. V = l + 2 + 3 - 4 =  
6. weight = V x d = 
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Thickness 
(in.) 

0.125 

Table 2-18 
Weights of Carbon Steel Plate and Stainless Steel Sheet, PSF 

Weight Weight 

Raw Weight Overweight Overweight (in.) Raw Weight Overweight Overweight 

5.1 5.65 10.75 0.875 35.7 36.91 3.38 

lncludlng % % Thickness Including % % 

0.1 875 

0.25 

7.66 8.34 9 0.9375 38.28 39.54 3.38 

10.2 10.97 7.5 1 40.8 42.02 3 

0.3125 

0.375 

12.76 13.61 6.75 1.0625 43.38 44.65 3 

15.3 16.22 6 1.125 45.94 47.28 3 

10.5625 I 22.97 I 23.98 I 4.5 I 1.5 I 61.2 1 63.04 I 3 1 

0.4375 

0.5 

10.625 I 25.6 I 26.46 I 3.75 I 1.625 I 66.35 I 68.29 I 3 1 

17.86 18.79 5.25 1.25 51 52.53 3 

20.4 21.32 4.5 1.375 56.15 57.78 3 

1 10.6875 I 28.07 I 29.1 I 3.75 I 1.75 I 71.4 I 73.54 I 3 

Thickness Gauge 

10.75 I 30.6 I 31.63 I 3.38 I 1.875 I 76.56 I 78.8 I 3 1 

Thickness Gauge 
Weight Weight 

10.8125 I 33.17 I 34.27 I 3.38 I 2 ~ 1 81.6 84.05 I 3 

lOGA 5.91 20 GA 1.58 

11 GA 

I12GA I 4.59 I 26GA I 0.788 I 
5.25 I 24GA 1.05 

I14GA 1 3.28 I 28GA I 0.656 I 
I16GA I 2.63 I 30GA I 0.525 I 
I18GA 
~ 

Note: % Overweight is based on standard mill tolerance added to the thickness of plate to guarantee minimum thickness. 
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Size (in.) 

Table 2-1 9 
Weights of Flanges, 2 in. to 24 in. (Ib) 

Rating 

150 300 600 900 1500 2500 

4 8 

I I 9 I 10 I 12 I 25 I 25 I 42 I 
10 25 25 39 

70 120 230 

I I 14 I 16 I 20 I 32 I 48 I 94 I 

290 507 1025 

3 I I I I I 

86 
. 

14 16 20 32 48 

1 76 324 

I I 56 I 94 I 180 I 268 I 454 I 1075 I 

527 619 1300 
.- - __ -. . - . 

284 

I I 141 I 250 I 462 I 685 I 1250 I I 

516 855 1107 2225 

398 763 1175 2099 3625 

I I 270 I 540 I 959 I 2107 I 3325 I I 

Notes: 
1. Top value in block is the weight of a weld neck flange. 
2. Bottom value in block is the weight of a blind flange. 
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300 

Table 2-20 
Dimensions and Weights of Large-Diameter Flanges, 26 in. to 60in., ASME 816.47, Series B 

46.12 4.06 7.12 38 32 1.625 840 1835 

I I 150 1 41.62 I 2.06 I 4.62 I 37.19 I 44 I 0.875 I 240 I 780 I 

300 48.12 4.38 7.56 40 36 1.625 915 21 50 

300 

I I 150 I 46.25 I 2.19 1 5.06 1 41.31 I 44 I 1 I 310 I 1025 I 
50.12 4.56 7.81 42 40 1.625 990 2425 

42 I I I I I I I I 

300 52.5 4.69 8.06 44 36 1.75 1135 2745 
- .- 

d = bolt hole diameter, in 
N =number of bolt holes 
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14" 

16" 

18" 

20" 

24" 

132 232 407 61 3 950 44" 540 1365 

751 1175 163 
400 705 1260 1610 3250 
- ~ - __ 46" 610 1620 

289 549 - 

340 639 1042 1475 660 1775 
479 875 1530 2270 5200 2970 5515 
200 

1915 

- ~ __ __ ~ __ 48" - 

1725 235 421 783 1283 
593 1065 1925 2800 5430 

~ - __ 50" 705 - - 

2025 2650 31 0 587 1100 
825 1600 2685 5455 9ooo 
- ~ - 52" 740 - 2287 - 

1. Weights include pipe and WN flg. 
2. Lower weight in box is weight of manway and includes nozzle, blind, 
and bolts. 
3. Class 1500 manways are based on LWN. 

Notes: 1 :8': ,9:'o 2970 

3080 
5760 8675 
- __ 

54" 800 21 70 

I 
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Dia. 

c 84" 

Table 2-22 
Weights of Valve Trays, PSF 

One Pass Two Pass Four Pass 

C.S. Alloy C.S. Alloy C.S. Alloy 

13 11 14 12 

ID (In.) 

30 

I 84" to 180" I 12 I 10 I 13 I 1 1  I 15 i 13 i 

C.S. Alloy ID (in.) C.S. Alloy ID (in.) C.S. Alloy 

25 17 102 113 72 174 287 174 

I > 180" I 11.5 I 9.5 I 12.5 I 10.5 I 14.5 1 12.5 1 

36 

Notes: 
1. Compute area on total cross-sectional area of vessel. The downcomer areas compensate for the weight of downcomers themselves. 
2. Tray weights include weights of trays and downcomers. 

28 19 108 119 75 180 294 178 

Table 2-23 
Weights of Tray Supports and Downcomer Bars (Ib) 

42 34 23 114 123 77 186 344 207 

48 

54 

37 25 120 176 108 192 354 212 

44 35 126 183 112 198 362 21 8 

Notes: 
1. Tray support weights include downcomer bolting bars as well. 
2. Tray support ring sizes are as follows: 

C.S.: 112" x 2% " 
Alloy: 5/16' x 2% " 

Thickness 

0.125" to 1" 

1" to 2" 

2" to 3' 

3" to 3.75' 

3.75' to 4 '  

over 4.25" 

Diameter 

< 150" > 150" Hemi-Heads 

0.0625 None 0.188 

0.125 0.25 0.375 

0.25 0.25 0.625 

0.375 0.375 0.75 

0.5 0.5 1 

0.75 0.75 1.5 
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0.75 

1 

1.25 

1.5 

Table 2-25 
Weights of Pipe (PLF) 

0.8572 1.131 1.131 1.474 1.474 1.937 2.441 

1.404 1.679 1.679 2.172 2.172 2.844 3.659 

1.806 2.273 2.273 2.997 2.997 3.765 5.214 

2.085 2.718 2.718 3.631 3.631 4.859 6.408 

Schedule 
Size (in.) 

10 I 20 I 30 I STD I 40 I 60 I xs I 80 I 100 I 120 I 140 I 160 I xxs 
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4 

4 25 

45 

4 75 

5 

5 25 

5 5  

5 75 

Table 2-26 
Weights of Alloy Stud Bolts + (2) Nuts  Per 100 Pieces 

34 57 88 128 188 

35 59 91 132 194 

36 61 94 I36 199 246 

37 63 97 140 205 253 

39 65 100 144 210 259 330 

40 67 103 148 216 266 338 

41 69 106 152 221 272 347 

71 109 156 227 279 355 

6 

6.25 

73 112 160 232 285 363 460 568 700 

115 164 238 292 371 470 580 714 

6.5 

6.75 

7 

7 25 

118 168 243 298 380 480 592 728 

I72 249 305 388 490 604 742 

176 254 31 1 396 500 61 6 756 900 1062 1227 

260 31 8 404 510 628 770 916 1080 1248 
I 

75 

7 75 

8 

8 25 

85 

8 75 

9 

9 25 

95 

9 75 

10 

1025 

10 5 

114' length 

~~ 

265 324 41 3 520 E40 784 932 1098 1270 

271 331 42 1 530 652 798 948 1116 1291 

276 337 429 540 664 812 964 1134 1312 

344 437 550 676 826 980 1152 1334 

350 446 560 688 840 996 1170 1355 

357 454 570 700 854 1012 1188 1376 

363 462 580 712 868 1028 1206 1398 

370 470 590 724 882 1044 1224 1419 

376 479 600 736 896 1060 1242 1440 

383 487 610 748 910 1076 1260 1462 

1278 1483 389 495 620 760 924 1092 

630 772 938 1108 1296 1508 

640 784 952 1124 1314 1526 

Add per 
additional 1.5 2 3 4 5.5 6.5 8.5 10 12 14 16 18 21.5 
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1 Material d (~bnn.~) PCF 

Table 2-27 
Weights of Saddles and Baseplates (Ib) 

Weight Relative to C.S. 

300 SST 

400 SST 

I Steel r 
0.286 494 1.02 

0.283 489 0.99 

0.2833 I 490 I 1 .oo 

Nickel 200 0.321 555 1.13 

Permanickel 300 0.316 546 1.12 

Monel400 

Monel500 

0.319 551 1.13 

0.306 529 1.08 

I Hastelloy G30 I 0.297 I 513 I 1.05 1 

lnconel 600 

Inconel625 

~ -0.098 

0.304 525 1.07 

0.305 527 1.08 

I 165 I 0.35 

lncoloy 800 

lncoloy 825 

Hastelloy C4 

I Brass I 0.297 I 513 I 1.05 1 

0.287 496 1.01 

0.294 508 1.04 

0.312 539 1.10 

Cast iron 

Ductile iron 

I Copper I 0.322 I 556 I 1.14 1 

0.258 446 0.91 

0.278 480 0.98 

I Bronze I 0.319 I 552 I 1.13 I 
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Ladder and Platform (L&P) Estimating 
The following is a listing of average breakdowns, both cost and weight, for ladders and platforms (L&Ps) for 

refinery-type projects. Note that L&Ps include pipe supports, guides, and davits as well as ladders and platforms. 
Because this data is “average,” it is meant to be averaged over an entire project and not to find the cost or weight of 
any individual item or vessel. 

1. Estimated Price Breakdown: 

Platforms 30 PSF Q $2.50/lb = $75/~q ft 
Ladders: Caged 241b/ft Q $3.00/lb = $72/ft 

Uncaged lOlb/ft Q $2.35/1b = $23/ft 
Misc. $2.50/1 b 
Handrail: Straight $32/ft 

Circular $42/ft 

2. Estimated Weight Breakdown (as a breakdown of the total quantity): 

- Item Percentage (%) Cost ($Ab) 

Platforms: Circular 3&35% $2.50 

Ladders: Caged 7-9% $3.00 
Uncaged 2-3% $2.25 

Misc. 5-1 0% $2.50 

Rectangular 5&55% $2.00 

Total 100% 

3. Average Cost of L&Ps (assuming 100 tons): 

Item Weight (tons) Cost ($1000) Yo (cost) 

Platf Circ 31 155 34 
Platf Rect 51 204 45 
Ladder Caged 8 48 11 
Ladder (uncaged) 2.5 11.25 2 
Misc. 7.5 37.5 - 8 

100T $455.75 100% 

Average $/lb = 455.75/100 x 2 = $2.28/1b 

4. Average % Detailed Weight Breakdown for Trayed Columns: 

Item Large Medium 
Ladders 13.1% 9.3% 
Framing 33.3 44.2 
Grating 25.3 23.5 
Handrailing 18.2 9.7 
Pipe supports 3.0 1.6 
Bolting 2.5 2.5 
Davits 4.1 7.4 
Misc. 0.5 1.8 

100% 100% 
5. If no estimate of L&Ps is available, an ROM weight estimate can be determined by taking 5% of the overall 

vessel weights for the project as a total L&P weight. A percentage breakdown may be made of this overall 
value as noted. 
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lotes: 

1. Miscellaneous weights: 
a. Concrete 144 PCF 
b. Water 62.4 PCF 
c. Gunnite 125 PCF 

e. Calcium silicate insulation 13.8 PCF 
d. Refractory 65-135 PCF 

2. Estimate weight of liquid holdup in random packed 
columns as 13% of volume. 

3. Weights of demister pads and support grids is as 
follows: 
??!€!!? Density (PCF) 
931 5 
326 7.2 
431 9 
42 1 10.8 (multipiece) 

12 (single piece) 
Grid 3 PSF 

4. 

5. 

Estimate weights of platforming as follows: 
E@!? Weight 
Circular platform 30 PSF 
Rectangular platform 20 PSF 
Ladder with cage 24 PLF 
Ladder without cage 1OPLF 

Weight of anchor chairs per anchor bolt 
(wt each, Ib): 

Anchor Bolt Dia (in.) 
1 
1.25 
1 S O  
1.75 
2.0 
2.25 
2.5 

Weight (Ib) 
11 
12 
15 
20 
38 
48 
63 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

ASME Boiler and Pressure Vessel Code, Section VIII, 
Division 1, 1995 Edition, American Society of 
Mechanical Engineers. 
Harvey, J. F., Theory and Design of Modern Pressure 
Vessels, 2nd Edition, Van Nostrand Reinhold Co., 1974. 
Bednar, H. H., Pressure Vessel Design Handbook, Van 
Nostrand Reinhold Co., 1981. 
Modern Flange Design, 7th Edition, Bulletin 502, 
Taylor Forge International, Inc. 
Brownell, L. E., and Young, E. H., Process Equipment 
Design, John Wiley and Sons, Inc., 1959, Section 6.2, 
pp. 157-159. 
Watts, G. W., and Lang, H. A., “The Stresses in a 
Pressure Vessel with a Flat Head Closure,” ASME 
Paper No. 51-A-146, 1951. 
Burgreen, D., Design Methods for Power Plant 
Structures, C. P. Press, 1975. 
Blodgett, 0. W., Design of Welded Structures, 
J. F Lincoln Arc Welding Foundation, 1966, Section 
5.3. 
Manual of Steel Construction, 8th Edition, American 
Institute of Steel Construction, Inc., 1980. 
ASME Boiler and Pressure Vessel Code, Section VIII, 
Division 2, 1995 Edition, American Society of 
Mechanical Engineers. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Radzinovsky, E. I., “Bolt Design for Repeated 
Loading,” Machine Design (November 1952), pp. 135ff. 
Meyer, G., and Strelow, D., “Simple Diagrams Aid in 
Analyzing Forces in Bolted Joints,” Assembly 
Engineering (January 1972), pp. 28-33. 
Horsch, R., “Solve Complicated Force Problems with 
Simple Diagrams,” Assembly Engineering (December 

Levinson, I. S., Statics and Strength of Materials, 
Prentice Hall, Inc., 1971, Chapter 16. 
Troitsky, M. S., Tubular Steel Structures, Theory and 
Design, 2nd Edition, James F. Lincoln Arc Welding 
Foundation, 1990, Chapter 2. 
Dambski, J. W., “Interaction Analysis of Cylindrical 
Vessels for External Pressure and Imposed Loads,” 
ASME Technical Paper 80-CWVP-2, American 
Society of Mechanical Engineers, 1990. 
Harvey, J. F., Theory and Design of Pressure Vessels, 
Van Nostrand Reinhold Co., 1985, Chapter 8. 
AWWA D-100-96, Welded Steel Tanks for Water 
Storage, American Water Works Association, 6666 W. 
Quincy Ave, Denver, C 0  80235, Section 4.0. 
Jawad, M. H., and Farr, J. R.,  Structural analysis and 
Design of Process Equipment, 2nd Edition, John Wiley 
and Sons, 1989, Chapter 5.3. 

1972), pp. 22-24. 



General Design 107 

20. Bednar, H. H., Pressure Vessel Handbook, 2nd Edition, 
Van Nostrand Reinhold Co., 1986, pp. 48-55. 

21. Kerns, G. D., “New charts speed drum sizing,” 
Petroleum Refiner, July 1960. 

22. Jawadekar, S. P., “Consider corrosion in UD 
calculation,” Chemical Engineering, December 15, 
1980. 

23. Abakians, K., “Nomographs give optimum vessel size,” 
Hydrocarbon Processing and Petroleum Refiner, June 
1963. 
Gerunda, A,, “How to size liquid-vapor separators,” 
Chemical Engineering, May 4, 1981. 
Brownell, L. E., and Young, E.  H., Process Equipment 
Design, John Wiley & Sons, Inc., 1959, Chapter 5. 

24. 

25. 





3 
Design of Vessel Supports 

SUPPORT STRUCTURES 

There are various methods that are used in the support 
structures of pressure vessels, as outlined below. 

0 Skirt Supports 
1. Cylindrical 
2. Conical 
3. Pedestal 
4. Shear ring 

0 Leg supports 
1. Braced 

a. Cross braced (pinned and unpinned) 
b. Sway braced 

2. Unbraced 
3. Stub columns 

0 Saddle Supports 

Ring Supports 
0 Conbination Supports 

0 Lug supports 

1. Lugs and legs 
2. Rings and legs 
3. Skirt and legs 
4. Skirt and ring girder 

Skirt Supports 

One of the most common methods of supporting vertical 
pressure vessels is by means of a rolled cylindrical or conical 
shell called a skirt. The skirt can be either lap-, fillet-, or 
butt-welded directly to the vessel. This method of support 
is attractive from the designer’s standpoint because it mini- 
mizes the local stresses at the point of attachment, and the 
direct load is uniformly distributed over the entire circum- 
ference. The use of conical skirts is more expensive from a 
fabrication standpoint, and unnecessary for most design 
situations. 

The critical line in the skirt support is the weld attaching 
the vessel to the skirt. This weld, in addition to transmitting 
the overall weight and overturning moments, must also resist 
the thermal and bending stresses due to the temperature 
drop in the skirt. The thinner the skirt, the better it is able 
to adjust to temperature variations. A “hot box” design is 

used for elevated temperatures to minimize discontinuity 
stresses at the juncture by maintaining a uniform tempera- 
ture in the region. In addition, skirts for elevated tempera- 
ture design will normally be insulated inside and outside for 
several feet below the point of attachment. 

There are various methods of making the attachment weld 
of the skirt to the shell. The preferred method is the one in 
which the center line of the shell and skirt coincide. This 
method will minimize stresses at the juncture. Probably the 
most common method, however, is to make the OD of the 
skirt match the OD of the shell. Other methods of attach- 
ment include lap-welding, pedestal type, or a shear ring 
arrangement. The joint efficiency of the attachment weld 
also varies by the method of attachment and is usually the 
governing factor in determining the skirt thickness. This 
weld may be subject to cracking in severe cyclic service. 

Because the skirt is an attachment to the pressure vessel, 
the selection of material is not governed by the ASME Code. 
Any material selected, however, should be compatible with 
the vessel material in terms of weldability. Strength for 
design is also not specified for support material by the 
ASME Code. Usually, in the absence of any other standard, 
the rules of the AISC Steel Construction Manual will be 
utilized. For elevated temperature design, the top three 
feet of skirt at the attachment point should be of the same 
material as the shell. 

The governing conditions for determining the thickness of 
the skirt are as follows: 

1. Vessel erection 
2. Imposed loads from anchor chairs 
3. Sktrt openings 
4. Weight + overturning moment 

Leg Supports 

A wide variety of vessels, bins, tanks, and hoppers may be 
supported on legs. The designs can vary from small vessels 
supported on 3 or 4 legs, to very large vessels and spheres 
up to 80 feet in diameter, supported on 16 or 20 legs. 
Sometimes the legs are also called columns or posts. 

109 
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Almost any number of legs can be used, but the most 
common variations are 3, 4, 6, 8, 12, 16, or 20. Legs 
should be equally spaced around the circumference. 

Leg supports may be braced or unbraced. Braced legs are 
those which are reinforced with either cross-bracing or sway- 
bracing. Sway braces are the diagonal members which trans- 
fer the horizontal loads, but unlike cross braces, they operate 
in tension only. The diagonal members in a sway-braced 
system are called tie rods, which transfer the load to each 
adjacent panel. Turnbuckles may be used for adjustments of 
the tie rods. 

Cross braces, on the other hand, are tension and compres- 
sion members. Cross braces can be pinned at the center or 
unpinned, and transfer their loads to the legs via wing plates 
or can be welded directly to the legs. 

Bracing is used to reduce the number or size of legs 
required by eliminating bending in the legs. The bracing 
will take the horizontal loads, thus reducing the size of the 
legs to those determined by compression or buckling. 
The additional fabrication costs of bracing may not warrant 
the savings in the size of the legs, however. Bracing may 
also cause some additional difficulties with the routing 
of any piping connected to nozzles on the bottom of the 
vessel. 

Legs may be made out of pipe, channels, angles, rectan- 
gular tubing, or structural sections such as beams or col- 
umns. Legs may be welded directly to the vessel shell or 
head or may be bolted or welded to clips which are directly 
attached to the shell. It is preferable if the centroid of the leg 
coincides with the center line of the vessel shell to minimize 
the eccentric action. However, this may be more expensive 
from a welding and fit up viewpoint due to the coping and 
contouring necessary to accomplish this. 

Very large vessels and tanks may require a circumferential 
box girder, compression ring, or ring girder at or near the 
attachment point of the legs to distribute the large localized 
loads induced by the columns and bracing. These localized 
stresses at the attachment point should be analyzed for the 
eccentric action of the legs, overturning moments, torsion of 
the ring, as well as the loads from any bracing. 

Whereas skirt-supported vessels are more common in 
refinery service, leg-supported vessels are more common in 
the chemical industry. This may be due in part to the venti- 
lation benefits and the toxicity of the stored or processed 
chemicals. Legs should not be used to support vessels in 
high-vibration, shock, or cyclic service due to the high loca- 
lized stresses at the attachments. 

Legs are anchored to the foundations by base plates, 
which are held in place by anchor bolts embedded in the 
concrete. For large vessels in high seismic areas, a shear 
bar may be welded to the underside of the base plate 
which, in turn, fits into a corresponding recessed groove in 
the concrete. 

Saddle Supports 

Usually, horizontal pressure vessels and tanks are sup- 
ported on two vertical cradles called saddles. The use of 
more than two saddles is unnecessary and should be avoided. 
Using more than two saddles is normally a stress-related 
issue, which can be solved in a more conventional manner. 
The reason for not using more than two saddles is that it 
creates an indeterminate structure, both theoretically and 
practically. With two saddles, there is a high tolerance for 
soil settlement with no change in shell stresses or loading. 
Even where soil settlement is not an issue, it is difficult to 
ensure that the load is uniformly distributed. Obviously 
there are ways to accomplish this, but the additional expense 
is often unwarranted. Vessels 40-SO ft in diameter and 150 ft 
long have been supported on two saddles. 

As with all other types of supports, the ASME Code does 
not have specific design procedures for the design of saddles 
or the induced stresses in the vessel. While the ASME Code 
does have allowable maximum stresses for the stresses in the 
vessel shell, the code does not specifically address the 
support components themselves. Typically, the allowable 
stresses utilized are those as outlined in the AZSC Steel 
Construction Manual. 

A methodology for the determination of the stresses in the 
shell and heads of a horizontal vessel supported on saddles 
was first published in 1951 by L. P. Zick. This effort was a 
continuation of others' work, started as early as the 1930s. 
This procedure has been used, with certain refinements 
since that time, and is often called Zicks analysis, or the 
stresses are referred to as Zicks stresses. 

Zicks analysis is based on the assumption that the sup- 
ports are rigid and are not connected to the vessel shell. In 
reality, most vessels have flexible supports which are 
attached to the vessel, usually by welding. Whatever the 
reason, and there are a myriad of them, Zicks assumptions 
may yield an analysis that is not 100% accurate. These results 
should, however, be viewed more in terms of the perfor- 
mance they have demonstrated in the past 45 years, than 
in the exact analytical numbers they produce. As a strategy, 
the procedure is successful when utilized properly. There 
are other issues that also would have an effect on the out- 
come of the numerical answers such as the relative rigidity of 
the saddle-from infinitely rigid to flexible. The answers 
should be viewed in light of the assumptions as well as the 
necessity for 5-digit accuracy. 

The saddle itself has various parts: the web, base plate, 
ribs, and wear plate. The web can be on the center line of the 
saddle or offset. The design may have outer ribs only or 
inner ribs only, but usually it has both. For designs in seismic 
areas, the ribs perform the function of absorbing the lon- 
gitudinal, horizontal loads. The saddle itself is normally 
bolted to a foundation via anchor bolts. The ASME Code 
does specify the minimum included arc angle (contact angle) 
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of 120". The tnaxinium efficient saddle angle is N O " ,  since 
the weiqht and saddle splitting force go to zero above the 
belt lin;. In effect, taking into account the 6" allowed for 
reduction of stresses at the horn for wear plates, the Max- 
imum angle becomes 168". 

Saddles may be steel or concrete. They may be bolted, 
welded, or loose. For the loose type, some form of liner 
should be used between the vessel and the saddle,.The typi- 
cal loose saddle is the concrete type. Usually one end of the 
vessel is anchored and the other end sliding. The sliding end 
may have bronze, oiled, or Teflon slide plates to reduce the 
friction caused by the thermal expansion or contraction of 
the vessel. 

Longitudinal location of the saddles also has a large effect 
on the Lagnitude of the stresses in the vessel shell aS well as 
;I bearing on the design of the: saddle parts themselves. For 
large diameter, thin-walled vessels, the saddles are best 
placed within 0.5R of the tangent line to take advantage of 
the stiffening effect of the heads. Othrr vessels are best 
sripported where the longitudinal bending at the midspan 
is approximately equal to the longitudinal bending at the 
saddles. Hoc\7ever, the niaximum distance is 0.2 L. 

Lugs and Ring Supports 

Lugs 

Lugs offer one of the least expensive and most direct ways 
of supporting pressure vessels. They can readily absorb &a- 
metra1 expansion by sliding over greased or bronzed plates, 
are easily attached to the vessel by minimum amounts of 
welding, and are easily leveled in the field. 

Since lugs are eccentric supports they induce compressive, 
tensile, and shear forces in the shell wall. The forces from 
thc. eccentric moments may cause high localized stresses that 
are combined with stresses from internal or external pres- 
sure. In thin-walled vessels, these high local loads have been 
known to physically deform the vessel wall considerably. 
Such deformations can cause angular rotation of the lugs, 
which in turn can cause angular rotations of the supporting 
steel. 

Two or four lug systems are normally used; however, more 
may be used if the situation warrants it. There is a wide 
variety of types of lugs, and each one will cause different 
stress distributions in the shell. Either one or two gussets 
can be used, with or without a compression plate. If a com- 
pression plate is used, it should be designed to be stiff 
enough to transmit the load uniformly along the shell. The 
base plate of the lug can be attached to the shell wall or 
unattached. Reinforcing pads can be used to reduce the 
shell stresses. In some cases, the shell course to which the 

lugs are attached can be made thicker to reduce the local 
stress. 

There are two solutions presented here for analyzing the 
shell stresses caused by the eccentric lug action. Method 1 
was developed by Wolosewick in the 1930s a.. part of the 
penstock analysis for the Hoover Dam Project. This method 
utilizes "strain-energy'' concepts to analyze the shell as a thin 
ring. Thus, this method is frequently called "ring analysis." 
Ring analysis looks at all the loadings imposed on the artifi- 
cial ring section and the influence that each load exerts on 
the other. 

Method 2 utilizes the local load analysis developed by 
Bijlaard in the 1950s, which was further refined and 
described in the WRC Bulletin 107. This procedure uses 
the principles of flexible load surfaces. This procedure is 
more accurate, but more mathematically rigorous as well. 

When making decisions regarding the de5ign of lugs, a 
certain sequence of options should be followed. The follow- 
ing represents a ranking of these options based on the cost to 
fabricate the equipment: 

1. 2 lugs, single gusset 
2. 2 lugs, double gussets 
3. 2 lugs with compression plate 
4. Add-reinforcing pads under (2) lugs 
5 .  Increase size of ( 2 )  lugs 
6. 4 lugs, single gusset 
7 .  4 lugs, double gussets 
8. 4 lugs with compression plates 
9. Add reinforcing pads under (4) lugs 

10. Increase size of (4) lugs 
11. Add ring supports 

Ring Supports 

In reality, ring supports are used when the local stresses at 
the lugs become excessively high. As can be seen from the 
previous list, the option to go to complete, 360-degree stif- 
fening rings would, in most cases, be the most expensive 
option. Typically, vessels supported by rings or lugs are con- 
tained within a structure rather than supported at grade and 
as such would be subject to the seismic movement of which 
they are a part. 

Vessels supported on rings should only be considered for 
lower or intermediate temperatures, say below 400 or 500 
degrees. Using ring supports at higher temperatures could 
cause extremely large discontinuity stresses in the shell 
immediately adjacent to the ring due to the differences in 
expansion between the ring and the shell. For elevated tem- 
perature design, rings may still be used, but should not be 
directly attached to the shell wall. A totally loose ring system 
can be fabricated and held in place with shear bars. With this 
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system there is no interaction between the shell and the 
support rings. 

The analysis for the design of the rings and the stresses 
induced in the shell employs the same principles as Lug 

Method 1, ring analysis. The eccentric load points are trans- 
lated into radial loads in the rings by the gussets. The com- 
posite ring section comprised of the shell and ring is then 
analyzed for the various loads. 

WIND DESIGN PER ASCE [ 11 

Notation 
- 

Af= projected area, sq ft 
Cf= force coefficient, shape factor 0.7 to 0.9 
De =vessel effective diameter, from Table 3-4 

f = fundamental natural frequency, I/T, cycles 
per second, Hz 

F = design wind force, lb 
g = 3.5 for vessels 

G = gust effect factor, Cat A and B = 0.8, Cat 

Gf= gust response factor for flexible vessels 
C and D = 0.85 

h =height of vessel, ft 
I =importance factor, see Table 3-1 

Iz = the intensity of turbulence at height z 
Kz = velocity pressure exposure coefficient from 

Table 3-3a, dimensionless 
Km =topographic factor, use 1.0 unless vessel is 

located near or on isolated hills. See ASCE 
for specific requirements 

M =overturning moment at base, ft-lb 

Q =background response 
qz=velocity pressure at height z above the 

Ni.NhrNb,Nd = calculation factors 

ground, PSF 
= 0.00256 KzKz=V21 

Rn,Rh,Rd = calculation factors 
R = resonant response factor 

T =period of vibration, sec 
V =  basic wind speed from map, Figure 3-1, 

mPh 
Vref = basic wind speed converted to ft/sec 
V, = mean hourly wind speed at height z, fv‘sec 

z = equivalent height of vessel, ft 
zmin = minimum design height, ft, from 

Table 3-3 

critical damping 
rock or pile foundation: 0.005 

vessel in structure or soft soils: 0.015 
cr,b,c,l,E =coefficients, factors, ratios from Table 3-3 

= structure, damping coefficient, 1% of 

compacted soil: 0.01 

The ASME Code does not give specific procedures for 
designing vessels for wind. However, Para. UG-22, 
“Loadings,” does list wind as one of the loadings that must 
be considered. In addition, local, state, or other governmen- 
tal jurisdictions will require some form of analysis to account 
for wind loadings. Client specifications and standards also 
frequently require consideration of wind. There are two 
main, nationally recognized standards that are most fre- 
quently used for wind design. They are: 

1. ASCE 7-95 (formerly ANSI A58.1) 
2. Uniform Building Code (UBC) 

This section outlines the wind design procedures for both 
of these standards. Wind design is used to determine the 
forces and moments at each elevation to check if the calcu- 
lated shell thicknesses are adequate. The overturning 
moment at the base is used to determine all of the anchorage 
and support details. These details include the number and 
size of anchor bolts, thickness of skirt, size of legs, and thick- 
ness of base plates. 

As a loading, wind differs from seismic in that it is more or 
less constant; whereas, seismic is of relatively short duration. 
In addition, the wind pressure varies with the height of the 
vessel. A vessel must be designed for the worst case of wind 
or seismic, but need not be designed for both simulta- 
neously. While typically the worst case for seismic design is 
with the vessel full (maximum weight), the worst design case 
for wind is with the vessel empty. This will produce the 
maximum uplift due to the minimum restraining weight. 

The wind forces are obtained by multiplying the projected 
area of each element, within each height zone by the basic 
wind pressure for that height zone and by the shape factor 
for that element. The total force on the vessel is the sum of 
the forces on all of the elements. The forces are applied at 
the centroid of the projected area. 

Tall towers or columns should be checked for dynamic 
response, If the vessel is above the critical line in Figure 
3-9, R d t  ratio is above 200 or the h/D ratio is above 15, 
then dynamic stability (elastic instability) should be investi- 
gated. See Procedure 4-8, “Vibration of Tall Towers and 
Stacks,” for additional information. 



Design of Vessel Supports 113 

Design Procedure 

Step I: Give or determine the following: 

Structure category 
Exposure category 
Wind velocity, V 
Effective diameter, D 
Shape factor, Ct. 
Importance factor, I 
Damping coefficient, /3 
Fundamental frequency, 

Step 2: Calculate 1dD ratio: 
Step 3: Determine if vessel is rigid or flexible. 

a. If h/D < 4, T < 1 sec, or f > 1 Hz, then vessel is 
considered rigid and: 

F = qZCCfAf 

11. If h/D > 4, T z 1 see, or f < 1 Hz, then vessel is 
considered flexible and: 

Step 4: Calculate shear and moments at each elevation by 
multiplying force, F, and elevation, h,, the distance to the 
center of the projected area. 

Step 5: Sum the forces and moments at each elevation down 
to the base. 

Determination of Gust Factor, Gf, for Vessels 
Where h/D > 4 orT > 1 Second 

Given: D,, = (effective diameter) 
h =  (overall height) 
17 = (basic wind speed) 
B =  (structural damping 

f =  (fundamental natural 
coefficient) 

frequency) 
g =  3.5 

Determine the following values from Table 3-3: 

(y = -  I =  
b = -  E =  

c, = - Zmin = 

Calculate: 

Z = 0.6h 

1 
Q2 = 

+ h 0.63 = 
1 + 0.63(,> 

Vref = 1.467V = 

7.465Ni - 
(1 + 10.302Ni)s'3 - 

Rn = 

1 + 2gI ,@TP 
Gf = 

1 + 71, 
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Sample Problem 

Vertical vessel on skirt: 
Structure category 
Exposure category 
Basic wind speed, V 
Importance factor, I 
Equivalent diameter, De 
Overall height, h 
Empty weight, W 
Damping coefficient, /3 
Natural frequency, f 

= 111 
= C  
= 90 mph 
= 1.15 
=7ft 
=200 ft 
= look 
= 0.01 
= 0.57 Hz 

Values from Table 3-3: 

1 
1.65 

= - =0.1538 

b = 0.65 
c = 0.20 

Calculate: 

Z = 0.6h = 0.6(200) = lZOft > Zmin 

1 1 
o,63 = 0.765 

7 + 200 D,+h 0.63 = 
1 + 0 . 6 3 ( 7 )  1 + 0.63 (w) 

V,f = 1.467V = 1.467(90) = 132 ft/sec 

fL, 0.57(647) 
N1=-= = 3.53 

V, 104.6 

Nh=-- 4.6fh - 4.6(0.57)200 = 5.01 
Vz 104.6 

4.6fDe 4.6(0.57)7 
Nl, = - - - = 0.175 

vz 104.6 

= 0.587 
15.4fDe - 15.4(0.57)7 

vz 104.6 
Nd=-- 

7.465(3.53) 
1.66 = 0.065 - 7.465N1 R, = 

(1 f 10.302N1)5'3 - [1+ 10.302(3.53)] 

[1 - .-10.02] z 0.179 1 1 - 
5.01 2(5.012) 

= 0.893 

R"RhRb(0.53 + 0.47Rd) R =  
B 

0.065(0.179)0.893(0.53 + 0.47(0.701)) 
0.01 = 0.893 - - 

1 + 2(3.5)0.161J0.765 + 0.893 
1 + 7(0.161) = 1.15 - - 

F = %>GfCfAf = 23.846Kz(1.15)0.9Af = 24.68AfK~ 
where g, = 0.00256K~IV~ = 23.846Kz 
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Determine Wind Force on Vessel 

Elevation qz Gr Cf hz At F M 

1 90-200 ft 
170-1 90 ft 
150-1 70 ff 
130-1 50 ft 

110-130ft 
95-110ft 
85-95ft 
75-85ft 

65-75 ft 
55-65 ft 
45-55 ft 
35-45 ft 

27.5-35ft 
22.5-27.5ft 
17.5-22.5ft 

0-17.5ft 

34.7 psf 
34.0 psf 
33.1 psf 
32.4 psf 

31.2 psf 
30.0 psf 
29.5psf 
28.8 psf 

27.8 psf 
26.9 psf 
25.9 psf 
24.8 psf 

23.3 psf 
22.4 psf 
21.4 psf 
20.2 psf 

1.15 
1.15 
1.15 
1.15 

1.15 
1.15 
1.15 
1.15 

1.15 
1.15 
1.15 
1.15 

1.15 
1.15 
1.15 
1.15 

0.90 
0.90 
0.90 
0.90 

0.90 
0.90 
0.90 
0.90 

0.90 
0.90 
0.90 
0.90 

0.90 
0.90 
0.90 
0.90 

lo f t  
20 ft 
20 ft 
20 ft 

20 ft 
15ft 
l o f t  
loft 

loft 
l o f t  
lo f t  
lo f t  

7.5ft 
5f t  
5ft 

17.5ft 

70 ft2 
140 ft‘ 
140 ft2 
140 ft2 

140 ft2 
l05ft2 
70 ft‘ 
70 ft2 

70 ft’ 
70 ft‘ 
70ft2 
70ft’ 

53 f f  
35 ft‘ 
35 ft2 

123 ft2 

c 

2514 # Q 195ft 
4927 # Q 180ft 
4796 # Q 160ft 
4695 # Q 140ft 

4521 # Q 120ft 
3260# Q 103ft 
2137 # Q 90ft 
2087 # Q 80ft 

2014 # Q 70ft 
1949 # Q 60ft 
1876 # @ 50ft 
1797 # Q 40ft 

1278 # Q 32ft 
811 # Q 25ft 
775 # 0 20ft 

39,494 
Ib 

2571 # Q 9ft 

~~ 

490,230 
886,860 
767,360 
657,300 

542,520 
335,780 
192,330 
166,960 

140,980 
1 16,940 
93,800 
71,880 

40,900 
20,275 
15,500 
23,140 

4,562,755 
ft-lb 

Special Wind Region 

. Population Center 

Virgin Islands 125 
American Samoa 125 

Notes: 1. Values are 3-second gust speeds in miles per hour (mls) at 33 ft 
(1 0 m) above ground for Exposure C category and are associated 
with an annual probability of 0.02. 

2 Linear interpolation between wind speed contours is penn.W. 
3. Islands and coastal areas shall use wind speed contour of coastal 

4. Mountainous terrain, gorges, Ocean promontories, and special wind 
area. 

regions shall be examined for unusual wind conditions. 

Figure 3-1. Basic wind speed. (Reprinted by permission from ASCE 7-95 “Minimum Design Loads for Buildings and Other Structures,” published by 
ASCE, 1995.) 
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Table 3-I* 
Importance Factor (Wind Loads) 

Structure Category I 

II 1 .oo 
I 0.87 

Ill 1.15 
IV 1.15 

Table 3-2 
Structure Categories 

Buildings and structures that represent a low 
hazard to human life in the event of failure 
All buildings not covered by the other 3 categories 
Buildings and other structures containing sufficient 
quantities of toxic or explosive substances to be 
dangerous to the public if released.. .REFINERIES 
Buildings or structures where the primary occupancy 
is one in which more than 300 people 
congregate in one area 
Schools, non-emergency health care facilities, 
jails, non-essential power stations 
Essential facilities 

Category I 

Category I1 
Category 111 

Category 111 

Category 111 

Category IV 

Exposure Categories 

The following ground roughness exposure categories are 
considered and defined in ASCE 7-95 Section 6.5.3.1: 

0 Exposure A: Centers of large cities. 
Exposure B: Urban and suburban areas, towns, city out- 
skirts, wooded areas, or other terrain with numerous 
closely spaced obstructions having the size of single 
family dwellings or larger. 

0 Exposure C: Open terrain with scattered obstructions 
having heights generally less than 30 ft (9.1 m). 

0 Exposure D: Flat, unobstructed coastal areas directly 
exposed to wind blowing over open water; applicable for 
structures within distance from shoreline of 15OOft or 10 
times the structure height. 

Table 3-3* 
Miscellaneous Coefficients 

A 113.0 0.30 0.45 180 112.0 60 
B 114.0 0.45 0.30 320 113.0 30 
C 116.5 0.65 0.20 500 115.0 15 
D 119.0 0.80 0.15 650 118.0 7 

~ ~ ~ 

‘Z,,, = minimum height used to ensure that the equivalent height f is the greater 
of 0.6 h or Z,,,,”. 

Table 3-3a” 
Velocity Pressure Exposure Coefficients, Kz 

Height above ground level, z Exposure Categories 

ft (m) A B C D 

0-1 5 (c-4.6) 0.32 0.57 0.85 1.03 
20 (6.1) 0.36 0.62 0.90 1.08 
25 (7.6) 0.39 0.66 0.94 1.12 
30 (9.1) 0.42 0.70 0.98 1.16 
40 (12.2) 0.47 0.76 1.04 1.22 

50 (1 5.2) 0.52 0.81 1.09 1.27 
60 (1 8.0) 0.55 0.85 1.13 1.31 
70 (21.3) 0.59 0.89 1.17 1.34 
80 (24.4) 0.62 0.93 1.21 1.38 
90 (27.4) 0.65 0.96 1.24 1.40 

100 (30.5) 0.68 0.99 1.26 1.43 
120 (36.6) 0.73 1.04 1.31 1.48 
140 (42.7) 0.78 1.09 1.36 1.52 
160 (48.8) 0.82 1.13 1.39 1.55 
180 (54.9) 0.86 1.17 1.43 1.58 

200 (61 .O) 0.90 1.20 1.46 1.61 
250 (76.2) 0.98 1.28 1.53 1.68 
300 (91.4) 1.05 1.35 1.59 1.73 
350 (1 06.7) 1.12 1.41 1.64 1.78 
400 (121.9) 1.18 1.47 1.69 1.82 

450 (1 37.2) 1.24 1.52 1.73 1.86 
500 (1 52.4) 1.29 1.56 1.77 1.89 

Note: Linear interpolation for intermediate values of height z is acceptable. 

Table 3-4 
Effective Diameter, De* 

D Piping with Attached Piping, 
(Vessel Diameter or Without Ladders, and 
+ 2 x Insulation Thickness) Ladders Platforms 

- c 4ft-Oin. De = 1.6D De = 2.OD 
4ft- Oin. - 8ft- Oin. De = 1.4D De = 1.6D 

De = 1.4D =. 8ft-Oin. De = 1.2D 

*Suggested only; not from ASCE. 

Notes 

1. The “structure category” per Table 3-2 is equivalent to 
ASCE 7-95’s “building category.” Most vessels will be 
Category 111. 

2. The basic wind speed on the map, Figure 3-1, corre- 
sponds to a 3-sec. gust speed at 33 ft above the ground, 
in Exposure Category C with an annual probability of 
0.02 (50-year mean recurrence interval). 

3. The constant, 0.00256, reflects the mass density of air 
for the standard atmosphere (59°F at sea level 
pressure, 29.92 in. of mercury). The basic equation 

‘Reprinted by permission from ASCE 7-95, “Minimum Design Loads for Buildings and Other Structures,” published by ASCE, 1995. 
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is ‘/2 mv where m =mass of air, 0.0765 PCF, and v is 
the acceleration due to gravity, 32.2 ft/sec. The mass 
density of the air will vary as function of altitude, lati- 
tude, temperature, weather, or season. This constant 
may be vaned to suit the actual conditions if they are 
known with certainty. See ASCE 7-95. 

4. Short, vertical vessels, vessels in structures, or horizon- 
tal vessels where the height is divided between two 
pressure zones may be more conveniently designed 
by applying the higher pressure uniformly over the 
entire vessel. 

5. Vessels that qualify as “flexible” may or may not be 
required to be checked for dynamic response. This 
could include a dynamic analysis, which is a check of 
elastic instability, or a vibration analysis for vibration 
amplification due to vortex shedding. See procedure 
4-8 “Vibration of Tall Towers and Stacks,” for addi- 
tional information. 

6. Deflection due to wind should be limited to 6in. per 
100 ft of elevation. 

7. AISC allows a 33% increase in the allowable stress for 
support components due to wind loading. 

Application of Wind Forces 

3-3. 

At = L,D, 

F = AiCfGq, 

W Ft‘ Q = - * -  
N - 8  

Figure 3-4. 

Horizontal vessels. 

F - 

Vessels on lugs or rings. 

F 

A, = W e  

W 4FP 
N NB 0 Q 

Figure 3-5. Vessels on legs. 

o = - * -  

Figure 3-2. Vertical vessels. 
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PROCEDURE 3-2 

WIND DESIGN PER UBC-97 

Notation 

P =design wind pressure, PSF 
C, =combined height, exposure, and gust factor. See 

C, =pressure coefficient. See Table 3-7. Use 0.8 for most 

q, =wind stagnation pressure. See Table 3-5. 

Table 3-6. 

vessels 

I =importance factor, 1.15 for most vessels. See Table 
3-8. 

Table 3-5* 
Wind Stagnation Pressure (q,) at Standard Height of 33ft 

Basic wind speed (mph)' 70 80 90 100 110 120 130 
Pressure q, (psf) 12.6 16.4 20.8 25.6 31.0 36.9 43.3 

'Wind speed from Figure 3-6. 
Source: UBC. 

Table 3-6* 
Combined Height, Exposure, and Gust Factor Coefficient (Ce)' 

Height Above Average 
Level of Adjoining 
Ground (feet) Exposure D Exposure C Exposure B 

~ 

0-1 5 
20 
25 
30 
40 

60 
80 
100 
120 
160 

200 
300 
400 

1.39 
1.45 
1.50 
1.54 
1.62 

1.73 
1.81 
1.88 
1.93 
2.02 

2.10 
2.23 
2.34 

1.06 
1.13 
1.19 
1.23 
1.31 

1.43 
1.53 
1.61 
1.67 
1.79 

1.87 
2.05 
2.19 

0.62 
0.67 
0.72 
0.76 
0.84 

0.95 
1.04 
1.13 
1.20 
1.31 

1.42 
1.63 
1 .80 

'Values for intermediate heights above 15ft may be interpolated. 
Source: UBC. 

This procedure is for the wind design of vessels and their 
supports in accordance with the Uniform Building Code 
(UBC). This procedure to the UBC is basically the same as 
that outlined in the previous procedure for A X E  7-95. There 
is a difference in the terminology used and the values of the 
tables, but the process is identical. In addition, UBC, Section 
1615, states that "structures sensitive to dynamic effects, such 
as buildings with a height-to-width ratio greater than five, 

Table 3-7 
Pressure Coefficients (C,) 

Structure or Part 
Thereof Description C, Factor 

Chimneys, tanks, 
and solid towers 

Open-frame towers 

Tower accessories 
(such as ladders, 
conduits, lights, and 
elevators) 

Source: UBC. 

Square or rectangular 
Hexagonal or octagonal 
Round or elliptical 
Square and rectangular 

Diagonal 
Normal 

Triangular 
Cylindrical members 

2 in. or less in diameter 
Over 2 in. in diameter 

Flat or angular members 

Table 3-8 
Importance Factor, I 

1.4 any direction 
1.1 any direction 
0.8 any direction 

4.0 
3.6 
3.2 

1 .o 
0.8 
1.3 

Occupancy Category 
Importance Factor I 

Wind 

1. Essential facilities 
I I .  Hazardous facilities 
Ill. Special occupancy structures 
IV. Standard occupancy structures 

1.15 
1.15 
1 .oo 
1 .oo 

Source: UBC. 

structures sensitive to wind-excited oscillations, such as 
vortex shedding or icing, and buildings over 400 feet in 
height, shall be, and any structure may be, designed in accor- 
dance with approved national standards." This paragraph 
indicates that any vessel with an WD ratio greater than 5 
should follow some national standard to account for these 
added effects. ASCE 7-95 is such a recognized national stan- 
dard and should be used for any vessel in this category. The 
procedure outlined herein for UBC should only be consid- 
ered for vessels with h/D ratios less than 5. 

Exposure Categories 

Exposure B has terrain with building, forest, or surface 
irregularities 20ft or more in height, covering at least 20% 
of the area and extending one mile or more from the site. 

Exposure C has terrain which is flat and generally open, 
extending one-half mile or more from the site in any full 
quadrant. 

'Reproduced from the 1997 edition of the "Uniform Building Code," copyright 1997, with permission from publisher, the International Conference of Building Officials. 



Design of Vessel Supports 119 

Table 3-9 
Design Wind Pressures for Zones 

Values of P - PSF 

Height 70 80 90 100 110 120 130 
Zone mph mph mph mph mph mph mph 

0-15 12.29 15.99 20.28 24.97 30.23 35.98 42.23 
20 13.10 17.05 21.62 26.61 32.23 38.36 45.01 
25 13.79 17.95 22.77 28.03 33.94 40.40 47.40 
30 14.26 18.56 23.54 28.97 35.08 41.75 49.00 

40 15.19 19.77 25.07 30.85 37.36 44.47 52.19 
60 16.58 21.58 27.36 33.68 40.78 48.55 56.97 
80 17.74 23.08 29.28 36.03 43.64 51.94 60.95 
100 18.66 24.29 30.81 37.68 45.92 54.66 64.14 
120 19.35 25.20 31.96 39.33 47.63 56.69 66.53 
160 20.75 27.01 34.25 42.15 51.05 60.77 71.31 
200 21.68 28.21 35.78 44.04 53.33 63.48 74.49 
300 23.76 30.93 39.23 48.28 58.47 69.59 81.66 

Note: Table is based on exposure category “C” and the following values: 

where: 
P = CeC,,qsl 

Cq=0.8 1=1.15 

qs= 70mph =12.6psf C.= 0-15=1.06 100=1.61 
80 mph = 16.4 psf 20=1.13 120=1.67 

160 = 1.79 
100 mph = 25.6 psf 30= 1.23 200= 1.87 
110mph =31 .O psf 40 = 1.31 300 = 2.05 
120mph=36.9psf 60 = 1.43 
130mph=43.3psf 80 = 1.53 

25 = 1.19 90 mph = 20.8 psf 

Exposure D represents the most severe exposure in areas 
with basic wind speeds of 80mph or greater, and terrain, 
which is flat, unobstructed and faces large bodies of water 
over one mile or more in width relative to any quadrant of 
the building site. Exposure D extends inland from the shore- 
line ‘/4 mile or 10 times the building height, whichever is 
greater. 

Design wind pressure. At any elevation, P, is computed by 
the following equation: 

P = c,c,qJ 

Figure 3-6. Basic wind speed map of the U.S. minimum basic wind speeds in miles per hour (x 1.61 for Km/h). (Reproduced from the 1997 edition of 
the “Uniform Building Code,” copyright 1997, with permission of the publisher, the International Conference of Building Officials.) 
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PROCEDURE 3-3 

SEISMIC DESIGN FORVESSELS 12, 31 

Notation 

V = base shear, lb 
Z = seismic zone factor (see Figure 3-8) 

Zone 0: ............................................................ 0 
Zone 1: ...................................................... 0.075 
Zone 2A: ..................................................... 0.15 
Zone 2B: ..................................................... 0.20 
Zone 3: .......................................................... 0.3 
Zone 4: .......................................................... 0.4 

standard facilities .......................................... 1.0 
hazardous/essential facilities ..................... .1.25 

self-supporting stacks ................................... 2.9 
vertical vessel on skirt .................................. 2.9 
spheres and vessels on braced legs.. ........... 2.2 
horizontal vessel on pier .............................. 2.9 
vertical vessel on unbraced legs ................. 2 . 2  

I =importance factor 

R, = coefficient 

C ,  =coefficient from Table 3-9b 
C ,  = coefficient from Table 3-9a 

W, = operating weight of vessel, Ib 
S = site coefficient (1.0-2.0 based on soil profde) 

w = uniform weight of vessel or stack, lb/ft 
F, =lateral force applied at top of structure, Ib 

Ft = 0.07TV or 0.25V 
whichever is less, or 
=0, if T < 0.7 sec 

H = overall height of vessel, ft 
D =outside diameter of vessel, ft 
T =period of vibration, sec (see Figure 3-7) 
y = deflection, in. 

N = number of column legs 
A =cross-sectional area of leg braces, in.' 
g = acceleration due to gravity, 386 in./sec2 

I, = moment of inertia of pier, legs, stack, etc., in.4 
E = modulus of elasticity, psi 

SA- SF = soil profile type from Table 3% 
N,, N, =near source factor from Table 3-9d 

Seismic source type = from Table 3-9e 

Design Procedure 

Step 1: Determine the following. 

For all zones: 

Weight, W, 
Importance factor, I 

Soil profile type (Table 3-9c) 
Seismic zone factor, Z 
Numerical coefficient, RW 

For zone 4 only: 

Seismic source type 
Distance to fault 
Near source factor, N, 

Step 2: Determine or calculate seismic coefficients. 

C, (Table 3-9a) 
C, (Table 3-9b) 

Step 3: Determine period of vibration. 

T =  

Step 4: Calculate the base shear, V. 

V is the greater of V1 or V, 
but need not exceed V3: 

1 Vi = 0.56C,IW0 

2.5C,IW0 
! RW 

1 ' For zone 4 there is the additional requirement that the 
base shear shall be at least equal to V4, 

1.6 ZNJW,, 
RW 

v4= 

Step 5: Since the seismic design for pressure vessels is based 
on allowable stress rather than ultimate strength, the base 
shear may be reduced by a factor of 1.4. 

1 Step 6: Determine if some percentage of the base shear 
needs to be applied at the top of the vessel, Ft. 

If T < 0.7 sec, Ft = 0 
For all other cases Ft = 0.07TV 
but need not exceed 0.25V = 

1 
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Step 7: The horizontal seismic force, F,,, will then be equal to 
V - Ft. This will be applied to the vessel in accordance 
with one of the appropriate procedures contained in this 

Step 8: If the procedure is based on a horizontal seismic 
factor, C,,, this factor shall be as follows: 

1' 
Ch =- chapter. ,I] I I 

I 
I 

I = * &  

wH4 Y E -  
8EI 

T = 1 . 7 9 g  

See Figure 3-9. 

Note uniform weight distribution and 
constant cross section. 

See Figure 3-9. 

Be consistent with units. H, D, and t 
are in feet. 

Pier or 

t-Support I T 

e 

See Procedure 3-9 for definitions. 

Note variation of either cross 
section or mass. 

W0f sin%:! y=- 
6EA 

Legs over 7 ft should 
be cross-braced. 

2w0e 3 
3NE(I, + ly) 

I, and I ,  are proper- 
ties of legs. 

yab = deflection at B 
due to lateral 
load at A 

Weights include 
structure. 

See Note 1 .  

Figure 3-7. Formulas for period of vibration, T, and deflection, y. 



Figure 3-8. Seismic risk map of the United States. Reproduced from the Uniform Building Code, 1997 Edition. Copyright 1997, with permission of the publisher, 
the International Conference of Building Officials. 
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Soil Profile 

Type 

Table 3-9a 
Seismic Coefficient Ca* 

Seismic Zone Factor, 2 

2=0.075 Z=0.15 Z=0.2 Z=0.3 Z=0.4 

Table 3-9b 
Seismic Coefficient Cv* 

Shear Wave Velocity, V, 
feeusecond ( d s )  

>5,000 (1,500) 

2,500 to 5,000 
(760 to 1,500) 

1,200 to 2,500 
(360 to 760) 

600 to 1,200 
(1 80 to 360) 

Soil Profile 

Type 

Standard Penetration Test, N [or NcH for 
cohesionless soil layers] (blowdfoot) 

Undrained Shear 
Strength, so psf (kPa) 

- - 

5 50 > 2,000 
(100) 

1,000 to 2,000 
(50 to 100) 

15 to 50 

I Seismic Zone Factor, Z 

I 

Maximum 
Moment 

Magnitude, M 

M ? 7.0 

M ? 7.0 
M < 7.0 
M 26.5 

M < 6.5 

Z=0.075 Z=0.15 Z=0.2 Z=0.3 Z=Q.4 

0.06 0.12 0.16 0.24 0.32Na 
0.08 0.15 0.20 0.30 0.40Na 
0.09 0.18 0.24 0.33 0.40Na 
0.12 0.22 0.28 0.36 0.44Na 
0.19 0.30 0.34 0.36 0.36Na 

See Footnote 1 

Sllp Rate, 
SR (mmlyear) 

S R z 5  

SR<5 
SR>2 
SR<2 

S R s 2  

Seismic Source Type 5 2  km 5 km 10 km 215 km 

N v  Na N v  Na N v  Na N v  Na 

0.25 0.32 0.45 0.56Nv 
0.18 0.32 0.40 0.54 0.64Nv 

S€ 0.26 0.50 0.64 0.84 0.96Nv 
SF See Footnote 1 

’Sitespecific geotechnical investigation and dynamic site response analysis shall 
be performed to determine seismic coefficients for Soil Profile Type SF. 

’Sitespecific geotechnical investigation and dynamic site response analysis shall 
be performed to determine seismic coefficients for Soil Profile Type SF. 

Table 3-9c 
Soil Profile Types‘ 

~ 

Average Soil Properties for Top 100 Feet (30,480 mm) of Soil Profile I 
Soil Profile Soil Proflle Name/Generic 

TvDe I Description 

Very Dense Soil and Soft 
Rock 

Stiff Soil Profile 

Soft Soil Profile 
~ 

15 < 1,000 I (50) I c600 (1 80) I 
Soil Requiring Site-specific Evaluation. See Section 1629.3.1. I 

Table 3-9e 
Seismic Source Type’’ 

Seismic Source Deflnitlon2 

Seismic 
Source 
TY Pe 

Table 3-9d 
Near-Source Factor NP, N, 

Closest Distance to 
Known Seismic Sourcezg3 

Seismic Source 
Description 

Faults that are capable of 
producing large 

magnitude events and that 
have a high 

rate of seismic activity 

A 

A 
6 
C 

2.0 1.5 1.6 1.2 1.2 1.0 1.0 1.0 
1.6 1.3 1.2 1.0 1.0 1.0 1.0 1.0 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0 All faults other than 

Types A and C 

Faults that are not capable of 
producing large 

magnitude earthquakes and 
that have a relatively low rate 

of seismic activity 

‘The Near-Source Factor may be based on the linear interpolation of values for 
distances other than those shown in the table. 
’The location and type of seismic sources to be used for design shall be estab- 
lished based on approved geotechnical data (e.g., most recent mapping of active 
faults by the United States Geological Survey or the California Division of Mines 
and Geology. 
?he closest distance to seismic source shall be taken as the minimum distance 
between the site and the area described by the vertical projection of the source on 
the surface (i.e,, surface projection of fault plane). The surface projection need not 
include portions of the source at depths of 10 krn or greater. The largest value of 
the Near-Source Factor considering all sources shall be used for design. 

C 

Subduction sources shall be evaluated on a site-specific basis. 
’Both maximum moment magnitude and slip rate conditions must be satisfied 
concurrently when determining the seismic source type. 

‘Reproduced from the 1997 edition of the “Uniform Building Code,” copyright 1997, with permission from publisher, the International Conference of Building Officials. 



2 3 4 5 6 7 8 9 1  2 3 4 5 6 7 8 9 1  2 3 4 5 6 7 8 9 1 .  _I\ 2 3 4 5 6 7 8 9 1  

w 
0 - 
0 General formula for cantilever ". 

I 
which for steel cylidrical shell 
reduces to S 

T = 0 . 0 0 0 0 0 7 6 5 ( ~ ~ ~  

2 

where T = period, sec 
w = weight, Ib per f t  
H = height, f t  
D I diameter of shell, f t  
t I thickness of shell, f t  

Constant 0.00000765 is based upon: 
E = modulus of elasticity of steel - 

30,000,000 Ib per sq in 
I =moment of inertia of shell area 

3 
= 3.142 (9) t 

K = 1.79 for fundamental period 
of vibration 

g = 32.2 ft per sec2 

1,000 F i w  3-9. Period of vibration forl@'$!8drical steel 11s. Reprintebw@?rmission of Fluor Daniel,lW!d!%he, CA. 
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Notes 

1. Vessels mounted in structures at some elevation other 
than grade generally will experience amplified base 
motion near and above the natural frequencies of the 
support qtructure. 

0 Light uessels (less than 1% of structure weight): 
a. If vessel frequency > structure frequency, then 

vessel is subjected to maximum acceleration of 
the structure. 

h. If vessel frequency < structure frequency, then 
vessel will not be affected by structure. It will 
respond as if it were mounted at grade. 

e iMedium vessels (less than 20% of' structure weight): 
Approximate methods may be used to develop the in- 
structure response spectra. The method used should 
account for interaction between vessel and structure 
(energ)l feedback). Consideration should be given to 
account for ductility of the vessel. 

0 Hemy tjessels (single large vessel or multiple large 
vessels): The vessel(s) is the principal vibrating ele- 
ment. It requires a combined seismic model, which 
simulates the mass and stiffness properties of vessel 
and structure. 

2.  For tall slender vessels, the main concern is bending. 
For short, squat vessels the main concern is base shear. 

3. The procedures outlined in this chapter are static-force 
procedures, which assume that the entire seismic force 
due to ground motion is applied instantaneously. This 
assumption is conservative but greatly simplifies the 
calculation procedure. In reality earth quakes are 
time-dependent events and the full force is not realized 
instantaneously. The UBC allows, and in some cases 
requires, that a dynamic analysis be performed in lieu 
of the static force method. Although much more 
sophisticated, often the seismic loadings are reduced 
significantly. 

PROCEDURE 3-4 

SEISMIC DESIGN-VESSEL ON UNBRACED LEGS 14-71 

Notation 
2 A = cross-sectional area, leg, in. 

I7 = base shear, lb 
\V = operating weight, lb 
n = number of legs 

C, =vertical seismic factor 
C:h =horizontal seismic factor 

y =static deflection, in. 
F, = vertical seismic force, lb 
F1, =horizontal seismic factor, see Procedure 3-3 
F,  = allowable axial stress, psi 
FI, = allowable bending stress, psi 
F, =seismic force applied at top of vessel, lb 
F:, = Euler stress divided by safety factor, psi 
f ,  = maximum eccentric load, lb 
V,, = horizontal load on leg, lb 
F,, = maximum axial load, Ib 

f, =axial stress, psi 
fh =bending stress, psi 
E = modulus of elasticity, psi 
g = acceleration due to gravity, 386 in./sec2 
e = eccentricity of legs, in. 

MI, =overturning moment at base, in.-lb 
M, = overturning moment at tangent line, in.-lb 
M =bending moment in leg, in.-lb 
I1 =summation of moments of inertias of all legs per- 

Iz = summation of moments of inertia of one leg per- 

I = moment of inertia of one leg perpendicular to F h ,  

pendicular to Fl,, ins4 

pendicular to Fl,, in.4 

in.4 
C ,  =distance from centroid to extreme fiber, in. 
C,, = coefficient, 0.85 for compact members 
K1 = end connection coefficient, 1.5-2.0 
T =period of vibration, sec 
r =least radius of gyration, in. 
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F, 

Figure 3-10. Typical dimensional data and 

dl 
Three legs I 3 ft 6 in. diameter 

Four legs L ' :I 
dr - 

Six legs Eight legs 

forces for a vessel supported on unbraced legs. 

Angle legs 
Beams, channels, and rectangular tubing 

y I  r "I 

Figure 3-11. Various leg configurations. 



Design of Vessel Supports 127 

Calculations 

The following information is needed to complete the leg 
ealculations: 

No. - I" = 
Size - I ,  = 
A =  - c11= 
r =  XI,= 
I,= - Kl.!?/r = 
I, = F, = 
1, = (see App. L) 
I, = 

0 Deflection, y, in.. 

2WP 
y =  3nE 12 

Note: Limit deflection to 6 in. per lO0ft or equivalent 
proportion. 

0 Period of cihmtion, T, see. 

0 Base shear, V, lb. 

See Procedure 3-3. 

0 Horizontd force at top of cessel, Fb 16. 

Ft = 0.07TV or 0.25V 
whichever is less or 
= 0 if T < 0.7 sec 

0 Horixintal.force at c.g. of cessel, Fh, 111. 
F,, = V - F, 
or 
Fi, = Ct,u' 

0 Vertical force at c.g. of uessel, F,, lb. 

Downward: (-)F\. = W 

Upward: (+)F,. = (Cv - l ) \V 
or (1  + C,)W 

if vertical seismic is greater than 1.0 

0 Ovwturning moment at haw, in.-lb. 

Mi, = LF1, = IIF, 

Note: Include piping moments if applicable. 

0 Ocerturning moment at bottom tangent line, i.n.-lh. 

M, := (L - l)Fl, + (€3 - L)Ft 

0 Maximum eccentric load, lb. 

-Fv 4Mt fl=--- 
n nD 

Note: fi is not considered in leg bending stress if legs are 
not eccentrically loaded. 

0 Horizontal load distribution, V,, (See Figure 3-12). 

The horizontal load on any one given Ieg, V,, is propor- 
tional to the stiffness of that one leg perpendicular to the 
applied force relative to the stiffness of the other legs. The 

/ z  \ Y  

\ / I \  

h' I 
1 

CASE 1 

w 

Radial 

CASE 2 
Figure 3-12. Load diagrams for horizontal load distribution. 
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@,= 0 
1 

CASE 1 

dq I 

- 1  I 

CASE 2 
Figure 3-13. Load diagrams for vertical load distribution. 

greater loads will go to the stiffer legs. Thus, the general 
equation: 

v -- VI and c V , , = V  - I, 

0 Vertical load distribution, F,, (See Figure 3-13). 

The vertical load distribution on braced and unbraced legs 
is identical. The force on any one leg is equal to the dead 
load (weight) plus the live load (greater of wind or seismic) 
and the angle of that leg to the duection of force, V. The 
general equation for each case is as follows: 

For Case 1: For Case 2: 

F, 
F D  =- 

n 

M 
FL =- 

nd 2dl 
4M 

F L  =- 

0 Bending moment in leg, M, in.46. 

0 Axial stress in leg, fa, psi. 

0 Bending stress in leg, fb, psi. 

fh = 
Select appropriate formula from Figure 3-11. 

0 Combined stress. 

f a  f a  f b  

Fa - Fa  Fh 
If - < 0.15, then -+- < 1 

where C,, = 0.85 

1 2 9 E  
F: = 
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Figure 3-14. Application of local loads in head and shell. 

Yote AISC Code allows a one-third increase in allowable 
stress due to seismic. F,, Fi,, and Fi may be increased. 

~Mazirni~rn conipressive stress in shell, fc, psi (See Figure 
3-15). 

Li = W + 2 h  
Above leg: 

f l  f -- 
- Llt 

f - (-)--- F, 4Mt 
TDt rD2t c -  

F,. = allow7ahle compressive stress is Lactor “B” from 
ASME Code. 

“ R ” =  from applicable material chart of ASME Code, 
Section 11, Part D, Subpart 3.  

Shear load in weld.$ attaching legs. 

f l  1b 
2h - in. of weld 
_ -  

See Table 3-11 for allowable loads on fillet welds in shear. 

L 0 c : d  load in shell (See Figure 3-14). 

For unbraced designs, the shell or shellhead section to 
which the leg is attached shall be analyzed for local loading 
due to bending moment on leg. 

M, = \’” sin 0C 

Figure 3-15. Dimensions of leg attachment. 

Anchor bolts. If W > 4 Mdd, then no uplift occurs and 
anchor bolts should be made a minimum of ”/, in. in dia- 
meter. If uplift occurs, then the cross-sectional area of the 
bolt required would be: 

f z  
A,, = s; in.2 

where Ab = area of bolt required 
fi = axial tension load 
St = allowable stress in tension 
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Leg 

Pressure Vessel Design Manual 

Case 1 case 2 

Table 3-10 
Vertical Load on Legs, F, 

- 0.866FL 
-0.5FL 

0 

+0.866FL 
+0.5FL 

+FL 
+0.866FL 
+0.5FL 

0 
-0.5FL 

L e g 1  Case 1 I case2 

-0.707 
-0.259 
+0.259 
t0.707 
+0.966 
+0.966 
+0.707 
+0.259 
-0.259 
-0.707 

6 Legs 

FD-FL 

8 Legs 

FD-FL 
-0.707F~ 

0 
+0.707FL 

-0.707FL 
0 1 +0.707FL 

+FL 

FD-0.924FL 
-0.383 

+0.383 
-0.383 
-0.924 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

16 Legs 

FD-FL 
-0.924FL 
-0.707FL 
-0.383F~ 

0 
+0.383FL 
+0.707F~ 
+0.924F~ 

-0.924FL 
+0.707FL 
-0.383F~ 

0 

+FL 

-0.383F~ 
-0.707FL 
-0.924FL 

,-0.924 
-0.382 
+0.556 
+0.195 
+0.195 
+0.556 
+OB31 
+0.981 
+0.981 
+OB31 
+0.556 
+0.195 
-0.195 
-0.556 
-0.831 
-0.981 

Notes 

1. Legs longer than 7ft should be cross-braced. 
2. Do not use legs to support vessels where high vibration, 

shock, or cyclic service is anticipated. 
3. Select legs that give maximum strength for minimum 

weight for most efficient design. These sections will 
also distribute local loads over a larger portion of the 
shell. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

FD-0.951 FL 
-0.588FL 

0 
+0.588FL 
+0.951 FL 
+0.951 FL 
+0.588FL 

0 
+0.588FL 
+0.951 FL 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

12 Legs 

4. Legs may be made of pipe, channel, angle, rectangular 
tubing, or beam sections. 

5. This procedure assumes a one-mass bending structure 
which is not technically correct for tall vessels. Tall 
towers would have distributed masses and should be 
designed independently of support structure, i.e., legs. 
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10d6 : 
300Q 
400'1 

ZOO#' 

500#/ 
lOOO+ 

1500' 

2000# 

2500' 

3000# 

3500' 

sooil* 

csoof: 

5000' 

5500' 

6000' 

6500' 

7000' 

7500i: 

8000* 

8500' 

90003 

LENGTH OF LEGS IN FEET 

Figure 3-16. Leg sizing chart for vessel supported on four legs. 
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PROCEDURE 3-5 

SEISMIC DESIGN-VESSEL ON BRACED LEGS [7] 

Notation 

A = cross-sectional area of brace, in.’ 

V=base shear, Ib 
E = modulus of elasticity, psi 

W =operating weight of vessel, lb 
A1 = change in length of brace, lb 
Fh =horizontal seismic force, Ib 
F, = vertical seismic force, Ib 
F, =lateral force at top of vessel, lb 
Fa = allowable axial stress, psi 
Fy = minimum specified yield stress, psi 
V, =horizontal load on one leg, lb 

dl =distance between extreme legs, in. 

2 AI = cross-sectional area of leg, in. 

f = axial load in brace, lb 

n =number of active rods per pane1 = 1 for sway- 
bracing, 2 for cross-bracing 

FL = axial load on leg due to overturning moment, lb 
FD = axial load on leg due to dead wt, Ib 
F, = combined axial load on leg, lb 
fa =axial stress, psi 
y = static deflection, in. 
T = maximum period of vibration, sec 
g = acceleration due to gravity, 386 in./sec2 

r = least radius of gyration, in. 
M =overturning moment, in.-lb 
N =number of legs 
d =center line diameter of leg circle, in. 

C1= chord length between legs, in. 
CI, =horizontal seismic factor, see Procedure 3-3 
C, = vertical seismic factor 
K1= end connection coefficient 

11 = moment of inertia, cross brace, in.4 
SI = slenderness ratio 

tan 8 = h’C1 
1 = length of cross brace; = h’/sin 8 

This procedure is used for calculating the distribution of 
vertical and horizontal forces due to wind or seismic loadings 
for vessels, spheres, elevated tanks, and bins supported on 
cross-braced legs or columns. 

To design the legs, base plates, cross-bracing, anchor 
bolts, ring girder, and foundations, it is necessary for the 
designer to determine the actual distribution of forces. 

The horizontal load due to wind or seismic is distributed 
to the legs through the cross-bracing or sway rods. The legs, 
in turn, transfer the forces to the vessel base, ring girder, or 
support structure. The angle between the applied force and 
the cross-bracing determines the magnitude of the imposed 
load at that point. 
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Large Pressure 
Vessel 

h 
I 

The c.g. of weld ’ 
or fastener group 

Bin or Elevated 
Tank 

Four legs (for illustration only) 

Figure 3-17. Typical dimensional data and forces for a vessel supported on braced legs. 
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I 

CASE 1 CASE 2 
Figure 3-18. Load diagrams for horizontal load distribution. 

Horizontal Load Distribution, V, I 
The horizontal load on any one leg is dependent on the 

direction of the reactions of the leg bracing. The horizontal 
force, V, is transmitted to the legs through the bracing. Thus, 
the general equation: 

Vsina, 
N V, =- and ZV,, = V  

Vertical Load Distribution, F, 

The vertical load distribution on braced and unbraced legs 
is identical. The force on any one leg is equal to the dead 

0 
I 

load (weight) plus the live load (greater of wind or seismic) 
and the angle of that leg to the direction of force, V. The 
general equation for each case is as follows 

For Case 1: 

4M 
FL =m 

F, = FD f FL COS 4, 

For Case 2: 

F" FD 

CASE 1 CASE 2 
Figure 3-19. Load diagrams for vertical load distribution. 
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Calculations 

1. Horizontal seismic force, FJ,. 

lJBC design: See Procedure 3-3. 

€71, = Ck,, W, or V 

2. Sway-bracing. Sway braces are tension only members, 
not connected at the center. There is one per panel 
alternating in each adjacent panel. 

0 Maximum tension force in sway hrace,f. 

LJ,, 
f== 

0 Arid stress, tension,%. 

f f, = - < 0.66Fy 
A 

3. Cross-bracing. Cross braces are tension and compres- 
sion members. They may be pinned at the center or 
not. If the slenderness ratio of the cross brace exceeds 
120, then the cross-bracing must be pinned at the 
center. 

0 Maximum jb-ce in cross-bracing, f. 
v,, 

J1=ncOse 
0 Required moment of inertia, 11. 

Pinned at center 

f P  
I1 =- 

4 2 E  

Not pinned at center 

f e 2  
I ,  =- 

T2E 

0 Slenderness ratio, S I .  

Pinned at center 

kl e SI =- 
2r 

Not pinned at center 

kl t  SI =- 
r 

Select size of cross-bracing: 
I =  A =  r =  

0 Axial stress, tension. or compression, fa. 
c 

f , =  (*$ 
A 

tension: (+) 50.66FV 
compression: (-) SF, from AISC Code 

4. End connections. 

Shear per bolt = 0.5m 
no. of bolts 

0.5Cf) 
Shear per inch of weld = . 

in. of weld 

5.  Seismic factors. 

e Change in length of brace, Al. 

f t  A1 1 - 
EA 

0 Static dejlection, y, 

A1 y = -  
cos e 

Period of vibration, T .  

Bolted * Welded f 

Figure 3-20. Typical end connections of leg bracing. 

Table 3-1 1 
Allowable Load in kips 

Bolt Size A-307 A-325 
~- 

% in. 3.1 6.4 

'/8 in. 6.0 12.6 
1 in. 7.9 16.5 
I'/B in. 9.9 20.9 

Weld Size EGOXX* E70XX* 

3/16 in. 2.39 2.78 
1/4 in. 3.18 3.71 

?, in. 4.4 9.3 

5/16 in. 3.98 4.64 
% in. 4.77 5.57 

in. 5.56 6.50 

*kipdin. of weld. 
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where g = 386 in./sec2 

6. Design of 1eg.Y. 

e Force ut top of vessel, Ft (UBC design only). 

Ft = 0.07TV or 0.25V 

whichever is less or 

Ft = 0 if T < 0.7sec 

e Vertical force, F,. 

UBC design: F, = W 
with vertical seismic factor: 

F, = UP = (C, - l)W 
= down = (1 + C,)W = (-) 

e Overturning moment at base, M .  

UBC design: M = L(Fh - F,) + HFt 
Other: M = LFh 

e Axial stress, fa. 

Table 3-12 
Summary of Loads V, and F, 

Case 1 
At Posts 

Horiz. (V,) Vert. (F,) 

1 0.0833V 
2 0.2083V 
3 0.2083V 
4 0.0833V 
5 0.2083V 
6 0.2083V 

1 0.0366V 
2 0.125V 
3 0.2134V 
4 0.125V 
5 0.0366V 
6 0.125V 
7 0.2134v 
8 0.125V 

1 0.0191v 
2 0.0750V 
3 0.1655V 
4 0.1655V 
5 0.0750V 
6 0.0191V 
7 0.0750V 
8 0.1655V 
9 0.1655V 
10 0.0750V 

FD+ FL 
FO + 0.5F~ 
FD - 0.5F~ 
FD - FL 
FD - 0.5F~ 
FD + 0 .5F~  

FD + FL 
FI, + 0.707F~ 
FD 
FD - 0.707F~ 
FD - FL 
FD - 0.707F~ 
FO 
FD + 0.707F~ 

FD + FL 
FD + 0.809F~ 
FD + 0.309F~ 
FD - 0.309F~ 
FD - 0.809F~ 

FD - 0.809F~ 
FD - 0.309F~ 
FD + 0.309F~ 
FD + 0.809F~ 

FD - FL 

Case 2 
Between Posts 

Horiz. 01,) Vert. (F,) 

0.125V 
0.25V 
0.125V 
0.125V 
0.25V 
0.125V 

0.0625V 
0.1875V 
0.1875V 
0.0625V 
0.0625V 
0.1875V 
0.1 875V 
0.0625V 

0.0346V 
0.125V 
0.1809V 
0.125V 
0.0346V 
0.0346V 
0.125V 
0.1809V 
0.125V 
0.0346V 

FD + 0.866F~ 
FD 
FD - 0.866F~ 
FD - 0.866F~ 

FD + 0.866F~ 

FD + 0.9239F~ 
FD + 0.3827F~ 
FD - 0.3827F~ 
FD - 0.9239F~ 
FD - 0.9239F~ 
FD - 0.3827F~ 
FD + 0.3827F~ 
FD + 0.9239F~ 

FD + 0.951 1 FL 
FD + 0.5878F~ 
FD 
FD - 0.5878F~ 
FD - 0.951 1 FL 
FD - 0.951 1 FL 
FD - 0.5878F~ 
FD 
FD + 0.5878F~ 
FD + 0.951 1 FL 

FD 

~~ ~ ~ 

* Case 1 
m At Posts F 

Horiz. 01,) Vert. (F,) -I 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

- 

- 

0.01 12v 
0.0472V 
0.1194V 
0.1 555v 
0.1194V 
0.0472V 
0.01 12v 
0.0472V 
0.1194V 
0.1 555v 
0.1 194V 
0.0472V 

0.0048V 
0.021 7v 
0.0625V 
0.1 034v 
0.1 202v 
0.1 034V 
0.0625V 
0.0217v 
0.0048V 
0.0217V 
0.0625V 
0.1034V 
0.1202v 
0.1034V 
0.0625V 
0.0217V 

FD + FL 
FD + 0.866F~ 
FD + 0.5F~ 
FD 
FD - 0.5F~ 
FD - 0.866F~ 

FD - 0.866F~ 
FD - 0.5F~ 

FD + 0.5F~ 
FD + 0.866F~ 

FD - FL 

FD 

FD + FL 
FD+ 0.9239F~ 
FD+ 0.7071 FL 
FD + 0.3827FL 
FD 
FD - 0.3827F~ 
FD - 0.7071 FL 
FD - 0.9239F~ 

FD - 0.9239F~ 
FD - 0.7071 FL 
FD - 0.3827F~ 

FD + 0.3827FL 
FD + 0.7071 FL 
FD + 0.9239F~ 

FD - FL 

FD 

Case 2 
Between Posts 

Horiz. (V,) Vert. (F,) 

0.0209V FD + 0.9659F~ 
0.0834V FD +0.7071 FL 
0.1 458V FD + 0.2588F~ 
0.1458V FD - 0.2588F~ 
0.0834V FD - 0.7071 FL 
0.0209V FD - 0.9659F~ 
0.0209V FD - 0.9659F~ 
0.0834V FD - 0.7071 FL 
0.1 458V FD - 0.2588F~ 
0.1458V FD - 0.2588F~ 
0.0834V FD - 0.7071 FL 
0.0209V FD +0.9659F~ 

0.0091V FD +0.9808F~ 
0.0404V FD + 0.831 ~ F L  
0.0846V FD + 0.5556F~ 
0.1 158V FD + 0.1951 FL 
0.1 158V FD - 0.1951 FL 
0.0846V FD - 0.5556F~ 
0.0404V FD - 0.831 ~ F L  
0.0091V FD - 0.9808F~ 
0.0091V FD - 0.9808F~ 
0.0404V FD - 0.831 ~ F L  
0.0846V FD - 0.5556F~ 
0.1158V F~-o .1951F~ 
0.1 158V FD +0.1951 FL 
0.0846V FI, + 0.5556F~ 
0.0404V FD + 0.8315F~ 
0.0091 v FD + 0.9808F~ 

e Slenderness ratio for legs, S I .  

Klh’ 
s1 =- 

r 

KI = 0.5 to 1.0 

e Allowable compressive stress, Fa. 

Fa = from AISC (see App. L) 

Table 3-13 
Dimension, d, 

No. of Legs dl 

3 
4 
6 

10 
12 
16 

a 

0.75d 
0.705d 
0.865d 
0.925d 
0.95d 
0.9654 
0.98d 



Design of Vessel Supports 137 

Table 3-14 
Suggested Sizes of Legs and Cross-Bracing 

Tan to Tan SUPPOfi Leg Base Plate Bracing Angle Bolt Size Y 
Vessel O.D. (in.) Length (in.) Angle Sizes (in.) Size (in.) Size (in.) (in.) (in.) 

Up to 30 

30 to 42 

Up to 240 

121 to 169 
170 to 240 

121 to 169 
170 to 240 

up to 120 
121 to 169 
170 to 240 

121 to 169 
170 to 240 

121 to 169 
170 to 240 

121 to 169 
170 to 240 

up to 120 

up to 120 
43 to 54 

55 to 56 

up to 120 
67 to 78 

up to 120 
79 to 80 

up to 120 
91 to 102 

(3) 3 x 3 x k 
(4) 3 x 3 x % 
(4) 3 x 3 x % 
(4) 3 x 3 x % 
(4) 3 x 3 x % 
(4) 3 x 3 x % 
(4) 4 x 4 x % 
(4) 4 x 4 x % 
(4) 4 x 4 x % 
(4) 4 x 4 x ?h 

(4) 5 x 5 x % 
( 4 ) 5 X 5 X %  
(4) 6 x 6 x % 

(4) 6 x 6 x Yz 
(4) 6 x 6 x % 
(4) 6 x 6 x % 

(4) 6 x 6 x % 
(6) 6 x 6 x % 
(6) 6 x 6 x 

6 x 6 x %  
6 x 6 x %  
6 x 6 x X  
6 x 6 x %  

6 x 6 x %  
6 x 6 x %  
8 X 8 X %  

8 X 8 X %  
8X8XY2 
8X8XYZ 

9 X 9 X %  
9 X 9 X %  

1OX1OX% 

10 x 10 x Y2 

10 x 10 x Y2 

l o x  l o x %  

1OX1OX% 
1OX1OX% 
1 o x 1 o x ~  

2X2X?4 

2 X 2 X %  % 
% 
% 
L 

2% x 2% x ‘/4 

3 X 3 X ’ / 4  1% 
1% 
1% 

3 X 3 X 3  1% 
178 
1% 

3X3X7*  1 78 
1% 
1% 

1 
1 
1 

12 
8 
10 
12 

8 
10 
12 

8 
10 
12 

8 
10 
12 

10 
12 
12 

12 
12 
12 

1. Cross-bracing the legs will conveniently reduce bend- 
ing in legs due to overturning moments (wind and 
equipment) normally associated with unbraced legs. 
The lateral bracing of the legs must be sized to take 
lateral loads induced in the frame that would other- 
wise came the legs to bend. 

2 .  Legs may be made from angles, pipes, channels, beam 
sections, o r  rectangular tubing. 

3. Legs longer than about 7ft should be cross-braced. 

4. Check to see if the cross-bracing interferes with piping 

5. Shell stresses at the leg attachment should be investi- 
gated for local loads. For thin shells, extend “Y.” Legs 
should be avoided as a support method for vessels with 
high shock loads or vibration service. 

from bottom head. 
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Flow chart for design of vertical vessels on legs 

Determine preliminary 
design details 

legs 

YES 

Cross-braced Q Sway-braced 

1. Qty of legs: 3,4,6, etc. 
2. Types of legs: pipe, angle, 

3. Size of legs: 4", 6", 8",etc. 
4. Leg attachment type 

tube, or beam 

r I 0 -:-- -1 ___^^ 3. I ype Q 3 1 ~ 6  UI ~ ~ w s a - u r a ~ ~ i i y  

6. Method of attachment of 
cross-bracing to columns 

n anchor bolts & 

Figure 3-21. Flow chart for design of vertical vessels on legs. 
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- Types of Leg Attachment 

Souare or Rectanalar Tube Beam Section Angle / I  T I  

I 

Bottled Legs 

Legs with rings 

I 
Pipe 

\ fl 
Doubleclip - 1 1  

i ' I  
' 

Beam Legs - Not Coped 

I _. 

Beam-flange out Pedestal 

I 

Beam I Angle 
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PROCEDURE 3-6 

SEISMIC DESIGN-VESSEL ON RINGS [4, 5, 81 

Notation 

C,, Ch = verticalhorizontal seismic factors 

F,, F h  = verticaVhorizonta1 seismic force, lb 
N = number of support points 
n = number of gussets at supports 

P, P, = internavexternal pressure, psi 

2 Ab =bearing area, in. 

W =vessel weight under consideration, lb 
bb =bending stress, psi 
o4 = circumferential stress, psi 
Kr =internal moment coefficient 

- 

C 

C ,  = internal tensiodcompression coefficient 
Z = required section modulus, ring, in.3 

S =code allowable stress, tension, psi 

Tc, TT = compressiodtension loads in rings, Ib 
M =internal moment in rings, in.-lb 

4 IlPz = moment of inertia of rings, in. 

AlWz = cross-sectional area, ring, in. 2 

M b  =bending moment in base ring, in.-lb, greater of 

B, =bearing pressure, psi 
Q = maximum vertical load at supports, Ib 

M ,  or My 

f=radial loads on rings, lb 

Centroid qy- 
f 

' ring 

! B -between 
bolts 

1 

Alternate constructions 

Figure 3-22. Typical dimensional data and forces for a vessel supported on rings. 
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Lower Ring Upper Ring 

Moment diagrams shown (typical) 

I -  

At loads +0.3183 

f f 

I K. I Cr 1 

loads 

Four loads 

f f 

r K. I c. i 
~~ I At loads I +&61 1-1.2071 I 

Two loads 

EigM Loads 

f f 

1 K, 1 c. 1 
At loads 

loads 

f f 

Between 

f f 

At loads 

Figure 3-23. Coefficients for rings. 
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/ - I - - - .  f f 

e At Loads Between Loads 

Kr C, Id Cr 

1" 
2" 
3" 
4" 
5" 
6" 
7" 
8" 
9" 
10" 
15" 
20" 
25" 
30" 
35" 
40" 
45" 

+0.619 
+0.601 
+0.584 
+0.566 
+0.550 
f0.532 
+0.515 
+0.498 
+0.481 
+0.466 
+0.387 
+0.315 
+0.254 
+0.204 
+O. 1 67 
+o. 144 
+O. 137 

-0.01 7 -0.365 -1 .oo 
-0.041 -0.366 -0.999 
-0.052 -0.363 -0.998 
-0.071 -0.362 -0.997 
-0.087 -0.360 -0.996 
-0.105 -0.359 -0.995 
-0.122 -0.357 -0.992 
-0.138 -0.355 -0.990 
-0.1 55 -0.352 -0.986 
-0.171 -0.348 -0.985 
-0.250 -0.329 -0.966 
-0.321 -0.303 -0.940 
-0.383 -0.270 -0.906 
-0.433 -0.229 -0.866 
-0.469 -0.183 -0.819 
-0.492 -0.1 29 -0.766 
-0.500 -0.070 -0.707 

f f 

f f 

f f 

e 

1" 
2" 
3" 
4" 
5" 
6" 
7" 
8" 
9" 
10" 
15" 
20" 
25" 
30" 
35" 

At Loads Between Loads 

Id C, K, cr 

-0.143 -1.411 
+ 0.238 - 1.040 -0.143 -1.410 
+ 0.221 - 1,050 -0.142 - 1.409 
+ 0.206 - 1.066 -0.140 - 1 A08 
+0.194 - 1.079 -0.136 - 1.407 
+0.178 - 1,095 -0.135 - 1.406 
+0.165 -1.108 -0.133 - 1.405 
f0.153 -1.117 -0.130 - 1.404 
+0.141 -1.130 -0.124 - 1.397 
+0.130 - 1.141 -0.119 - 1.393 
+ 0.090 -1.183 - 0.093 - 1.366 
+ 0.069 - 1.204 - 0.056 - 1.329 
+0.069 - 1.204 - 0.008 - 1.282 
+ 0.090 -1.183 + 0.049 - 1.225 
+0.132 - 1.141 +0.115 -1.158 

-1.018 + 0.254 

40" +0.194 - 1.079 +0.190 - 1.083 
+ 0.273 - 1 .ooo + 0.273 - 1 .ooo Figure 3-24. Coefficients for rings. (Signs in the table are for loads as 

shown. Reverse signs for loads are in the opposite direction.) 
45" 

Figure 3-25. Coefficients for rings. (Signs in the table are for loads as 
shown. Reverse signs for loads are in the opposite direction.) 

a Internal moment in rings, MI and M2. 

Upper ring: 

M i  = k,fR1 COS 8 

Lower ring: 
Mz = k,fRzcos 8 

a Required section modulus of upper ring, Z .  

M 
S 

Z = 1  

Note: It is assumed the lower ring is always larger or of 
equal size to the upper ring. 

Note: cos 0 is to be used for nonradial loads. Disregard if 
load f is radial. 
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e Properties of upper ring. 

Yl = 

Figure 3-26. Properties of upper ring. 

e Properties of lower ring. 

Y2 = 

Figure 3-27. Properties of lower ring. 

e Tension/compression loads in rings. Note: In general the 
upper ring is in compression at the application of the loads 
and in tension between the loads. The lower ring is in 
tension at the loads and in compression between the 
loads. Since the governing stress is normally at the loads, 
the governing stresses would be: 

Upper ring: 

T, = c,f cos e 

Lower ring: 

TT = C,f COS e 

where C, is the maximum positive value for TT and the 
maximum negative value for T,. 

e Maximum circumferential stress in shell, ob. 

Compression: in upper ring 

Tension: in lower ring 

e Maximum bending stress in shell. 

Upper ring: 

Lower ring: 

MzC2 
I2 

(rb = ~ 

e Maximum bending stress in ring. 

Upper ring: 

Lower ring: 

e Thickness of lower ring to resist bending. 

Bearing area, Ah: 
Ab = 
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Load area 1-7~3 r Ab 

Load area b 

Figure 3-28. Determining the thickness of the lower ring to resist 
bending. 

Table 3-15 
Maximum Bending Moments in a Bearing Plate With Gussets 

e 
b 
- 

0 
0.333 
0.5 
0.666 
1 .o 
1.5 
2.0 
3.0-00 

0 
0.0078 B, b2 
0.0293 B, b2 
0.0558 B, b2 
0.0972 B, b2 
0.1230 B, b2 
0.1 31 0 B, b2 
0.1330BP b2 

( - )0.500Bp12 

( - )0.319Bp12 
( - )0.227Bp12 
(-)0.119Bp12 
( - )O. 1 24Bp12 
( - )0.125BpE2 
( - )0.125Bp12 

( - )0.428~,e~ 

Reprinted by permission of John Wiley & Sons, Inc. 
From Process Equipment Design, Table 10.3. (See Note 2.) 

Bearing pressure, B,: 

Q 
BP =Ab 
From Table 3-15, select the equation for the maximum 
bending moment in the bearing plate. Use the greater of 
M, or M,. 

c 
b -  
M1, = 

_ -  

Minimum thickness of lower ring, th: 

B 
Area of bearing = 
area of cap plate 
b = 0 = diameter of plate 

Support 

Notes 

1. Rings may induce high localized stresses in shell imme- 
diately adjacent to rings. For an analysis of these 
stresses, see Procedure 4-3. 

2. When l /b  5 1.5, the maximum bending moment 
occurs at the junction of the ring and shell. When 
l / b  >1.5, the maximum bending moment occurs at 
the middle of the free edge. 

3. Since the mean radius of the rings may be unknown at 
the beginning of computations, yet is required for 
determining maximum bending moment, substitute 
R, as a satisfactory approximation at that stage. 

4. The following values may be estimated: 

e Ring thickness: The thickness of each ring is arbitrary 
and can be selected by the designer. A suggested 
value is 

Ring spacing: Ring spacing is arbitrary and can be 
selected by the designer. A suggested minimum 
value is 

h = B - D  

Ring depth: The depth of ring cannot be computed 
directly, but must be computed by successive 
approximations. As a first trial, 
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PROCEDURE 3-7 

SEISMIC DESIGN-VESSEL ON LUGS #1 15, 8-10] 

Notation 

Cl, =horizontal seismic factor c -  Jv -vertical seismic factor 
Fl, =horizontal seismic force, lb 
F,. =vertical seismic force, 11) 
VI, = horizontal shear per lug, lb 
V,. =vertical shear per lug, lb 
P = internal pressure, psi 

R,,, = mean radius of shell, in. 
W =weight of vessel and contents, Ib 

t = shell thickness, in. 
N = number of lugs 
n = number of gussets per lug 
K = moment coefficient 
F = radial load, lb 
f = localized uniform load, lb/in. 

Q =vertical load on lug, lb 
S = code allowable stress, psi 
o4 = circumferential stress, psi 

MI, =longitudinal moment, in.-lb 
M =internal bending moment, in.-lb 
E =joint efficiency 
6 = one-half angle between gussets or top plate, radians 

e = 0.78JK,t but < 12t 

Forces and Moments 

Fl, VI, = 

0 Vertical fiwce. 

F,. = (1 + C,)W 

0 Verticul yhenr per lug. 

Outer 

C 

Figure 3-29. Case 1 : Lugs below the center of gravity. 

Figure 3-30. Case 2: Lugs above the center of gravity. 

- M, = Q,a + V,b 

#3 Neutral 

a 

M, = 
Inner Outer VI ' 

Figure 3-31. Dimensions and forces for support lug. 

Q,a - Vh 
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CASE A 

FORCES AND MOMENTS 

CASE B CASE C 

Outer 

Inner 

7 Outer 

Inner 

I Loads at Lugs, Q 

0 Basic equation for vertical load Q on 1t~g.s. 

w Mo Q = N h z  
Substituting F, for W: 

Q=-&-  F v  M, 
N OB 

Since M, = FhL, v, = F,/N, and v h  = Fh/N, the basic 
equation becomes: 

Stresses 

1. Find the maximum load bending moment, M, due to 
radial loads on ring from appropriate case of Table 3- 
18. 

2. Add localized stress due to bending to general mem- 
brane stress due to pressure: 

PR, 6M 
O@ = ~ +- 

t t2 

Note: P is (+) for internal pressure and (-) for external 
pressure. M is (+) or (-) depending on the direction of 
load F or the location of the moment in the ring. 
Allowable tensile stress = 1.5SE. Allowable compressive 
stress = 1.25s. 

Notes 

1. Stresses due to radial loads are determined for a second 
of shell, 1 in. in length (thus the “ring” analogy). The 
bending stresses are a result of this “ring” absorbing 
the radial loads. 

2. Assume effects of radial loads as additive to those due 
to internal pressure, even though the loadings may be 
in the opposite directions. Although conservative, they 
will account for the high discontinuity stresses imme- 
diately adjacent to the lugs. 

3. In general, the smaller the diameter of the vessel, the 
further the distribution of stresses in the circumferen- 
tial direction. In small diameter vessels, the longitudi- 
nal stresses are confined to a narrow band 
(approximately 2 in. for a 24-in.-diameter vessel). The 
opposite becomes true for larger-diameter vessels or 
larger R,/t ratios. 
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axis 

e = . 7 8 a  but < 12t 

~ M L  COS0 

(h + e)(h + 2e) [T] F =  

b 

F At bottom f = -2 
0 

Type 2 
Figure 3-32. Radial loads F and f. 

4. This procedure utilizes strain-energy concepts and 
assumes all loads are in the plane of the ring and that 
the ring is of uniform cross section. 

5. This procedure ignores effects of sliding friction 
between lugs and supporting structure during heat-up 
and cool-down cycles. Effects will be negligible for 
small-diameter vessels or low temperatures or where 
slide plates are used to reduce frictional forces. 

6. No credit has been taken for stiffness due to proximity 
of lugs to heads or stiffening rings; however, such loca- 
tion may be advantageous. 

7. There is no difference between Cases 1 and 2, except 
that lugs designated as “inner” and “outer” would tech- 
nically be reversed. 

8. Effects of operating contents of vessel may be signifi- 
cant for locating lugs. The location of the c.g. for 

I- axis 

L Assume as 0.8P 
for single gusset 

M F = - L  
h 

F f = -  
0 

Type 3 

empty, half-full, and f ~ d l  may vary considerably, thus 
affecting the lever arm of the applied forces. 

9. If shell stresses are excessive, the following methods 
may be utilized to reduce the stresses: 

0 Add more lugs. 
0 Add more gussets. 
0 Increase angle e between gussets. 
0 Increase height of lugs, 11. 

Add reinforcing pads under lugs. (See Procedure 

0 Increase thickness of she11 course to which lugs are 

0 Add top and bottom plates to lugs or increase width 

0 Add circumferential ring stiffeners at top and bottom 

3-8.) 

attached . 

of plates. 

of lugs. (See Procedure 3-6.) 
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Table 3-16 
Equation for Bending Moment, M 

~490 = -0.1817FRm = 

Source: [8] 

3 sin Bcos e + 20 sin2 8 + 0 
- sin2 e = 

a 1 w, =- 2 

3 sin e COSO + 2e sin2 e + - sin e + sin2 el = 
x 

Source: [9] 

M, = FR, 

-sin@+sine = 1 @sin@+cos@- 8sin8 - cos6 
i7 

MF = FR, 

+1 -sin@ = 1 @sin @ + cos@ - 0sin 8 - cos 8 
71 

Mgo = FR, 

Mc.MF,MgO = FR,K (see Figure 3-33) = 

Source: [8] 

MF = 0.1 366FRm = 

M45 = 0 - .0705FR, = 

Source: [15] 

- sin2 -2 sin e = 1 6 sin 8 cos 8 + 48sin20 + 28 
Mc =- 

i7 

+sin e(i -&) - & = 1 sin 8 cos 8 + 48sin28 + 28 
71 

Source: [9] 

MF = M, + FRm(l - COSO) = EQ10.80 

M45 = M, + FR,(l - cos 45") - FR,(sin 45" -sine) = EQ10.82 

M,,MF,M4 = FRmK (see Figure 3-34) = 

Source: [5] 
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-0.7 I 1 1 1 1 1 1 1 1 

0 2 4 6 a 10 12 14 16 18 20 
180 e 0- n 

Degrees 

Figure 3-33. Two-lug system. 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

0 

-0.05 

-0.1 

-0.15 

-".L 

0 2 4 6 8 10 12 14 
180 0 9- 

Degrees 
IC 

16 18 20 

Figure 3-34. Four-lug system. 



150 Pressure Vessel Design Manual 

F 

Two lugs-single gusset 

1.F 

I F Four lugs-single gusset 

f - Iblin. 

Two lugs with 
compression plates 

F 

F 

Two lugs-double gussets 

I Four lugs-double gussets FI  

Figure 3-35. Stress diagrams. 
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P =internal pressure, psi 
CI, =horizontal seismic factor 
C, =vertical seismic factor 

C,CI, = inultiplication fac*ors for N, and N, for rectan- 
gular attachments 

K,,KI, = coefficients for determining for moment loads 
on rectangular areas 

KI,KP =coefficients for determining /3 for radial loads on 
rectangular areas 

K,,Kl, =stress concentration factors (see Note 5) 
0, =circumferential stress, psi 
ox = longitudinal stress, psi 
t, =thickness of shell, in. 
t, =thickness of reinforcing pad, in. 

PROCEDURE 3-8 

SEISMIC DESIGN-VESSEL ON LUGS #2 r11-131 

R,,, =center line radius of shell, in. 
K = niiinber of equally spaced lugs 
IT = weight of vessel + contents, It) 

F1, = horizontal seismic force, lb 
F, =vertical seismic force, lb 
VI, =horizontal shear per lug, lb 
V, =vertical shear per lug 113 
Q =vertical load on lugs, Ib 

f = radial load, Ib 

y, B = coefficients 
M, = external circumferential moment, in. -1b 
bf = external longtudinal moment in. -1b 
M, = internal bending moment, circumferential, in.-lb/ 

M, = internal bending moment, lorigitudinal, in.-lb/in. 
in. 

ARI d Mnp 
NQa 6)  

Figure 3-36. Typical dimensional data, forces, and load areas for a vertical vessel supported on lugs. 
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Step 1 : Compute forces and moments. 

Horizontal shear per lug 

Vertical force 

FORCES 

Vh = FhlN 

Fv = (1 + Cv)W 

Lateral force I Fh=chw I 

Vertical shear per lug V, = FJN 

Case 1: Two Lugs Case 2: Two Lugs 

Inner 

VERTICAL LOADS AT LUGS, Q 

Case 3: Four Lugs 

LONGITUDINAL MOMENT, ML 

CIRCUMFERENTIAL MOMENT, M, 

Step 2: Compute geometric parameters. 

y=RJt  I 81 = CImn I 8 2  = C2Rn I81/82 

Step 3: Compute equivalent /3 values (values of CL, Cc, KL, and & from Tables 3-17 and 3-18). 

j3 Values for Longitudinal Moment j3 Values for Circumferential Moment 

I I I 
I 
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Forces Figure 8 

Membrane 

Bending 

Values from Figure Forces and Moments stress 

5-26A 

5-268 

5-27A 

5-278 

0.75 
0.77 
0.80 
0.85 
0.90 

0.43 
0.33 
0.24 
0.10 
0.07 

0.90 
0.93 
0.97 
0.99 
1.10 

0.76 
0.73 
0.68 
0.64 
0.60 

0.89 
0.89 
0.89 
0.89 
0.95 

1 .oo 
0.96 
0.92 
0.99 
1.05 

Membrane 

Bending 

5-24A 

5-248 

5-25A 

5-258 

Be = 

Pf = 

P g  = 

Ph = 

Table 3-17 
Coefficients for Circumferential Moment, M, 

Table 3-1 8 
Coefficients for Longitudinal Moment, ML 

CC 
for N+ 

CC 
for N. 

Kc 
for M, 

KC 
for M, 

KL 
for M, 

KL 
for M, 81 / B 2  

0.25 

0.5 

81 / B *  

0.25 

0.5 

for N, for N, Y Y 

15 
50 

100 
200 
300 

0.49 
0.46 
0.44 
0.45 
0.46 

1.31 
1.24 
1.16 
1.09 
1.02 

1.84 
1.62 
1.45 
1.31 
1.17 

15 
50 

100 
200 
300 

1.80 
1.65 
1.59 
1.58 
1.56 

1.24 
1.16 
1.11 
1.11 
1.11 

0.31 
0.21 
0.15 
0.12 
0.09 

0.64 
0.57 
0.51 
0.45 
0.39 

1.09 
1.08 
1.04 
1.02 
0.99 

1.36 
1.31 
1.16 
1.20 
1.13 

15 
50 

100 
200 
300 

1.08 
1.07 
1.06 
1.05 
1.05 

1.04 
1.03 
1.02 
1.02 
1.02 

15 
50 

100 
200 
300 

0.75 
0.75 
0.76 
0.76 
0.77 

15 
50 

100 
200 
300 

1.17 
1.09 
0.97 
0.91 
0.85 

1.15 
1.12 
1.07 
1.04 
0.99 

1.17 
1.14 
1.10 
1.06 
1.02 

15 
50 

100 
200 
300 

1.01 
1 .oo 
0.98 
0.95 
0.92 

1.08 
1.07 
1.05 
1.01 
0.96 

1.08 
1.03 
0.94 
0.91 
0.89 

1.30 
1.23 
1.12 
1.06 
1 .oo 

1 

0.97 
0.96 
0.95 
0.93 
0.90 

15 
50 

100 
200 
300 

0.94 
0.92 
0.89 
0.84 
0.79 

1.12 
1.10 
1.07 
0.99 
0.91 

15 
50 

100 
200 
300 

1.70 
1.59 
1.43 
1.37 
1.30 

1.20 
1.16 
1.10 
1.05 
1 .oo 

2 
0.80 
0.80 

0.68 
1.13 
1.03 

0.50 1.18 
0.50 1.33 

15 
50 

100 
200 
300 

1.75 
1.64 
I .49 
1.42 
1.36 

1.31 
1.11 
0.81 
0.78 
0.74 

1.47 
1.43 
1.38 
1.33 
1.27 

1.08 
1.07 
1.06 
1.02 
0.98 

15 
50 

100 
200 
300 

1.24 
1.19 
1.12 
0.98 
0.83 

0.90 
0.86 
0.81 
0.73 
0.64 

4 A 

Reprinted by permission of the Welding Research Council Reprinted by permission of the Welding Research Council. 
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Case 1 

Analysis When Reinforcing Pads Are Used 

Case 2 Case 3 

BI 

I.D. + t, + t, 
2 R, = 

t=m 

Assumed 

/ load area 

I.D. + ts 
R, =- 

2 

t=t, 

0" 
P 

Figure 3-37. Dimensions of load areas for radial loads. 

Step 1: Compute radial loads f. 

Edge of 
reinforcing 

Pad 

' 1800 

Area of loading for 
radial load, f 

Step 2: Compute geometric parameters. 

I At Edge of Attachment I At Edge of Pad I 

I 81/82 I I 81/82 I I 
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of /3 are computed for use in determining 
N,, Nx, M,, and Mx as follows. 
The values of K1 and K2 are taken from Table 3-21. 

Table 3-1 9 
V'ahies of Coefficient K I aiid K1 

B 
,!la for N,= 
fib for N,= 

Radial Load 

K1 K2 
N, 0.91 1.48 
Nx 1.68 1.2 
M, 1.76 0.88 
Mx 1.2 1.25 

Figure 

Bc for M,= 
Bd for M,= 

I Reprinted by permission of the Welding Research Council. 

Step 4: Compute stresses for a radial load. 

Membrane 5-22A 

5-228 

Bending 5-23A 

5-238 

~ 

P 
Pa = 

Pb = 

Bc = 

bd = 

~ ~ ~ ~ ~ 

Values from Figure Forces and Moments stress 
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COMBINING STRESSES 

WITHOUT REINFORCING PAD 

Stress Due To 

Longitudinal moment, ML 

Circumferential moment, M, 

Internal pressure, P 

Total 

Membrane 

Bending 

Membrane 

Bending 

I I I 

c 
WITH REINFORCING PAD 

Stress Due To I I 

I I Nx I + I + I + I + I 
I Bending I M, 1 

Total 

NOTES 

1 .  Make sure to remain consistent by lug, that is, that all loadings are from the same lug. This may require several trials to determine the worst case. 
2. The calculations for combining stresses with a reinforcing pad should be completed for stresses at the edge of attachment as well as at the edge of the pad. For 

thinner shells the stress at the edge of the pad will usually govern. 
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Notes 

1. A change in location of the c.g. for various operating 
levels can greatly affect the moment at lugs by increas- 
ing or decreasing the “ L ”  dimension. Different levels 
and weights should be investigated for determining 
worst case (i.e., full, half-full, empty, etc.) 

2. This procedure ignores effects of sliding friction 
between lugs and beams during heatinghooling 
cycles. These effects will be negligible for small- 
diameter vessels, relatively low operating temperatures, 
or where slide plates are used to reduce friction forces. 
Other cases should be investigated. 

3. Since vessels supported on lugs are commonly located 
in structures, it is assumed that earthquake effects will 
be dependent on the structure and not on the vessel. 
Thus equivalent horizontal and vertical loads must be 
provided rather than applying UBC seismic factors. See 
Procedure 3-3. 

4. If reinforcing pads are used to reduce stresses in the 
shell or a design that uses them is being checked, then 
Bijlaard recommends an analysis that converts moment 
loadings into equivalent radial loads. The attachment 
area is reduced about two-thirds. Stresses at the edge 
of load area and stresses at the edge of the pad must be 
checked. See “Analysis When Reinforcing Pads are 
Used.” 

5.  Stress concentration factors are found in Procedure 5-5. 
6. To determine the area of attachment, see “Attachment 

Parameters.” Please note that if a top (compression) 
plate is not used, then an equivalent rectangle that is 
equal to the moment of inertia of the attachment and 
whose width-to-height ratio is the same must be deter- 
mined. The neural axis is the rotating axis of the lug 
passing through the centroid. 

7. Stiffening effects due to proximity to major stiffening 
elements, though desirable, have been neglected in this 
procedure. 

PROCEDURE 3-9 

SEISMIC DESIGN-VESSEL ON SKIRT [ 1, 2, 41 

Notation 

T =period of vibration, sec 
SI = code allowable stress, tension, psi 
H =overall height of vessel from bottom of base 

h, =height from base to center of section or c.g. of 

h, =height from base to plane under considera- 

a, 6, y=coeffcients from Table 3-20 for given plane 

plate, ft 

a concentrated load, ft 

tion, ft 

based on h,/H 
W, =total weight of section, kips 
W =weight of concentrated load or mass, kips 

W,, =total weight of vessel, operating, kips 
Wh =total weight of vessel above the plane under 

w, = uniformly distributed load for each section, 

F, =portion of seismic force applied at the top of 

F, =lateral force applied at each section, kips 

consideration, kips 

kips/ft 

the vessel, kips 

V = base shear, kips 
V, = shear at plane x, kips 

M, = moment at plane x, ft-kips 
Mb = overturning moment at base, ft-kips 
D = mean shell diameter of each section, ft or in. 
E = modulus of elasticity at design temperature, 

lo6 psi 
El  =joint efficiency 

Pi =internal design pressure, psi 
P, =external design pressure, psi 

bottom of any given section 

t =thickness of vessel section, in. 

Aa, A y = difference in values of a and y from top to 

1, =length of section, ft 
aXt = longitudinal stress, tension, psi 
a,, = longitudinal stress, compression, psi 
R ,  =outside radius of vessel at plane under consid- 

A = code factor for determining allowable com- 

B =code allowable compressive stress, psi 
F =lateral seismic force for uniform vessel, kips 

C h  =horizontal seismic factor (see Procedure 3-3) 

eration, in. 

pressive stress, B 
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V 

Figure 3-38. Typical dimensional data, forces, and loadings on a uni- 
form vessel supported on a skirt (8 =deflection). 

Cases 

Case 1: Uniform Vessels 

For vessels of uniform cross section without concentrated 
loads (i.e., reboilers, packing, large liquid sections, etc.) 
weight can be assumed to be uniformly distributed over 
the entire height. 

W, = 
H =  
D =  
t =  

- -  
T = 0.0000265 (E) ‘Pg 

Note: P.O.V. may be determined from chart in Figure 3-9. H 
and D are in feet; t is in inches. 

V = Ct,W, (from Procedure 3-3) 
Ft = 0.07TV or 0.25V 

whichever is less 

Note: If H/D p 3 or T p 0.7 sec, then Ft = 0 

Mi, = FtH + %(FH) 

Moment at any height hi 

Case 2: Nonuniform Vessels 

Procedure €or finding period of vibration, moments, 
and forces at various planes for nonuniform vessels. 
A “nonuniform” vertical vessel is one that vanes in diameter, 
thickness, or weight at different elevations. This procedure 
distributes the seismic forces and thus base shear, along the 
column in proportion to the weights of each section. The 
results are a more accurate and realistic distribution of 
forces and accordingly a more accurate period of vibration. 
The procedure consists of two main steps: 

Step 1: Determination of period of vibration (P.O.V.), T. 
Divide the column into sections of uniform weight and 
diameter not to exceed 20% of the overall height. A uni- 
form weight is calculated for each section. Diameter and 
thicknesses are taken into account through factors a! and y. 
Concentrated loads are handled as separate sections and 
not combined with other sections. Factor B will proportion 
effects of concentrated loads. The calculation form is 
completed for each section from left to right, then totaled 
to the bottom. These totals are used to determine T 
(P.O.V.) and the P.O.V. in turn is used to determine V 
and F,. 

Step 2: Determination of forces, shears, and moments. 
Again, the vessel is divided into major sections as in 
Step 1; however, longer sections should be further sub- 
divided into even increments. For these calculations, sec- 
tions should not exceed 10% of height. Remember, the 
moments and weights at each plane will be used in deter- 
mining what thicknesses are required. It is convenient to 
work in 8 to 10 foot increments to match shell courses. 
Piping, trays, platforms, insulation, fireproofing, and liquid 
weights should be added into the weights of each section 
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where they occur. Overall weights of sections are used in 
drte~miriing forces, not uniform weights. Moments due to 
eccentric loads are added to the overall moment of the 
column. 

Notes €or nonuniform vessels 

1. Combine moments with corresponding weights at each 
section and use allowable stresses to determine 
required shell and skirt thicknesses at the elevation. 

2 .  o A a! and LVP/s/rI arc separate totals and are com- 
bined in computation of P. O.V. 

3. (D/10)"3 is i ised in this expression if kips are used. Use 

4. For vessels having a lower section several times the 
diameter of the upper portion arid where the lower 
portion is sliort compared to the overall height, the 
P. 0.L' .  can more acciirately be determined hy finding 
the P.O.V. ofthe upper section alone (see Figure 3-39). 

5. For \.essels wliere Wt is large in comparison to the 
slipporting skirt, the P. O.V. calculated by this method 
may be overly conservative. More accurate methods 
inay he employed (see Figure 3-40). 

6. Make sure to add moment t h e  to any eccentric loads to 
total moment. 

D)"' if Ih are used. 

Figure 3-39. Nonuniform 
vessel illustrating Note 4. 

Figure 3-40. Nonuniform vessel illus- 
trating Note 5. 

Plane 7 

Plane 6 

Plane 5 

Plane 4 

J 

Plane 3 

Plane 2 

Plane 1 

Figure 3-41. Typical dimensional data, forces, and loadings on a non- 
uniform vessel supported on a skirt. 
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Step 1: PERIOD OF VIBRATION 

I part 

- 
0 
or 
W 

be Notes 2 and 3. 

I = (from Procedure 3-3) 

:, = lesser of .07 lV 
or .25 V 

:t I 0 if T s .7 sec 

h a  
' 1.0 - 

n- - 

Y 
1.0 - 

n -  

c-  

See example of completed form on next page. 
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Step 1: PERIOD OF VIBRATION EXAMPLE 

P 
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Step 2: SHEAR AND MOMENTS 

c -  
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Step 2: SHEAR AND MOMENTS EXAMPLE 

'P 

- 

I 

1 

:+ 
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Longitudinal Stresses 
PeD 48Mx wh 

a,, = compression side = (-) - - - - - 
4t nD2t rcDt 

e Allowable longitudinal stresses. 

tension : SlEl = 

compression: 

A = -  0.125t 
R o  

B=from applicable material chart of ASME Code, 
Section 11, Part D, Subpart 3. 
Note: Joint efficiency for longitudinal seams in compres- 
sion is 1.0. 

~~ ~ ~ ~~ 

In the following equations, D is in inches. The term 
“48Mx” is used for ft-lb or ft-kips. If in.-lb or in.-kips are 
used, then the term “4M: should be substituted where 
‘‘48M,” is used. The allowable stresses SlEl or B may be 
substituted in the equations for t to determine or veri5 
thickness at any elevation. Compare the stresses or thick- 
nesses required at each elevation against the thickness 
required for circumferential stress due to internal pressure 
to determine which one will govern. If there is no external 
pressure condition, assume the maximum compression will 
occur when the vessel is not pressurized and the term PeDMt 
will drop out. 

PiD 48Mx Wh 
O~ = tension side = - + - - ~ 

4t nD2t rcDt 

Tension Compression 
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Table 3-20 
Coefficients for Determining Period of Vibration of Free-Standing Cylindrical Shells Having Varying Cross Sections and Mass Distribution 

a 

~ 

Y 

1 .oo 
0.99 
0.98 
0.97 
0.96 

0.95 
0.94 
0.93 
0.92 
0.91 

0.90 
0.89 
0.88 
0.87 
0.86 

0.85 
0.84 
0.83 
0.82 
0.81 

0.80 
0.79 
0.78 
0.77 
0.76 

0.75 
0.74 
0.73 
0.72 
0.71 

0.70 
0.69 
0.68 
0.67 
0.66 

2.103 
2.021 
1.941 
1.863 
1.787 

1.714 
1.642 
1.573 
1 SO6 
1.440 

1.377 
1.316 
1.256 
1.199 
1.143 

1.090 
1.038 
0.988 
0.939 
0.892 

0.847 
0.804 
0.762 
0.722 
0.683 

0.646 
0.61 0 
0.576 
0.543 
0.512 

0.481 
0.453 
0.425 
0.399 
0.374 

8.347 
8.121 
7.898 
7.678 
7.461 

7.248 
7.037 
6.830 
6.626 
6.425 

6.227 
6.032 
5.840 
5.652 
5.467 

5.285 
5.106 
4.930 
4.758 
4.589 

4.424 
4.261 
4.102 
3.946 
3.794 

3.645 
3.499 
3.356 
3.217 
3.081 

2.949 
2.820 
2.694 
2.571 
2.452 

1 .o0oooo 
1 .o0oooo 
1 .o00000 
1 .oooooo 
1 .oooooo 

0.999999 
0.999998 
0.999997 
0.999994 
0.999989 

0.999982 
0.999971 
0.999956 
0.999934 
0.999905 

0.999867 
0.99981 7 
0.999754 
0.999674 
0.999576 

0.999455 
0.999309 
0,999133 
0.998923 
0.998676 

0.998385 
0.998047 
0.997656 
0.997205 
0.996689 

0.9961 01 
0.995434 
0.994681 
0.993834 
0.992885 

a B Y 

0.65 
0.64 
0.63 
0.62 
0.61 

0.60 
0.59 
0.58 
0.57 
0.56 

0.55 
0.54 
0.53 
0.52 
0.51 

0.50 
0.49 
0.48 
0.47 
0.46 

0.45 
0.44 
0.43 
0.42 
0.41 

0.40 
0.39 
0.38 
0.37 
0.36 

0.35 
0.34 
0.33 
0.32 
0.31 

0.3497 
0.3269 
0.3052 
0.2846 
0.2650 

0.2464 
0.2288 
0.2122 
0.1965 
0.1816 

0.1676 
0.1545 
0.1421 
0.1305 
0.1196 

0.1094 
0.0998 
0.0909 
0.0826 
0.0749 

0.0678 
0.0612 
0.0551 
0.0494 
0.0442 

0.0395 
0.0351 
0.031 1 
0.0275 
0.0242 

0.0212 
0.0185 
0.0161 
0.0140 
0.0120 

2.3365 
2.2240 
2.1148 
2.0089 
1.9062 

1 BO68 
1.7107 
1.6177 
1.5279 
1.4413 

1.3579 
1.2775 
1 .zoo2 
1.1259 
1.0547 

0.9863 
0.9210 
0.8584 
0.7987 
0.7418 

0.6876 
0.6361 
0.5872 
0.5409 
0.4971 

0.4557 
0.4167 
0.3801 
0.3456 
0.3134 

0.2833 
0.2552 
0.2291 
0.2050 
0.1826 

0.99183 
0.99065 
0.98934 
0.98789 
0.98630 

0.98455 
0.98262 
0.98052 
0.97823 
0.97573 

0.97301 
0.97007 
0.96688 
0.96344 
0.95973 

0.95573 
0.95143 
0.94683 
0.94189 
0.93661 

0.93097 
0.92495 
0.91854 
0.91 173 
0.90448 

0.89679 
0.88864 
0.88001 
0.87088 
0.86123 

0.85105 
0.84032 
0.82901 
0.81710 
0.80459 

Reprinted by permission of the Chevron Corp., San Francisco. 

Notes 

1. This procedure is for use in determining forces and 
moments at various planes of uniform and nonuniform 
vertical pressure vessels. 

a B Y 

0.30 
0.29 
0.28 
0.27 
0.26 

0.25 
0.24 
0.23 
0.22 
0.21 

0.20 
0.19 
0.18 
0.17 
0.16 

0.15 
0.14 
0.13 
0.12 
0.1 1 

0.10 
0.09 
0.08 
0.07 
0.06 

0.05 
0.04 
0.03 
0.02 
0.01 

0. 

0.010293 
0.008769 
0.007426 
0.006249 
0.005222 

0.004332 
0.003564 
0.002907 
0.002349 
0,001878 

0,001485 
0.001 159 
0.000893 
0.000677 
0.000504 

0.000368 
0.000263 
0.000183 
0.000124 
0.000081 

0.000051 
0.000030 
0.000017 
0.000009 
0.000004 

0.000002 
0.000001 
0.000000 
0.000000 
0.000000 

0. 

0.16200 
0.14308 
0.12576 
0.10997 
0.09564 

0.08267 
0.07101 
0.06056 
0.05126 
0.04303 

0.03579 
0.02948 
0.02400 
0.01931 
0.01531 

0.01 196 
0.0091 7 
0.00689 
0.00506 
0.00361 

0.00249 
0.00165 
0.00104 
0.00062 
0.00034 

0.00016 
0.00007 
0.00002 
0.00000 
0.00000 

0. 

0.7914 
0.7776 
0.7632 
0.7480 
0.7321 

0.71 55 
0.6981 
0.6800 
0.661 0 
0.6413 

0.6207 
0.5992 
0.5769 
0.5536 
0.5295 

0.5044 
0.4783 
0.4512 
0.4231 
0.3940 

0.3639 
0.3327 
0.3003 
0.2669 
0.2323 

0.1 966 
0.1597 
0.1216 
0.0823 
0.0418 

0. 

2. To determine the plate thickness required at any given 
elevation compare the moments from both wind and 
seismic at that elevation. The larger of the two should 
be used. Wind-induced moments may govern the lon- 
gitudinal loading at one elevation, and seismic-induced 
moments may govern another. 
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PROCEDURE 3-10 

DESIGN OF HORIZONTALVESSEL ON SADDLES [I, 3, 5, 14, 151 
~ 

Notation 

A, = cross-sectional area of composite ring stiffen- 

Af = projected area of vessel, ft2 
E =joint efficiency 

El = modulus of elasticity, psi 
C h  = seismic factor (see Procedure 3-3) 
Cf = shapefactor = 0.8 
q, =wind pressure, psf 

De = effective vessel diameter, ft 
I~ = moment of inertia of ring stiffener, in.4 
t, = thickness of wear plate, in. 
t, =thickness of shell, in. 
t h  =thickness of head, in. 
Q =total load per saddle (including piping loads, 

wind or seismic reactions, platforms, operating 
liquid, etc.) lb 

2 er, in. 

W, = operating weight of vessel, lb 
M I  = longitudinal bending moment at saddles, in.-lb 
M2 = longitudinal bending moment at midspan, 

in. -1b 

S = allowable stress, tension, psi 
S, =allowable stress, compression, psi 

S1-14 = shell, head, and ring stresses, psi 
K1-9 = coefficients 

FL = longitudinal force due to wind, seismic, expan- 

FT =transverse force, wind or seismic, lb 
ax = longitudinal stress, internal pressure, psi 
c+ = circumferential stress, internal pressure, psi 
a,, = longitudinal stress, external pressure, psi 
as = circumferential stress in stiffening ring, psi 
a h  = latitudinal stress in head due to internal pres- 

F, = minimum yield stress, shell, psi 
P = internal pressure, psi 

P,, = external pressure, psi 
G = gust factor, wind 

K, =velocity pressure coefficient 

sion, contraction, etc., lb 

sure, psi 

I =importance factor, 1 .e l . 25  for vessels 
V =basic wind speed, mph 

K, = pier spring rate, 46 k. 
~. l .  = friction coefficient 
y =pier deflection, in. 

R, E mean radius, in. ,- R = radius, ft  

l' = 1.56 fi 

Stiffening 
ring 

Figure 3-42. Typical dimensions for a horizontal vessel supported on two saddles. 
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Ir 
1 L12 L12 c 

S,-3 = longitudinal bending at saddles (tension at top, compression at bottom) r 

Id 

' \  

S,, = longitudinal bending at 
midspan 

I '  I 

SS-, = tangential shear-results 
in diagonal lines in shell 

Sa = tangential shear in head (A 5 RE) 

Slr = additional tension in head (A I R12) 

I I '  

S14 = circumferential stress 
in stiffener 

at bottom of shell 
S,* = circumferential compression 

at bottom of shell 

= circumferential compression 
in plane of saddle 

S9-ro = circumferential bending at 
horn of saddle 

Figure 3-43. Stress diagram. 

is negative for M2 is positive for 

Hemi-heads. 
0 If any of the below conditions are exceeded. 

0 Flat heads where A/R < 0.707. 
100%-6% F&D heads where A/R < 0.44. 

0 2:l S.E. heads where N R  < 0.363. 

Figure 3-44. Moment diagram. 
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Longitudinal Forces, FL 

Case 1: Pier Deflection 

s,=s 

Case 2: ExpansionlContraction 

FLZ = WQO 

s,=s 

Case 3: Wind 

F L ~  = F ~ L  = AtCtGqz 

sa = 1.33s 

I Case 4: Seismic 

F L ~  = F, = ChWo 

sa = 1.33s 

Case 5: Shippinflransportation 

FE (See Chapter 7.) 

Sa = 0.9Fy 1 Case 6: Bundle Pulling 

I FL6= Fp 

-L J- 

I I 

1. 1 

I I 

1. 1 

X = Fixed Saddle 
- 

X 

Full load applies to fixed saddle only! 

Note: For Cases 5 and 6, assume the vessel is cold and not pressurized. 

X = Fixed Saddle 
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Transverse Load: Basis for Equations 

Method 1 

6FB w2= - 
E* 

WU 

e Unit load at edge of base plate, t q d .  

w,, = w1 +we 

e Derivation of equation for w2. 

Therefore 

M 6FB 
Z E2 
- 

e Equivalent total load Qz. 

This assumes that the maximum load at the edge of the 
baseplate is uniform across the entire baseplate. This is 
very conservative, so the equation is modified as follows: 

e Using a triangular loading and 2/3 rule to develop a 
more- realistic “unijom loud” 

F B  3FB 
(2/3)E - 2E 

FI=--- 

Therefore the total load, QF, due to force F is 

3FB 3FB 
QF = w ~ E  = E2 E = - E 

Method 2 

Q 

1 E 1 
1 

This method is based on the rationale that the load i 
no longer spread over the entire saddle but is shifted to on 
side. 

Combined force, Q2. 

Q2 = JFT@ 
e Angle, &. 

F 
f!?H = (arctan)- 

Q 
e Modijled saddle angle, 8,. 



170 Pressure Vessel Design Manual 

Types of Stresses and Allowables 
~ 

e S I  to S4: longitidinal bending. 

Tension: SI, Ss, or 54 + (T, c SE 

Compression: S2, S?, or S4 - ne < S, 

where S,=factor "B" or S or t,E1/16r 

whichever is less. 

1. Compressive stress is not significant where RJt < 200 
and the vessel is designed for internal pressure only. 

2. When longitudinal bending at midspan is excessive, 
move saddles away from heads; however, do not 
exceed A > 0.2 L. 

3. When longitudinal bending at saddles is excessive, 
move saddles toward heads. 

4. If longitudinal bending is excessive at both saddles and 
midspan, add stiffening rings. If stresses are still exces- 
sive, increase shell thickness. 

e S5 to Sg < 0.8s: tangential shear. 

1. Tangential shear is not combined with other stresses. 
2. If a wear plate is used, t, may be taken as t, + t%", pro- 

viding the wear plate extends lU10 above the horn of 
the saddle. 

3.  If the shell is unstiffened, the maximum tangential 
shear stress occurs at the horn of the saddle. 

4. If the shell is stiffened, the maximum tangential shear 
occurs at the equator. 

5. When tangential shear stress is excessive, move saddles 
toward heads, A 5 0.5 R, add rings, or increase shell 
thickness. 

6. When stiffening rings are used, the shell-to-ring weld 
must be designed to be adequate to resist the tangential 
shear as follows: 

allowable shear 
< 

Q lb 
nr in. circumference in. of weld 

S t = - :  

S l l  + 0 1 ~  < 1.2.5 SE: additional stress in head. 

1. Sll is a shear stress that is additive to the hoop stress in 
the head and occurs whenever the saddles are 
located close to the heads, A i 0 . 5  R. Due to their 
close proximity the shear of the saddle extends into 
the head. 

2. If stress in the head is excessive, move saddles away 
from heads, increase head thickness, or add stiffening 
rings. 

e Ss and S l o <  1.5s and 0.9Fy: circunzferential bending at 
l zorn  of saddle. 

1. If a wear plate i s  used, t, may be taken as t, + t,v pro- 
viding the wear plate extends W1O above the horn of 
the saddle. Stresses must also be checked at the top of 
the wear plate. 

a. Add a wear plate. 
b. Increase contact angle 8. 
c. Move saddles toward heads, A < R. 
d. Add stiffening rings. 

2. If stresses at the horn of the saddle are excessive: 

e S12 < 0.5F, or 1.5 S:  circumferential compressitie stress. 

1. If a wear plate is used, t, may be taken as t, + t,v, pro- 
viding the width of the wear plate is at least 

b + 1.56fi. 

2. If the shell is unstiffened the maxinlum stress occurs at 

3. If the shell is stiffened the maximum hoop compression 

4. If stresses are excessive add stiffening rings. 

the horn of the saddle. 

occurs at the bottom of the shell. 

e ( + ) S I B  + g4 < 1.5 S: circumferential tension stress-shell 

e ( - )S13 - us < 0 . 5 F ~  circumferential compression stress- 

0 ( - )SI1 - ( T ~  < 0.9F,: circumferential compression stress in 

st i f  ened. 

shell s t i f l e d .  

stifening ring. 

Procedure for Locating Saddles 

Trial 1: Set A = 0.2 L and 8 = 120" and check stress at the 
horn of the saddle, Sg or SIo. This stress will govern for 
most vessels except for those with large WR ratios. 

Trial 2: Increase saddle angle 6 to 150" and recheck stresses 
at horn or saddle, Sg or Slo. 

Trial 3: Move saddles near heads (A = W2) and return 8 to 
120". This will take advantage of stiffness provided by the 
heads and will also induce additional stresses in the heads. 
Compute stresses S4, Sa, and Sg or S ~ O .  A wear plate may 
be used to reduce the stresses at the horn or saddle when 
the saddles are near the heads (A < W2) and the wear 
plate extends W1O above the horn of the saddle. 

Trial 4: Increase the saddle angle to 150" and recheck 
stresses S4, Sg, and Sg or SI(). Increase the saddle angle 
progressively to a maximum of 168" to reduce stresses. 

Trial 5: Move saddles to A=0.2L and 8=120" and design 
ring stiffeners in the plane of the saddles using the equa- 
tions for SI,? and s 1 4  (see Note 7). 
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Figure 3-45. Chart for selection of saddles for horizontal vessels. Reprinted by permission of the American Welding Society. 

Wind and Seismic Forces 

e Longitudinnl J;)rcPE, F,,. 

Seismic: UBC (see Procedure 3-3) 

FL, = C;l,\f’,, 

M’ind: ASCE 7-9.5 (Exposure C, Type 111) 

Fl, = A1 GJ~, 

Cf = 0.8 
G = 0.85 

q, = 0.00256KzV21 
K, = from Table 3-23 

I = 1.15 
V = basic: wind speed, YO- 100 rnph 

(see Procedure 3-2) 

Table 3-21 
Seismic Factors, C, (For I = 1 .O) 

Zone c s  

0 0 
1 0.069 
2A 0.138 
28 0.184 
3 0.275 
4 0.367 

Table 3-22 
Effective Diameter, De 

Diameter (in.) D, 

e 36 
36-54 
54-78 
78-1 02 
> 102 

1.5D 
1.370 
1.28D 
1.2D 
1.18D 
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Table 3-23 
Coefficient, K, 

Height (ft) KZ 

0-1 5 
20 
25 
30 
40 
50 
60 

0.85 
0.9 
0.94 
0.98 
1.04 
1.09 
1.13 

0 Transverse forces, Ft, per saddle. 

Seismic: 

Ft = ( ChW0)0.5 

Wind: 

Ft = (Af cf Gdq8.5  

Af= D,(L + 2H) 

0 Total saddle reaction forces, Q. 

Q =greater of Q1 or Q2 

Longitudinal, Ql 

Transverse, Qz 

Shell Stresses 

There are 14 main stresses to be considered in the design 

S I =  longitudinal bending at saddles without stif- 

S2 = longitudinal bending at saddles without stif- 

S3 = longitudinal bending at saddles with stiffeners 

of a horizontal vessel on saddle supports: 

feners, tension 

feners, compression 

Figure 3-46. Saddle reaction forces. 

S4 = longitudinal bending at midspan, tension at 

S5 =tangential shear-shell stiffened in plane of 

S6 =tangential shear-shell not stiffened, A P W2 
S7 = tangential shear-shell not stiffened except by 

Ss = tangential shear in head-shell not stiffened, 

Sg = circumferential bending at horn of saddle- 
shell not stiffened, L 2 8 R  

S 10 = circumferential bending at horn of saddle- 
shell not stiffened, L < 8R 

SI1 =additional tension stress in head, shell not stif- 
fened, A 5 W2 

SI2 = circumferential compressive stress-stiffened 
or not stiffened, saddles attached or not 

SI3 = circumferential stress in shell with stiffener in 
plane of saddle 

SI4 = circumferential stress in ring stiffener 

bottom, compression at top 

saddle 

heads, A 5 W2 

A 5 W 2  

Longitudinal Bending 

0 S I ,  longitudinal bending at saddles-without stiffeners, 
tension. 

1 8AH + 6A2 - 3R2 + 3H2 
3L+4H 

M1 
Klrzts 

SI = (+>- 

0 Sg, longitudinal bending at saddles-without stiffeners, 
compression. 

MI 
K7r2t, 

s2 = (-)- 

0 S3, longitudinal bending at saddles-with stiffeners. 

e Sq, longitudinal bending at midspan. 

1 3L2 + 6R2 - 6H2 - 12AL - 16AH 
3L + 4H Mz = 3Q[ 

M2 
s4 = (&)- 

m2ts 

Tangential Shear 

0 S5, tangential shear-shell stiflened in the plane of the 
saddle. 
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e S6, tangential shear-s ?11 not stiffened, A > 0.5R. 

e Si, tangential shear-shell not stiffened, A 5 0.5R. 

e Sri, tangential shear in heact-shell not stiffened, A p 0.5R. 

K3Q s(q = - 

Note: If shell is stiffened or A > OSR, S8 = 0. 
rth 

Circumferential Bending 

e S9, circumferential bending at horn of saddle-.yhell not 
stigened ( L  2 8R). 

3KsQ -- Q 
4t,(b + 1 . 5 6 a  2t: s9 = (-> 

Note: t, = t, + t, and tf = t: + 
wear plate extends W10 above horn of saddle. 

only if A p 0.5R and 

e SIC,, circumferential bending at horn ofsaddle-shell not 
stiffened ( L  < 8R). 

Q 12KsQH 
4t,(b + 1.56&) - 7 SI0 = (-1 

Note: Requirements for t, are same as for Sg. 

Additional Tension Stress in Head 

SI1 ,  additional tension stress in head-shell not stiffened, 
A 5 0.5R. 

JGQ 
SI1 =- 

rth 

Note: I f  shell is stiffened or A > OSR, S1l  = 0. 

Circumferential Tension/Compression 

e S12, circumferential compression 

Note: t, = t, + t, only if wear plate is attached to shell and 
width of wear plate is a minimum of b + 1.566. 

e SI5 circumferential stress in shell with stiffener (see 
Note 8). 

Note: Add second expression if vessel has an internal 
stiffener, subtract if vessel has an external stiffener. 

SI*, circumferential compressive stress in stiffener (see 
Note 8). 

Pressure Stresses 

o h  = a&, maximum circumferential stress in head is equal to 
hoop stress in shell 
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SI +ax 

S3 + ax 

COMBINED STRESSES 

SE = -S,-a, Sc = 

SE = -S3-ue s, = 

I TENSION I COMPRESSION 

I Allowable I Stress 1 Allowable 

I 1.5SE = I -  

Contact Contact 
Angle 0 K1* K2 K3 K4 K5 K7 Ks Kg Angle 0 K1* K2 K3 & K5 K, K8 Kg 

120 0.335 
122 0.345 
124 0.355 
126 0.366 
128 0.376 

132 0.398 
134 0.409 
136 0.420 
138 0.432 
140 0.443 
142 0.455 
144 0.467 
146 0.480 
148 0.492 
150 0.505 

130 0.387 

1.171 0.880 
1.139 0.846 
1.108 0.813 
1.078 0.781 
1.050 0.751 
1.022 0.722 
0.996 0.694 
0.971 0.667 
0.946 0.641 
0.923 0.616 
0.900 0.592 
0.879 0.569 
0.858 0.547 
0.837 0.526 

0.799 0.485 
0.818 0.505 

0.401 0.760 0.603 
0.393 0.753 0.618 
0.385 0.746 0.634 
0.377 0.739 0.651 
0.369 0.732 0.669 
0.362 0.726 0.689 
0.355 0.720 0.705 
0.347 0.714 0.722 
0.340 0.708 0.740 
0.334 0.702 0.759 
0.327 0.697 0.780 
0.320 0.692 0.796 
0.314 0.687 0.813 

0.301 0.678 0.853 
0.295 0.673 0.876 

0.308 0.682 0.831 

0.340 
0.338 
0.336 
0.334 
0.332 
0.330 

0.326 
0.324 
0.322 
0.320 
0.316 
0.312 
0.308 
0.304 
0.300 

0.328 

0.053 
0.051 
0.050 
0.048 
0.047 
0.045 
0.043 
0.042 
0.040 
0.039 
0.037 
0.036 
0.035 
0.034 
0.033 
0.032 

152 
154 
156 
158 
160 
162 
164 
166 
168 
170 
172 
174 
176 
178 
1 ao 

0.518 0.781 0.466 
0.531 0.763 0.448 
0.544 0.746 0.430 
0.557 0.729 0.413 
0.571 0.713 0.396 
0.585 0.698 0.380 
0.599 0.683 0.365 
0.613 0.668 0.350 
0.627 0.654 0.336 
0.642 0.640 0.322 
0.657 0.627 0.309 
0.672 0.614 0.296 
0.0687 0.601 0.283 
0.702 0.589 0.271 
0.718 0.577 0.260 

0.289 

0.278 
0.272 
0.266 
0.261 
0.256 
0.250 
0.245 
0.240 
0.235 
0.230 
0.225 
0.220 
0.216 

0.283 
0.669 0.894 0.298 0.031 
0.665 0.913 0.296 0.030 
0.661 0.933 0.294 0.028 
0.657 0.954 0.292 0.027 
0.654 0.976 0.290 0.026 
0.650 0.994 0.286 0.025 

0.643 1.033 0.278 0.024 
0.640 1.054 0.274 0.023 
0.637 1.079 0.270 0.022 
0.635 1.097 0.266 0.021 
0.632 1.116 0.262 0.020 
0.629 1.137 0.258 0.019 
0.627 1.158 0.254 0.018 
0.624 1.183 0.250 0.017 

0.647 1.013 0.282 0.024 

'K, =3.14 if the shell is stiffened by ring or head (A<W2). 

Figure 3-47. Coefficients 
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84 

85 

86 

87 

0.1845 2.1044 1.8645 0.5947 0.9568 0.0224 0.0897 0.3451 0.3593 0.0897 1 
0 1879 2.0648 1.8233 0.5877 0.9492 0.0221 0.0885 0.3513 0 3593 0.0885 

0.1914 2.0264 1.7831 0.5808 0.9417 0.0218 0.0873 0.3575 0.3592 0.0873 

0.1949 19891 1.7441 0.5741 0.9344 0.0215 0.0861 0.3637 0 3591 0.0861 

I107 I 0.2742 I 14181 I 1.1429 I 0.4597 I 0.8159 I 0.0181 I 0.0846 I 0.5017 I 0.3512 I 0.0646 

108 0.2786 1.3964 1.1199 0.4549 0.81 11 0.0159 0.0836 0.5092 0.3505 0.0636 

109 0.2830 13751 1.0974 0.4500 0.8064 0.0157 0.0627 0.5168 0.3498 0.0627 

110 

1 1 1  

112 

0.2875 1 3544 1.0753 0.4453 0.8018 0.0154 0.0617 0.5245 0.3491 0.0617 

0.2921 1.3341 1.0538 0.4406 0.7973 0.0152 0.0608 0.5322 0.3483 0.0608 

0 2966 1 3143 1.0327 0.4360 0.7928 0.0150 0.0599 0.5400 0.3475 0.0599 

13. Values of K6 for A/R ratios between 0.5 a i d  1 can be interpolated. 

113 

114 

115 

0.3013 1.2949 1.0121 0.4314 0.7885 0.0147 0.0590 0.5478 0.3467 0.0590 

0.3059 1.2760 0.9920 0.4269 0.7842 0.0145 0.0581 0.5557 0.3459 0.0581 

0.3107 1.2575 0.9723 0.4225 0.7800 0.0143 0.0572 0.5636 0.3451 0.0572 

116 

117 

118 

0.3154 1.2394 0.9530 0.4181 0.7759 0.0141 0.0563 0.5717 0.3442 0.0563 

0.3202 1.2218 0.9341 0.4137 0.7719 0.0139 0.0554 0.5797 0.3433 0.0554 

0.3251 1.2043 0.91 57 0.4095 0 7680 0.0136 0.0546 0.5878 0 3424 0.0546 

119 

120 

i )  

SADDLE 
ANGLE 

0.3300 1.1873 0.8976 0.4052 0.7641 0.0134 0.0537 0.5960 0.3414 0.0537 

0 3349 1.1707 0.8799 0.401 1 0.7603 0.0132 0.0529 0.6043 0.3405 0.0529 

K, Kz K3 K4 K5 4 4 K7 Ks Ks 

NR50.5 A I R > l . O  
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9 4 
12 6 
15 
18 
20 
23 
26 

A 

G 

16.5 120" 
18.8 125" 
20.0 123" 
22.3 127" 
22.7 121" 
25.0 124" 
27.2 127" 

B 

H 

D 

Figure 3-48. Saddle dimensions. 

28 0.375 27.6 
0.75 31 29.8 

30.2 1 32.5 
39 34.7 

Table 3-25 
Slot Dimensions 

122" 
124" 
121" 
123" 
125" 

Distance Between Saddles 
Temperature 

"F loft  20 ft 30 ft 40ft 50 ft 

42 10 0.500 37.0 1% 126" 

I 37.3 123" 44 
47 0.625 39.6 125" 
49 40.0 122" 

125" 
124" 

" 66 51.6 126" 

55 
60 

-50 
100 
200 
300 
400 
500 
600 
700 
800 
900 

~ 

0 
0 
0 
0.250 
0.375 
0.375 
0.500 
0.625 
0.750 
0.750 

~~ 

0 
0 
0.250 
0.375 
0.625 
0.750 
1 .oo 
1.125 
1.250 
1.375 

0.25 
0.125 
0.375 
0.625 
0.875 
1.125 
1.375 
1.625 
1.625 
2.000 

0.25 0.375 
0.125 0.250 
0.375 0.500 
0.750 1.00 
1.125 1.375 
1.500 1.625 
1.875 2.250 
2.125 2.625 
2.375 3.000 
2.500 3.375 

L See 4 Bolt diameter 
1 

+ lis in. Table 

Table 3-26 
Typical Saddle Dimensions' 

Maximum 
Vessel Operating 
O.D. Weight A B C 

24 15,400 22 21 N.A. 
30 16,700 27 24 
36 15,700 33 27 
42 15,100 38 30 
48 25,330 44 33 
54 26,730 48 36 
60 38,000 54 39 
66 38,950 60 42 
72 50,700 64 45 10 
78 56,500 70 48 11 
84 57,525 74 51 12 
90 64,200 80 54 13 
96 65,400 86 57 14 
102 94,500 92 60 15 
108 85,000 96 63 16 
114 164,000 102 66 17 
120 150,000 106 69 18 
132 127,500 118 75 20 
144 280,000 128 81 22 
156 266,000 140 87 24 

Approximate 
Weigh- 

80 
100 
170 
200 
230 
270 
31 0 
35D 
420 
71 0 
81 0 
880 
940 

1,350 
1,430 
1,760 
1,800 
2,180 
2,500 
2,730 

Table is in inches and pounds and degrees. 
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Notes 

1. Horizontal vessels act as beams with the following 
exceptions: 
a. Loading conditions vary for full or partially full ves- 

sels. 
b. Stresses vary according to angle 8 and distance “A.” 
c. Load due to weight is combined with other loads. 

2. Large-diameter, thin-walled vessels are best supported 
near the heads, provided the shell can take the load 
between the saddles. The resulting stresses in the 
heads must be checked to ensure the heads are stiff 
enough to transfer the load back to the saddles. 

3. Thick-walled vessels are best supported where the 
longitudinal bending stresses at the saddles are about 
equal to the longitudinal bending at midspan. 
However, “A” should not exceed 0.2 L. 

4. Minimum saddle angle 8= 120”, except for small ves- 
sels. For vessels designed for external pressure only 8 
should always = 120”. The maximum angle is 168” if a 
wear plate is used. 

5. Except for large L/R ratios or A > W2, the governing 
stress is circumferential bending at the horn of the 
saddle. Weld seams should be avoided at the horn of 
the saddle. 

6, A wear plate may be used to reduce stresses at the horn 
of the saddle only if saddles are near heads (A 5 W2), 

and the wear plate extends W10 (5.73 deg.) above the 
horn of the saddle. 

7. If it is determined that stiffening rings will be required 
to reduce shell stresses, move saddles away from the 
heads (preferable to A = 0 . 2  L). This will prevent 
designing a vessel with a flexible center and rigid 
ends. Stiffening ring sizes may be reduced by using a 
saddle angle of 150”. 

8. An internal stiffening ring is the most desirable from a 
strength standpoint because the maximum stress in the 
shell is compressive, which is reduced by internal pres- 
sure, An internal ring may not be practical from a pro- 
cess or corrosion standpoint, however. 

9. Friction factors: 

Surfaces 
Lubricated steel-to-concrete 
Steel-to-steel 
Lubrite-to-steel 
0 Temperature over 500°F 
0 Temperature 500°F or less 
0 Bearing pressure less than SOOpsi 
Teflon-to-Teflon 
0 Bearing 8OOpsi or more 
0 Bearing 3OOpsi or less 

PROCEDURE 3-11 

Friction 
Factor, p 

0.45 
0.4 

0.15 
0.10 
0.15 

0.06 
0.1 

DESIGN OF SADDLE SUPPORTS FOR LARGE VESSELS [4, 15-17, 211 

Notation 

A, = cross-sectional area of saddle, im2 
Ab =area of base plate, 
AI.= projected area for wind, ft2 
AD =pressure area on ribs, in. 
A, = cross-sectional area, rib, in. 
Q = maximum load per saddle, lb 

Qi = Qo + QH, lb 
Q2 = Qo + QL, lb 
Qo = load per saddle, operating, lb 
Q T  = load per saddle, test, lb 
QL =vertical load per saddle due to longitudinal loads, lb 
QR =vertical load per saddle due to transverse loads, lb 
FL. = maximum longitudinal force due to wind, seismic, 

pier deflection, etc. (see procedure 3-10 for 
detailed description) 

2 

2 

F, =allowable axial stress, psi (see App. L) 
N = number of anchor bolts in the fEed saddle 
a, = cross-sectional area of bolts in tension, in. 
Y =effective bearing length, in. 
T =tension load in outer bolt, Ib 

nl = modular ratio, steel to concrete, use 10 
Fb = allowable bending stress, psi 
Fy =yield stress, psi 
f h  = saddle splitting force, lb 
fa = axial stress, psi 
fb =bending stress, psi 
f,, = unit force, lb/in. 

B, =bearing pressure, psi 
M =bending moment, or overturning moment, in.-lb 
I = moment of inertia, in. 

Z = section modulus, in.3 
r =radius of gyration, in. 

2 

4 

K1 = saddle splitting coefficient 
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32 

30 

28 

G 26 ' 24 ii 
$ 22 

9 20 

L- 
a, 

- 
UJ 

18 

16 

0.625 0.75 0.875 1.0 1.125 1.25 1.375 1.5 1.625 1.75 
Web and Rib Thickness, 1, and J, in. 

Figure 3-49. Graph for determining web and rib thicknesses. 

I 

A 
Optional 168O saddle-optimum size for large vessels 

Figure 3-50. Dimensions of horizontal vessels and saddles. 
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n := number of ribs, including outer ribs, in one saddle 
P I equivalent column load, lb 
d = distance from base to centroid of saddle arc, in. 
W,, = operating weight of vessel + contenty, lb 
WT = vessel weight full of water, lb 
mT =tension stress, psi 
w = uniform load, lb 

~~~ ~ 

Forces and Loads 

Vertical Load per Saddle 

Feor Fm E{ - 
B i 

7 L, 

QL 

Longitudinal 

Transverse 

Figure 3-51. Saddte loadings. 

For loads due to the following causes, use the given 
formulas. 

0 Opcmting iveiglif 

Test weight. 

Longitudinal wind or seismic. 

0 Transwrw wind or seisvnic. 

~ F T  B 
QH =A 

Maximum Loads 

Vertical. 

greater of Q1, Q Z ,  or Q T  
Q I  = Qo + Qii 

Q2 = Qo + QL 

0 Longitudinal. 

FI, = greater of F L i  through FT.(, 
(see procedure 3-10 for definitions) 

Saddle Properties 

0 Prelimhay web and rib tlzicknesses, t,, ancl 1. From 
Figure 3-45: 

J = tw 

Number of ribs required, n. 

A 
n = - + 1  

24 

Round up to the nearest even nuinher. 

0 Minimum width of saddle ut top, G7; in 

where FIJ and F1, are in kips and ksi or Ib and psi, and J, 11, 
A are in in. 

0 Minimum wear plute dinrensiom. 

Width: 

€I = GT + 1.56& 

Thickness: 

(H - G T ) ~  
2.43R 

t, = 

Moment of inertia of sculclle, I .  

c AY c1=- C *  
c2 = 11 - c1 
I =  CAY^ +XI<, - C, CAY 

e Cross-sectional urea if sacldle ( e d i t l i n g  shell). 

A, = A -  Ai 
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A 

0 
Q 

Y AY A V  b 

c 
I I 

I 
1 

bh3 
12 

Nors: lo for rectangles I - 

Figure 3-52. Cross-sectional properties of saddles. 

Design of Saddle Parts 

Web 

Web is in tension and bending as a result of saddle split- 
ting forces. The saddle splitting forces, fh, are the sum of all 
the horizontal reactions on the saddle. 

0 Saddle coeflicient. 

1 + cos /3 - 0.5 sin2B 
n - /3+ sin /3 cos /3 

K1 = 

Note: /3 is in radians. See Table 3-18. 

Varying unit radial 
pressure 

Figure 3-53. Saddle splitting forces. 

Note: Circumferential bending at 
horn is neglected for 
this calculation. 

Figure 3-54. Bending in saddle due to splitting forces. 

0 Saddle splitting force. 

fh=Kl (Q Or QT) 

0 Tension stress. 

f h  
CJT = - < 0.6FY 

As 

Note: For tension assume saddle depth "h" as FV3 
maximum. 

0 Bending moment. 

R sin8 
Q 

d=B- -  

Q is in radians. 
M = fhd 

0 Bending stress. 

f b  = - MC1 < 0.66FY 
I 

Table 3-27 
Values of kl 

kl 213 

0.204 
0.214 
0.226 
0.237 
0.248 
0.260 
0.271 
0.278 
0.294 

120" 
126" 
132" 
138" 
144" 
150" 
156" 
162" 
168" 



Design of Vessel Supports 181 

/ 

I fb 1 

, I  :I::# 
h 

.- 

f t  t l t t f t t i 1  

Figure 3-55. Loading diagram of base plate. 

Base plate with center web 

e Area. 
Ab = AF 

e Bearing pressure. 

v 
- AI, 

B -- 

0 Bme plate thickness. 

QF NOW M =- 
8 

A$ Z = -  
6 
M 3QF 

f,, = - = __ 
Z 4Atf 

and 

Therefore 

Assumes uniform load fured in center. 

Base plate analysis for offset web (see Figure 3-56) 

Ozjernll length, C L. 

Web L, = A - 2dl- 2J 
ribs L, = n(G - t,) 

CL=L,.,+L, 

I 4 

c2 1 (1 
1 

1 F 1 
1 

Figure 3-56. Load diagram and dimensions for base plate with an offset 
web. 

e Unit linear load, j i .  

f u  = & lb/linear in. 

e Distances and e,. 

e Loads moment. 

a Bending stress, fb. 

6M 
fh =F 
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~ Nom. Bolt 
Dia., in. 

Cross-sectional Area, ab, 
in.' 

A-307 Ft=20ksi 

A-325 Ft=44ksi 

Anchor Bolts 

% t 2l 1 1% 1% 1% 1 'h 

0.3068 0.441 8 0.6013 0.7854 0.994 1.227 1.485 1.767 

6.1 8.8 12.0 15.7 19.9 24.5 29.7 35.3 

13.5 19.4 26.5 34.6 43.7 54.0 65.3 77.7 

Anchor bolts are governed by one of the three following 

1. Longitudinal load: If Qo > QL, then no uplift occurs, 
and the minimum number and size of anchor bolts 
should be used. 

If Qo < Q L ,  then uplift does occur: 

load cases: 

QL - Qo = load per bolt 
. N  

2. Shear: Assume the fNed saddle takes the entire shear 
load. 

F L  - = shear per bolt 
N 

3. Transverse load: This method of determining uplift 
and overturning is determined from Ref. 21 (see 
Figure 3-57). 

M = (0.5Fe or Fw)B 
M e = -  
Qo 

If e < "/6, then there is no uplift. 
If e 3 %, then proceed with the following steps. This is an 
iterative procedure for finding the tension force, T, in the 
outermost bolt. 

Step 1: Find the effective bearing length, Y. Start by calcu- 
lating factors K 1 a ,  

Ki  = 3(e - 0.5A) 
6nlat 

F (f + e) Kz = - 

Step 2: Substitute values of K1-3 into the following equation 
and assume a value of Y = %A as a first trial. 

Figure 3-57. Dimensions and loading for base plate and anchor bolt 
analysis. 

Y3 + K,Y2 + KzY + K3 = 0 

If not equal to 0, then proceed with Step 3. 
Step 3: Assume a new value of Y and recalculate the equa- 

tion in Step 2 until the equation balances out to approxi- 
mately 0. Once Y is determined, proceed to Step 4. 

Step 4: Calculate the tension force, T, in the outermost bolt 
or bolts. 

I-A Y 1 

Step 5: From Table 3-28, select an appropriate bolt material 
and size corresponding to tension-force, T. 

Step 6: Analyze the bending in the base plate. 

Distance, x = 0.5A +f - Y 
Moment, M = Tx 

6M 
Bending stress,fb = - t"b 

Allowable Tension Load on Bolts, Kips, per AlSC 
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Ribs 

Outside Ribs 

A, = a area of rib and web, in.* 

Ap = pressure area, = 0.5Fe 

Figure 3-58. Dimensions of outside saddle ribs and webs. 

Outside Ribs 

0 Az-ial load, P. 

P = B,A, 

0 Compressiue stress, fa. 

P 
f a  =A, 

a Radius of gyration, r. 

r = g  

0 Slenderness ratio, e1 /r. 

l l / r  = 
F;, = (See App. L.) 

a Unit $me,  f;,. 

Fr. 
f,, = 

a Bending moment, M. 

M = 0.5f,,el1 

a Bending stress, fi, = 0.66 Fy. 

MC1 f b  =- 
I 

a Combined stress. 

f a  f h  

F a  F b  
-+-<l  

Inside Ribs 

I / Inside rib 

eor 1 
1 rib spacing 1 1 

4 = 

4 = a pressure area, F x e 

area of rib and web, in.* 

JG; 
l2 = moment of inertia, - C2 = 0.5Gb 

12 

Figure 3-59, Dimensions of inside saddle ribs and webs. 

0 Axial load, P. 

P = BDAP 

0 Compressive stress, fa. 

P 
f -- 

a -  A, 

0 Radius of gyration, r. r = e  
a Slenderness ratio, &/r. 

&/r = 
Fa = 

0 Unit force. J;,. 

F1, f -- " - 2A 
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a Bending moment, M .  

M = f&e 

0 Bending stress, fh. 

MC2 
f h  = - 

I 

0 Combined stress. 

f a  f h  

F a  F b  
-+-e1 

I 

Notes 

1. The depth of web is important in developing stiffness 
to prevent bending about the cross-sectional axis of 
the saddle. For larger vessels, assume 6 in. as the 

minimum depth from the bottom of the wear plate 
to the top of the base plate. 

2. The full length of the web may be assumed effective 
in carrying compressive stresses along with ribs. Ribs 
are not effective at carrying compressive load if they 
are spaced greater than 25 times the web thickness 
apart. 

3. Concrete compressive stresses are usually considered 
to be uniform. This assumes the saddle is rigid enough 
to distribute the load uniformly. 

4. Large-diameter horizontal vessels are best supported 
with 168" saddles. Larger saddle angles do not effec- 
tively contribute to lower shell stresses and are more 
difficult to fabricate. The wear plate need not extend 
beyond center lines of vessel in any case or 6" beyond 
saddles. 

5. Assume faed saddle takes all of the longitudinal 
loading. 

PROCEDURE 3-12 

DESIGN OF BASE PLATES FOR LEGS 120, 211 

Notation 

Y = effective bearing length, in. 
M =overturning moment, in.-lb 

M b  =bending moment, in.-lb 
P =axial load, Ib 
ft =tension stress in anchor bolt, psi 
A = actual area of base plate, in.2 

A, = area required, base plate, in.2 
f: =ultimate 28-day strength, psi 
f, =bearing pressure, psi 
fi =equivalent bearing pressure, psi 

F b  = allowable bending stress, psi 
Ft = allowable tension stress, psi 
F, = allowable compression stress, psi 
E, = modulus of elasticity, steel, psi 
E, = modulus of elasticity, concrete, psi 
n = modular ratio, steel-concrete 
n' =equivalent cantilever dimension of base plate, in. 

B, = allowable bearing pressure, psi 
K1,z.s = factor 

T =tension force in outermost bolt, lb 
C =compressive load in concrete, lb 
V=base shear, lb 
N =total number of anchor bolts 

Nt =number of anchor bolts in tension 
Ab = cross-sectiond area of one bolt, in.z 

A, =total cross-sectional area of bolts in tension, in.' 
a = coefficient 

T, = shear stress 

Calculations 

Axial loading only, no moment. 

Angle legs: 

P f -- 
' -BD 

L = greater of m, n, or n' 

3f,L2 
t = &  

Beam legs: 

P 
0.7fk 

A, = - 

D - 0.95d 
2 

m =  
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I -i* 

:Ir t' J%Ll 
I load area 

B E A M  

A N G L E  

5 
D 1 

For pipe legs; 

D -  0.707 W 
2 

m =  

assume B = D 

P I P E  
Figure 3-60. Dimensions and loadings of base plates. 

B - 0.8d 
2 

n =  

b - t, 
2(d - 2tf) 

a =  

or from Table 3-29 
Pipe legs: 

B - 0.707W 
2 

m =  

P 
' A  
f = -  

e Axial loud plus bending, load codi t ion  # I ,  fu l l  conzprev 
.sion, uplifi, e 5 9 6 .  

Eccentricity: 

M D  
P - 6  

e = -  < - 

Loadings: 

1 6e(D - ea> 
A 

Moment: 

Thickness: 

a Axial load plus bending, load condition #2, partial com- 
pression, iiplijt, e > D/6.  

Eccentricity: 

M D  
P 6  

e = -  > - 
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Load Condition #1 Load Condition #2 

t 

-Z 

*i 
t 

'1 

Full compression, no uplift, e 5 D/6 Partial compression, uplift, e > D/6 

Figure 3-61. Load conditions on base plates. 

Table 3-29 
Values of n' for Beams 

Column Section n' Column Section n' 

W14x730-Wl4x 145 
w14 x 132 - w14 x 90 
W14 x 82 - W14 x 61 
W14x53-  W14x43 
W12 x 336 - W12 x 65 
W12 x 58- W12 x 53 
W12 x 50 - W12 x 40 
w l o x 1 1 2 - w l o x 4 9  

5.77 
5.64 
4.43 
3.68 
4.77 
4.27 
3.61 
3.92 

w 1 0 x 4 5 - w 1 0 x 3 3  
W8 x 67- W8 x 31 
W8 x 28- W8 x 24 
W 6 ~ 2 5 - W 6 ~  15 
W6 x 16 - W6 x 9 
W5 x 19- W5 x 16 
W4x 13 

3.42 
3.14 
2.77 
2.38 
1.77 
1.91 
1.53 

- 

Coefficient: 

E 
E, 

n = -2 (see Table 3-30) 

Dimension: 

f = 0.5d+z 

By trial and error, determine Y, effective bearing length, 
utilizing factors K1-3. 

Factors: 

K1 =,(e+:) 

Table 3-30 
Average Properties of Concrete 

Ult fg Allowable 
Water 28-Day Compression, Allowable Coefficient, 
Contenmag Str (psi) F, (psi) 8, (Psi) n 

7.5 2000 800 500 15 
6.75 2500 1000 625 12 
6 3000 1200 750 10 
5 3750 1400 938 8 

Reprinted by permission of John Wiley & Sons, Inc. 

By successive approximations, determine distance Y. 
Substitute KI3 into the following equation and assume 
an initial value  of^ =% A as a first trial. 

Y3 + K1Y2 + K2Y + K3 = 0 

Tension force: 

e [H-i- ---+f 
T = (-)P 

Bearing pressure: 

2(P + T) 
< f:. f, = ___ 

YB 
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B 

1 n 

Figure 3-62. Dimensions for base plates-beams. 

Dimensions for Type 1+2) Bolt Base Plate Dimensions for Type 2-4) Bolt Base Plate 

Column Min Plate Max 
Size D, in. B, in. E, in. W, in. Thk, in. Bolt 4, in. 

~ ~~ ~~ ~ 

t w 4  8 8 4 %  23 

4 W6 8 8 4 %  % 
wa 10 10 6 ’/4 % 4 
W10-33thru45 12 12 6 5/16 74 1 
W10-49 thru 112 13 13 6 5/16 /4 1 
W12-40thru50 14 10 6 5/16 23 1 
W12-53thru58 14 12 6 5/re D 1 
W12-65thru 152 15 15 8 5/r6 D 1% 

3 
3 

Column 
Size 

w 4  
W6 

W10-33 thru 45 
W10-49 thru 112 
W12-40 thru 50 
W12-53 thru 58 

wa 

W12-65 thW 152 

D, B, G, E, W, 
in. in. In. in. in. 

10 10 7 7 % 
12 12 9 9 5/16 

15 15 11 11 % 
17 15 13 11 % 
17 17 13 13 % 
19 15 15 11 % 
19 17 15 13 % 
19 19 15 15 % 

Min Plate Max Bolt 
Thk, in. 4, in. 

% 1 
3/, 1 
3/, 1 
?3 1% 
23 1% 
1 1% 
1 1% 
1 1% 

i m  
T 

Angle Legs 

“D” Square 
“E” Square 

+ 1 

I 
I 

Pipe Legs 

Figure 3-63. Dimensions for base plates-angle/pipe. 
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Dimensions for Angle Legs Dimensions for Pipe Legs 

Min. Plate 
Leg Size D E rn Thk 

Min. Plate 
Leg Size D X rn Thk 

L2 in. x 2 in. 4 in. 1.5 1 % in. 
L2% in. x 2% in. 5 in. 1.5 1.25 % in. 
L3 in. x 3 in. 6 in. 1.75 1.5 M in. 
L4 in. x 4 in. 8 in. 2 2 % in. 
L5 in. x 5 in. 9 in. 2.75 2 % in. 
L6 in. x 6 in. 10 in. 3.5 2 ?, in. 

Moment 

x = 0.5D + f  - Y 
Mt = TX 

Y-a  
f 1  = h ( y )  

a2 B 
Mc = 6 + 2f4 

Thickness: 

t = g  

3in. NPS 7% in. 4% in. 2.5 in. % in. 
4in. NPS 8% in. 5% in. 2.7 in. % in. 
6in. NPS 10 in. 7 in. 2.7 in. % in. 
8in. NPS 11% in. 8% in. 2.7 in. ?, in. 
loin. NPS 14 in. 10 in. 3.2 in. '/8 in. 
12in. NPS 16 in. 12 in. 3.5 in. 1 in. 

where M is greater of MT or M,. 

e Anchor bolts. 

Without uplift: design anchor bolts for shear only. 

V T -- - NA,, 

With uplift: design anchor bolts for full shear and tension 
force, T. 

T 
h=- 

PROCEDURE 3-13 

DESIGN OF LUG SUPPORTS 

Notation 

Q =vertical load per lug, Ib 
Qa =axial load on gusset, Ib 
Qt, =bending load on gusset, lb 

n = number of gussets per lug 
Fa = allowable axial stress, psi 
F b  = allowable bending stress, psi 
fa =axial stress, psi 
fb =bending stress, psi 
A =cross-sectional area of assumed column, in? 
Z = section modulus, in. 3 

w = uniform load on base plate, Ib/in. 

E,=modulus of elasticity of vessel shell at design 

E, = modulus of elasticity of compression plate at design 

I = moment of inertia of compression plate, in.4 

temperature, psi 

temperature, psi 

Mb =bending moment, in.-lb 
M, =internal bending moment in compression plate, 

e =log base 2.71 

in.-lb 
K = spring constant or foundation modulus 

= damping factor 
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hole dian ieter 

w 
Double gusset 

Q, = Q sin 0 
Q b  = Q COS 0 

Figure 3-64. Dimensions and forces on a lug support. 

Design of Gussets 

Assume gusset thickness from Table 3-31 

Q', = Q sin 8 

Qt, = Q  COS^ 

b s i n 8  C = -  
2 

A = t,C 

F,, = 0.4F, 

F b  = 0.6F,. 

t c2 z=" 
6 

f ,  - a Q 
- nA 

Mb 
fl, = y 

a = bearing 
width 
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Design of Base Plate 

Single Gusset 

0 Bending. Assume to be a simply supported beam. 

Q1 Mb =- 
4 

0 Bearing 

0 Thickness required base plate. 

where Mb is greater moment from bending or bearing. 

Bearing 

fb 

- w - lblin 

Figure 3-65. Loading diagram of base plate with one gusset. 

Double Gusset 

0 Bending. Assume to be between simply supported and 
fured. 

Q1 Mb =- 
6 

i" 
W -  \ Iblin 

Bearing 

Figure 3-66. Loading diagram of base plate with two gussets. 

0 Bearing. 

Q 
a1 

Mb =- 

w = -  

w1; 
10 

0 Thickness required base plate. 

where Mb is greater moment from bending or bearing. 

Compression Plate 

Single Gusset 

1' 

\ R  
Figure 3-67. Loading diagram of compression plate with one gusset. 



Design of Vessel Supports 191 

Assume thickness t, and calculate I and Z: 

tcy3 I=--- 
12 

f 
Mx =a 

Note: These calculations are based on a beam on elastic 
foundation methods. 

Double Gusset 

f +-+f 

f 
M - - [l + (e-Bx(cos px - sin px))] - 4/53 

Bx is in radians. See Procedure 5-2. 

M, 
Z 

f b  = - < 0.6F, 

Figure 3-68. Loading diagram of compression plate with two gussets. 

Table 3-31 
Standard Lug Dimensions 

Type e b Y X h tg=b Capacity (b) 

1 4 6 2 6 6 % 23.500 
45,000 

3 4 6 2 6 12 ?h 45,000 
70,000 
70,000 

4 5 7 2.5 7 15 

6 5 7 2.5 7 21 "e 70,000 
100,000 

2 4 6 2 6 9 36 

9/16 

5 5 7 2.5 7 18 % 

7 6 8 3 8 24 % 
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PROCEDURE 3-14 

DESIGN OF BASE DETAILS FOR VERTICAL VESSELS #1 
[5, 10, 14, 18, 191 

Notation 

Ab = required area of anchor bolts, in.2 
Bd = anchor bolt diameter, in. 
B, = allowable bearing pressure, psi (see 

Table 3-35) 
b, =bearing stress, psi 
C =compressive load on concrete, lb 
d = diameter of bolt circle, in. 

db =diameter of hole in base plate of compres- 
sion plate or ring, in. 

FLT = longitudinal tension load, Ib/in. 
FLC = longitudinal compression load, lb/in. 

F b  = allowable bending stress, psi 
F, = allowable compressive stress, concrete, psi 

F, = allowable tension stress, anchor bolts, psi 

F, = minimum specified yield strength, psi 
fh =bending stress, psi 
f, = compressive stress, concrete, psi 
f, = equivalent tension stress in anchor bolts, 

(see Table 3-35) 

(see Table 3-33) 

psi 
Mb = overturning moment at base, in.-lb 
M, = overturning moment at tangent line, in.-lb 
M,=unit bending moment in base plate, 

M, =unit bending moment in base plate, radial, 
circumferential, in.-lbhn. 

in.-lb/in. 
H = overall vessel height, ft 

6 =vessel deflection, in. (see Procedure 44) 
M, =bending moment per unit length in.-lbhn. 

N = number of anchor bolts 
n = ratio of modulus of elasticity of steel to con- 

P = maximum anchor bolt force, lb 
PI =maximum axial force in gusset, lb 
E =joint efficiency of skirt-head attachment 

R,=root area of anchor bolt, in.2 (see 

crete (see Table 3-35) 

weld 

Table 3-32) 
r = radius of bolt circle, in. 

W,, =weight of vessel at base, lb 
W, =weight of vessel at tangent line, lb 
w = width of base plate, in. 
Z1 = section modulus of skirt, in.3 
St = allowable stress (tension) of skirt, psi 
S, =allowable stress (compression) of skirt, psi 
G = width of unreinforced opening in shrt, in. 

y1,yZ = coefficients for moment calculation in com- 
C,,CT,J,Z,K = coefficients (see Table 3-38) 

pression ring 
S = code allowable stress, tension, psi 

t, = equivalent thickness of steel shell which 

T = tensile load in steel, lb 
u = Poisson’s ratio, 0.3 for steel 
B = code allowable longitudinal compressive 

El  = modulus of elasticity, psi 

represents the anchor bolts in tension, in. 

stress, psi 
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Lap welded 

L - -  

D 
---T--- 

L I 
I 

> 

E = 0.5 

Type 1: Without gussets 

Butt welded 

T 
E = 0.7 

Type 3: Chairs 

5 in minimum 

arm" = 2 in. 

c,,,,. = 11k in 

Pedestal 

D 

I 
I 

I 4 

Small-diameter 
vessels only 

Figure 3-69. Skirt types. 

Bolt Q + %in. 

Ship loose 
and attach 
in field 

bolt 6 + 1 in. 

Type 2: With gussets 

R 7 - t  

Design of Vessel Supports 

Conical 

slip band 

a,,,,, = 2 in. 

c- E 11k in. 

rto yL* 
Type 4: Top ring 

5 in. minimum 

Bolt d + 1 in. 

Washer & Boll d + 1 in. 

Figure 3-70. Base details of various types of skirt-supported vessels. 
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Table 3-32 
Bolt Chair Data 

3/4-10 5.50 0.302 2 
23-9 5.50 0.41 9 2 

1%-7 5.50 0.693 2 
1%-7 5.50 0.890 2 

1-8 5.50 0.551 2 

15-6 5.50 1 . O M  2.13 
1 %-6 5.75 1.294 2.25 
1 %-5W 5.75 1.515 2.38 
1 3/4-5 6.00 1.744 2.5 
1 %-5 6.25 2.049 2.63 
2 4 %  6.50 2.300 2.75 

2 % 4  7.25 3.715 3.25 
23/44 7.50 4.61 8 3.50 
3-4 8.00 5.621 3.75 

2%4% 7.00 3.020 3 

3.50 1.5 
3.50 1.5 
3.50 1.5 
3.50 1.5 
3.50 1.5 
3.50 1.75 
3.50 2 
4.00 2 
4.00 2.25 
4.00 2.5 
4.00 2.5 
4.50 2.75 
4.50 3 
4.75 3.25 
5.00 3.50 

Table 3-33 
Number of Anchor Bolts, N 

Skirt Diameter (in.) Minimum Maximum 

24-36 

60-78 
84-1 02 
108-1 26 

42-54 

132-1 44 

4 
4 
8 

12 
16 
20 

4 
8 

12 
16 
20 
24 

Table 3-34 
Allowable Stress for Bolts, F, 

Diameter Allowable Stress 
spec (in.) (KSV 

A-307 All 20.0 
A-36 All 19.0 
A-325 < 1-1f2" 44.0 
A-449 < 1" 39.6 

1-1f8" to 1-112" 34.7 
1-518" to 3" 29.7 

Table 3-35 
Average Properties of Concrete 

Ult 
2&Day Allowable 

Water Str Compression, Fc Allowable Coefficient, 
ContentlBag (psi) (Psi) 6, (Psi) n 

7.5 2000 800 500 15 
6.75 2500 1000 625 12 
6 3000 1200 750 10 
5 3750 1400 938 8 

Reprinted by permission of John Wiley & Sons, Inc. 

Table 3-36 
Bending Moment Unit Length 

0 0 
0.333 0.0078fcb2 
0.5 0.0293f,b2 
0.667 0.0558fcb2 
1 .o 0.0972fcb2 
1.5 0.1 23fcb2 
2.0 0.1 31fcb' 
3.0 0.133fcb2 
03 0.1 33fcb2 

Reprinted by permission of John Wiley & Sons, Inc. 

-o.5fce2 
-o.428fce2 

-o.227fce2 
-0.1 1 wCe2 
-o.i24fce2 
-0.1 25fce2 
-0.1 25fce2 
-o.i25fCe2 

-0.319fc12 

Table 3-37 
Constant for Moment Calculation, y, and y2 

ble Y1 Y2 

1 .o 0.565 0.135 
1.2 0.350 0.1 15 
1.4 0.21 1 0.085 
1.6 0.125 0.057 
1.8 0.073 0.037 
2.0 0.042 0.023 
co 0 0 

Reprinted by permission of John Wiley & Sons, Inc. 

Table 3-38 
Values of Constants as a Function of K 

K cc G J z K C, c, J z 
0.1 0.852 2.887 0.766 0.480 0.55 2.113 1.884 0.785 0.381 
0.15 1.049 2.772 0.771 0.469 0.6 2.224 1.765 0.784 0.369 

0.25 
0.3 1.510 2.442 0.781 0.438 0.75 2.551 1.370 0.779 0.331 

1.640 2.333 0.783 0.427 0.8 2.661 1.218 0.776 0.316 0.35 
2.224 0.784 0.416 0.85 2.772 1.049 0.771 0.302 0.4 1.765 

1.884 2.1 13 0.785 0.404 0.9 2.887 0.852 0.766 0.286 0.45 
0.5 2.000 2.000 0.785 0.393 0.95 3.008 0.600 0.760 0.270 

Reprinted by permission of John Wiley & Sons, Inc. 

0.2 1.21 8 2.661 0.776 0.459 0.65 2.333 1.640 0.783 0.357 
1.370 2.551 0.779 0.448 0.7 2.442 1.510 0.781 0.344 
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I I 

6 CompresJve Load In Concrete 
C = T + W b  

i 7  Stress In Concrete 
I 

ANCHOR BOLTS: EQUIVALENT AREA METHOD 

8 Recheck K Udng Actual 

Wb 1 -  
2 Approxlmate K UJng AHowables Coefficients 

cc 

1. and fc 

3 Tendle Load in Steel 

4 Number of Anchor Bolts Requlred 

I 

8 Recheck K Udng Actual 1. and 1, 
I I 

1 

IK=y 1 +'. 

PROCEDURE 
I .  C.lculate eHmlna K valm bud an tllorrrbks. 
2. Make prelElrtary &3lon d anchor bolts and width of base 

3. f?2itate lmr and stresses. 
1. Cskuhte K bauni on actual streuses and compare rrlth wlue 

ed In Step 2. 
5. F& erica ex& .01, wkct a new K between both wlrm mnc 

repeat Steps 2-8. (Sea Note 6.) 

I TRIAL 2 
I1 Data 

2 Approxlmate K UJng AlbmMes 

3 T d l e  Load in Steel 

4 Number of Anchor Elolta Fbqulred 

in.2 

bolts 
5 stress In EQuiv&nl steel Band 

I I 
17 Stress in Concrete 
I I 

See example of completed form on newt page. 
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ANCHOR BOLTS: EQUIVALENT AREA METHOD EXAMPLE 

TRIAL 1 
1 Data 

PROCEDURE 
1. Calculate reiiminar K value bawd on allowabb. 
2. Make pe lk ina ry  a e L l o n  of anchor bolts end wldth of base 

3. Calculate bad8 and streasas. 
4. Calculate K based on actual stremaor and compare wlth value 

5. If dlI%knce excesdr .01, nekcl a new K betwwn both valuer and 

plate. 

corn led in Step 2. 

repeat Step. 2-8. (S~JO Note 6.) 

I TRIAL 2 
I1 Data 

I 
I 

12 Approximate K Using Allowabler 
I 

3 Tensile Load In Steel 

33b.7 
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~ ~~ 

Base Plate 

7J 

M Maximum 
bearing load 

f, P1 

Figure 3-71. Loading diagram of base plate with gussets and chairs. 

Type 1: Without Chairs or Gussets 

K = from “Anchor Bolts.” 
e =  
f, =froin “Anchor Bolts.” 
(1 = 

e Beriding moment per unit length. 

M,, = 0.5f,12 

2Kd + w 
2Kd b,, = fc( ) < 3, (see Table :3-35) 

Type 2: With Gussets Equally Spaced, Straddling 
Anchor Bolts 

0 n7itl1 snnie niiiizher CIS anchor bolts. 

M,, =greater of M, or M, from Table 3-36 

b. 

Figure 3-72. Dimensions of various base plate configurations 

a With twice as m n y  gussets (1.9 anchor l x h .  

M, = greater of M, or M, from Table 3-36 

Type 3 or 4: With Anchor Chairs or Full Ring 

e Between gussets. 

P = F,R, 
Pb 

M” =x 
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e Between chairs. 

M,=greater of M, or My from Table 3-36 

Top Plate or Ring (Type 3 or 4) 

e Minimum required height of anchor chair (Type 3 or 4).  

< 18in. 
7.296d 

H 
hmin = - 

e Minimum required thickness of top plate of anchor chair. 

tc = , /x(0.375b Fbe - 0.22db) 

Top plate is assumed as a beam, e x A with partially fmed 
ends and a portion of the total anchor bolt force P/3, 
distributed along part of the span. (See Figure 3-73.) 

e Bending moment, M,, in top ring (Type 4) .  

b 
e - 

y1 = (see Table 3-37) 
y2 = (see Table 3-37) 
1. If a = e/2 and b/e 1, My governs 

2. If a # U2 but b / l>  1, My governs 

3. If b / t<  1, invert b/.t and rotate axis X-X and Y-Y 90" 

Figure 3-73. Top plate dimensions and loadings. 

Washers 

-7 

X 

Figure 3-74. Compression plate dimensions. 

e Minimum required thickness of top ring (Type 4). 

Gussets 
~~~ ~ ~ ~ 

e Type 2. Assume each gusset shares load with each adjoin- 
ing gusset. The uniform load on the base is fc, and the area 
supported by each gusset is e x b. Therefore the load on 
the gusset is 

P,=f,tb 

Thickness required is 

Pi(6a - 2C) ' = Fb12 

e Type 3 or 4. 

3 
> - in. 

P 
t -- 
g -  18,000l 8 
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Skirt 

0 Thickness required in skirt at compression plate or ring 
clue to maximum bolt load reaction. 

For Type 3: 

1 .o 
Z =  

1.322 

+ [4Ah2]0.333 

For Type 4: 

Consider the top compression ring as a uniform ring with 
N number of equally spaced loads of magnitude. 

Pa 
h 
- 

See Procedure 5-1 for details. 
The moment of inertia of the ring may include a portion of 
the skirt equal to 16t,k on either side of the ring (see 
Figure 3-75). 

0 Thickness required at opening of skirt. 

Note. If skirt is stiffened locally at the opening to compen- 
sate for lost moment of inertia of skirt cross section, this 
portion may be disregarded. 

G = width of opening, in. 

Actual weights and moments at the elevation of the open- 
ing may be substituted in the foregoing equation if 
desired. 

Pa 
h 
- 

Pa 
h 

Figure 3-75. Dimensions and loadings on skirt due to load P. 

Skirt thickness required: 

f b  f b  tsk = - or J 
8F, 4,640,000 

whichever is greater 

0 Determine allowable longitudinal stresses 

Tension 

St = lesser of 0.6F,, or 1.33s 

Compression 

S ,  = 0.333 F,, 

= 1.33 x factor “B” 
- tskEl 

16 R 
= 1.33s 

- - 

whichever is less. 

Longitudinal forces 

Skirt thickness required 

whichever is greater. 

0 Thickness required at .skirt-head attachment due to M,. 
Longitudinal forces 

Skirt thickness required 

FLC or 
0.707 StE 0.707S,E 

FLT 
tsk = 

whichever is greater. 
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Notes 

1. Base plate thickness: 

0 If t 5 % in., use Type 1. 
0 If % in. < t 5 % in., use Type 2. 
a If t > in., use Type 3 or 4. 

2. To reduce sizes of anchor bolts: 

a Increase number of anchor bolts. 
a Use higher-strength bolts. 
a Increase width of base plate. 

3. Number of anchor bolts should always be a multiple of 
4. If more anchor bolts are required than spacing 
allows, the skirt may be angled to provide a larger 
bolt circle or bolts may be used inside and outside of 
the skirt. Arc spacing should be kept to a minimum if 
possible. 

4. The base plate is not made thinner by the addition of a 
compression ring. tt, would be the same as required for 
chair-type design. Use a compression ring to reduce 
induced stresses in the skirt or for ease of fabrication 
when chairs become too close. 

5. Dimension “a” should be kept to a minimum to reduce 
induced stresses in the skirt. This will provide a more 
economical design for base plate, chairs, and anchor 
bolts. 

6. The value of K represents the location of the neutral 
axis between the anchor bolts in tension and the con- 
crete in compression. A preliminary value of K is esti- 
mated based on a ratio of the “allowable” stresses of the 
anchor bolts and concrete. From this preliminary value, 
anchor bolt sizes and numbers are determined and 
actual stresses computed. Using these actual stresses, 
the location of the neutral axis is found and thus an 
actual corresponding K value. A comparison of these 
K values tells the designer whether the location of the 
neutral axis he assumed for selection of anchor bolts 
was accurate. In successive trials, vary the anchor bolt 
sizes and quantity and width of base plate to obtain an 
optimum design. At each trial a new K is estimated and 
calculations repeated until the estimated K and actual 
K are approximately equal. This indicates both a 
balanced design and accurate calculations. 

7. The maximum compressive stress between base plate 
and the concrete occurs at the outer periphery of the 
base plate. 

8. For heavy-wall vessels, it is advantageous to have the 
center lines of the skirt and shell coincide if possible. 
For average applications, the O.D. of the vessel and 
O.D. of the skirt should be the same. 

9. Skirt thickness should be a minimum of R/200. 

PROCEDURE 3-15 

DESIGN OF BASE DETAILS FOR VERTICAL VESSELS #2 

Notation 

E =joint efficiency 
El = modulus of elasticity at design temperature, psi 
A,, = cross-sectional area of bolts, in. 2 

d =diameter of boIt circle, in. 
Wb =weight of vessel at base, Ib 
WT =weight of vessel at tangent line, lb 

w =width of base plate, in. 
S = code allowable stress, tension, psi 
N =number of anchor bolts 
FL = allowable bearing pressure, concrete, psi 
Fy = minimum specified yield stress, skirt, psi 
F, = allowable stress, anchor bolts, psi 

fLT = axid1 load, tension, lb/in.-circumference 
fLc = axial load, compression, lb/in.-circumference 
FT = allowable stress, tension, skirt, psi 
F, = allowable stress, compression, skirt, psi 
F b  = allowable stress, bending, psi 

f, =tension force per bolt, lb 
f, =bearing pressure on foundation, psi 

Mb = overturning moment at base, ft-lb 
MT = overturning moment at tangent line, ft-lb 

Allowable Stresses 

*0.6Fy = 
1.33s = FT = lesser of 

F, = lesser of 

0.333Fy = 

1.33 Factor B = 

1.33s = 
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4 Butt welded :d Lap welded 

E = 0.7 E = 0.5 

tsK = %e in. minimum 

3 x 3 x %in. 
minimum 

1h-1 in. 

tsK = %e in. minimum 

3 x 3 x %in. 
minimum 

1h-1 in. 

Figure 3-76. Typical dimensional data and forces for a vertical vessel 
supported on a skirt. 

FI, = 0.66FV = 

F: =SO0 psi for 2000 lb concrete 
$50 psi for 3000 lb concrete 

- - 0.125tSk 
R 

Factor A = ___ 

Factor B = from applicable material 
chart of ASME Code, Section 11. 

Part D, Subpart 3 

Anchor Bolts 

0 Force per bolt due to uplij? 

48Mb wb f 
’ -  dN N 

0 Required bolt urea, AI,. 

Use ( ) diameter bolts 
Note: Use four ‘?$-in.-diameter bolts as a minimum. 

Base Plate 

Bearing pressure, fc (uveruge at bolt circle). 

48M1, WI, - f, = 2 +-- na ndw 

0 Required thickness of base plate, tl,. 

tt, = I/- 3f, 
20,000 

Skirt 

e Longitudinal force.s, fL,T and fL(.. 

Notes 

1. This procedure is based on the “neutral axis” method 
and should he used for relatively small or simple ver- 
tical vessels supported on skirts 

2 .  If moment M1, is from seismic, assume Wi) as the oper- 
ating weight at the base. If MI, is due to wind, assume 
empty weight for computing the maxinlrim value of frAT 
and operating weight for fL(:. 



202 Pressure Vessel Design Manual 

e Thickness required of skirt at base plate, t&. 

~ L T  

F T  
t,k = greater of - = 

f LC or - = 
Fc 

e Thickness required of skirt at skirt-head attachment. 

Longitudinal forces: 

48MT w, 
fLT,fLC = &---- 

nD2 x D -  
f1.T = 

fLC = 

Thickness required: 

~ L T  - 
0.707 FTE - 

tsk = greater of 

or fLC - 
0.707 FcE - 
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4 
Special Designs 

PROCEDURE 4-1 

DESIGN OF LARGE-DIAMETER NOZZLE OPENINGS 111 
There are three methods for calculating the strength of 

reinforcement required for openings in pressure vessels: 

1. Area replacement rules per UG-36(b). 
2. Analysis per Appendix 1-7. 

a. 2/3 area replacement rule. 
11. Membrane-bending stress analysis. 

3. FEA. 

The Code defines when and where these methods apply. 
Reinforcement for large-diameter openings has been in the 
Code for a long time. The previous rule was simply to move 
the majority of the area replacement closer to the nozzle 
neck, also called the 2/3 rule. Unfortunately, there were a 
few cases of flange leakage where the flange was located 
close to the shell. It was discovered that as the opening 
opened up, the flange was distorted. It was actually bending. 
In addition, the 2/3 rule did not allow for an accurate way to 
determine MAWP for the vessel without proof testing. 

This issue was addressed in 1979 by McBride and Jacobs. 
Jacobs was from Fluor in Houston. The principle was to 
calculate stresses in two distinct areas, membrane and bend- 
ing. Membrane stresses are based on pressure area times 
metal area. Bending is based on AISC beam formulas. The 
neck-and-shell section (and sometimes the flange as well) is 
assumed as bent on the hard axis. This is not a beam-on- 
elastic-foundation calculation. It is more of a brute-force 
approach. 

This procedure was eventually adopted by the Code and 
incorporated. Unfortunately, it turned out that the proce- 
dure, while good for most cases, was not good for all. Yet 

it was still superior to what we used before this paper was 
published. The ASME has now revised the applicability of 
the procedure to the cases where it has been deemed safe. 

Large openings calculated by this procedure are limited to 
openings less than 70% of the vessel diameter. There are 
four cases that can be solved for, depending on your 
nozzle geometry. 

Reinforcement for Large-Diameter 
Openings 

Per ASME, Section VIII, Appendix 1-7(b)l(b), the rules 
for “radial nozzles,” not oblique or tangential, must meet 
strength requirements in addition to area replacement 
rules. The following lists the parameters for which these 
additional calculations shall be performed: 

a. Exceed the limits of UG-36(b). 
b. Vessel diameter > 60 in. 
c. Nozzle diameter > 40 in. 
d. Nozzle diameter > 3.4&. 
e. The ratio R,,/R < 0.7 (that is, the nozzle does not 

exceed 70% of the vessel diameter). 

Table 4-1 shows the ratio of vessel diameter, D, and shell 
thickness, t, where the values of 3.4& are greater than 40. 
The heavy line indicates the limits for which 40 is exceeded. 
For nozzles that exceed these parameters, a finite element 
analysis (FEA) should be performed. 

203 
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60 72 

1 .oo 

1.25 

Table 4-1 
Parameters for Large-Diameter Nozzles 

84 96 108 120 132 144 156 I 168 I 180 

replacement when 

Use membrane-bending 
analysis when 3.4 6f > 40 
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130 

125 

120 

115 

110 

105 

100 

95 

90 
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80 
u) 

0 K 

2 75 

’- 70 

rn 65 

2 60 
z 

55 

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

.- d 
al 
N 
- 

/ 
/ 

7 / 
I 

/ 
/ 

/ 

/ 
1-7 

T / 

See Table 4-1 
2/3 rule, or membrane-bending 
analysis, depending on D/t ratio 

Ug-36(b) 

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 

Vessel Diameter, inches 

Figure 4-1. Guideline of nozzle reinforcement rules. 
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Cases 1 and 2 

LARGE OPENING-MEMBRANE AND BENDING ANALYSIS 

Along Shell Along Nozzle 

m m 

Notation 
2 A, = area of steel, in. 

Ap = area of pressure, in. 

r, = mean radius of nozzle, in. 
R, =mean radius of shell, in. 

T =thickness of shell, in. 
t = thickness of nozzle, in. 

Fy = minimum specified yield strength, ksi 
u =maximum combined stress, psi 

Ob =bending stress, psi 
urn = membrane stress, psi 

I = moment of inertia, in. 
M =bending moment, in.-lb 

2 

P =internal pressure, psi (design or test) 

4 

Cases 3 and 4 

Procedure 

1 6T 16t 

Step 1: Compute boundary limits for bending along shell and 
nozzle in accordance with Note 3. Limit will be governed 
by whether material of construction has a yield strength, 
F,, less than or greater than 40 ksi. 

Along shell = 
Along nozzle = 

Step 2: Utilizing the appropriate case (Figure 4-3) calculate 
the moment of inertia, I, and the distance from centroid to 
the inside of the shell, C. 

I =  
C =  

S t e p  3: Compute membrane and bending stresses in accor- 
dance with the equations given later. 

urn = 
ub = 

S t e p  4: Combine stresses and compare with allowable. 

urn + u b  = 

Calculations 

a Membrane stress, a, nozzles with reinforcing pads (Cases 
1 and 3). 

(Ri(ri + t + JRZ,) + R ~ ( T  + T,! + [ AS rmt”l urn= P 

Membrane stress, S,n nozzles without reinforcing pads 
(Cases 2 and 4). 

0,=P (Ri(ri + t +e + Ri(T + J- [ AS rrnt)’l 
a Bending stress, ab. 

M = P 2 + RiriC (5 1 

Notes 

1. Openings that exceed the limits of UG-36(b)(l) shall 
meet the requirements of the 2/3 rule. 

2. This analysis combines the primary membrane stress 
due to pressure with the secondary bending stress 
resulting from the flexure of the nozzle about the 
hard axis. 

3. Boundaries of metal along the shell and nozzle wall 
are as follows: 

4. This procedure applies to radial nozzles only. 

Figure 4-2. Areas of pressure and steel for nozzles. 
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Part 

+- 

A Y AY AY2 I 

Part 

1 

2 

1 

2 

A Y AY AY2 I 

Case 1 

I Moment of Inertia I 

Case 2 

3 

4 

C = -  CAY I = C A Y ~ + + C I - C C A Y  
E A  

Case 4 

Figure 4-3. Calculation form for moment of inertia I and centroid C for various nozzle configurations. Select the case that fits the geometry of the 
nozzle being considered. 
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PROCEDURE 4-2 

DESIGN OF CONE-CYLINDER INTERSECTIONS [21 

Notation 

P, = equivalent internal pressure, psi 

P =internal pressure, psi 

P, = external pressure, psi 

= longitudinal force due to internal or exter- 
nal pressure, lb/in.-circumference 

A = ASME external pressure factor 

A, =cross-sectional area of ring, in.' 

A, =excess metal area available, in2 

AT =equivalent area of composite shell, cone, 
and ring, in.2 

A, = required area of reinforcement at small end 
of cone, in.2 

AL = required area of reinforcement at large end 
of cone, in.' 

A, = minimum required cross-sectional area of 
ring, in.' 

B = allowable longitudinal compressive stress, 
psi 

M1-2 = longitudinal bending moment due to wind 
or seismic at Elevation 1 or 2, in.-lb 

M = equivalent radius of large end, in. 

N =equivalent radius of small end, in. 

VI-4 =longitudinal loads due to weight plus 

Hp1.2 = radial thrust due to internal or external 

H1.4 = radial thrust due to weight and moment, lb/ 

moment, lb/in.-circumference 

pressure, lb/in.-circumference 

in.-circumference 

H, =circumferential load due to internal or 
external pressure, lb/in.-circumference 

FL1-2 =total longitudinal load on cylinder at 
Elevation 1 or 2, lb/in.-circumference 

FLC = longitudinal load in cone, lb/in.-circumfer- 
ence 

f, = equivalent axial load at junction of small 
end, lbhn. 

fL=equivalent axial load at junction of large 
end, lb/in. 

El-2 =joint efficiency of longitudinal welded joints 
in shell or cone 

EI;,EC,ER = modulus of elasticity of shell, cone and ring, 
respectively, at design temperature, psi 

Ss,S&R =allowable stress, tension, of shell, cone and 
ring, respectively, at design temperature, 
psi 

Wl.2 =dead weight at Elevation 1 or 2, lb 

OL = longitudinal stress in shell, psi 

cLC = longitudinal stress in cone, psi 

o, = circumferential stress, psi 

I = moment of inertia of ring, in.4 

I, = moment of inertia required of ring, ine4 

t, =excess metal thickness available for rein- 
forcement, in. 

t, = thickness required, shell, in. 

t,, =thickness required, cone, in. 

A,m,K,X,Y = factors as defined herein 
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Dim ens i o n s Forces 

For intermediate 
stiffeners on cone 

Figure 4-4. Dimension and forces of cone-cylinder intersections 
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COMPUTING FORCES AND STRESSES 

Int. 

- 

- 
- 

- 

+ -  

i COMP. 

Ext. 

- 

+ -  

- 
+ 

+ -  

- 

3treSs 
ginder, UL, psi 

Maximum circumferential 
mess at junction, 0,. psi 

Uaximum longitudinal 
fires in cone, UW. psi 

I 

brge ~~n~ - FLkZ * 
Small Fdtl- FOR1 = 

FJf2 = 
Small FL&,= FLdtcl= 

F L J t a  = 

brge F,.,J~ = 

Large ~~h ~ 

SMA 
Ca8el:lbndOn 

. END 
caw2 COmDreadon 

LARGE END 
case 3: Tendon 

See Note 1 

Case 4: Compression 
See Note 1 See Note 1 See Note 1 

Int. Ext. 

- - 

+ -  

- - 
+ -  
+ -  

- - 

+ -  

Int. EXt. 

- - 

+ -  

- - 
+ -  
+ -  

- - 

+ -  

See Note 1 See Note 1 

PI = same P2 = same 

9 = 
See Note 1 
H1 = VI tan u 
Hpl Pi tan Q 

See Note 1 

V 
ms u 
L E  v2, 

cos Q 

v4 -- 
ms a 

p1 -= 
ma Q 

P 
COSQ 
L= P2 -= 

FLC = 
STRESS 

FLC = FLC = 
COMPRESSION MAX. ALLOW. STRE! 

12, Para. “-2 bXZ) longitudinal 
compression o3y.l 
Small end: 

A = A  0 1251 

0 =  Rs 

large end: 

0.12512 A=-  
3= RL 

V U I I J .  

1. Signs for VI, HI, V3, and Ha must be reversed if uplift due to moment is greater than weight. 
2. Intrrxt. signify cases for internal andlor external pressure. 
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Example 

P = 50 psi 
P, = 7.5 psi 

Material: SA516-55, F, = 30 ksi 

S = 13.8 ksi 
E = 0.85 

Design temperature: 650°F 

t, = 0.1875 in. 

t2 = 0.3125 in. 

tCl = tCz = 0.3125 in.  

R, = 30.156 in. 

RI, = 60.219 in. 

d, = 60.31% in. 

DI, = 120.438 in. 

W 1 = 36,500 111 

W2 = 41,100 lb 

M = 2,652,000 in.-lb 

M2 = 3,288,000 i n . 4  
a = 25.46" 

-36,500 4(2,652,000) = +735 
n60.3125 + n60.3 125' 

v, = 

-36,500 4(2,652,000) v0 = -- - = - 1121 - n60.3125 ~60 .3125~  

= + 180 -41,100 4(3,288,000) + \7;3 = -- 
~120.438 ~ ~ 1 2 0 . 4 3 8 ~  

-41,100 4(3,288,000) 
~120.438 ~ 1 2 0 . 4 3 8 ~  

v, = - = -396 

= +754 SO(30.156) p1 =-- 
2 

- 7.5(30.156) 
2 

PI = = -113 

= + 1505 
SO(60.219) 

2 
Pz = 

= -225 -7.5(60.219) 
2 

P' = 

HI = VI tana = +350 

H2 = Vz tan a! = - 533 

H3 = V3tana = +86 

H4 = V4 tana = - 189 

Hpl = PI tan@ = +358/ -54 

Hp2 = P2 tana = - 717/ + 107 

H,1 = PR, = 50(30.156) = + 1508 
PXR, = -7.5(30.156) = - 226 

H,z = PRL = SO(60.219) = + 3011 
PXRL = -7.5(60.219) = - 452 

-- - +814 V1 
cos a 

-- - - 1241 v2 

cos 01 

V3 - = + 199 
cos a 

-- - -438 v4 

cos a 

P1 - +754 = +835, - -113 = - 125 
cosa! cos a cos o! 

- 225 
cosa cos a cos CY 

= +- 1666, - = - 249 P2 +150S -- - 
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COMPUTING FORCES AND STRESSES 

SMALL END LARGE END 
Case 4 Cornwemion Case 2 Compression Case 3 Tenslon Case 1: Rnsion 

be Note I h e  Note 1 See Note 1 See Note 1 

Hci. +:f;v2 

- - 
COS a COS a 

Int. I ~ x t .  int. Ext. 

-996 -si 

f-#e5 -2a 

rroq -61. 

-le9 -1% 
-717 t 10:  
t3mr -4s 
a05 - 53' 

-4% - 43c 

+## -24 

12% -cB; 

- IRI 

- 10 

see Note 1 See Note 1 

D1 = same P2 = same 

FL = FL = 

H2 = Vp tan a 
Hpl = Pt tan a 
Hcl = same 

Fc = 

FL = 

See Note 1 
H3 = V3 tan a 
Hm= - P2tana 
H e  - PRL, P~RL 

See Note 1 
Fc = 

FL = 
see Note 1 
i 1  = v1 tan a 
i p l  = P1 tan a 

i c l  = PRs, PxRs 
Fc = 

See Note 1 

H4 = V4 tan a 

HCP = same 
Hm= -PZtana 

Fc = 

-IW -&t vi 
DS a 
-= v3 - -- 

COS a 
v4 -= 

COS a 

P2 -= 
COS a 

p1= 
D S  a 

Pl -= 
:os a 

+893 -125 I pP= 
cos a 

FLC = FLC = FLC = 
~ 

STRESS 

daximurn longitudinal 
stress 
cylinder. UL, psi 

Maximum circumferential 
stress at junction, u,, psi 

Maximum longitudinal 
stress in cone, uLC, psi 

Notes: 

COMPRESSION I MAX. ALLOW. STRESS COMP. 

1. Signs for Vl, HI, VI. and H3 must be reversed if uplift due to moment is greater than weight. 
2. Int.lExt. signify cases for internal andlor external pressure. 



Special Designs 213 

Reinforcement Required at Large End Due 
to Internal Pressure 

Table 4-2 
A Degrees 

PJX A 

0.001 
0.002 
0.003 
0.004 
0.005 
0.006 
0.007 
0.008 
0.009 

11 
15 
18 
21 
23 
25 
27 
28.5 
30 

From ASME Code, Section VIII, Div. 1. Reprinted 
by permission. 

0 Equic;aknt pre.sswe, P,,. 

417 
P,, = P + -- 

D1, 

where 1' iq the worst case, tension, at large end. 

0 Determine $ reinjhrcement is required 

X = smaller of S,EI or S,E2 
Y = greater of S,E, or S,E,. 

A = (from Table 4-2) 
Note: A = 30" if PJX z 0.009 

If A < a, then reinforcement is required. 

If' A a, then no reinforcement is required. 

e Determinu nwtl of reinfiircement required, AI,. 

V 

0 Determine area of ring required, A,.. 

t, = smaller of (t2 - t,.J or 

(t,* - &) 

A, = 4t,& 

If A,. is negative, the design is adecjuate ;IS is. If A,. is 
positive, add a ring. 

0 I f  a ring is required. 

Maximum distance to edge of ring: 

Maximum distance to centroid of ring, L,,: 

Reinforcement Required at Small End Due 
to Internal Pressure 

0 Equivalent pressure, P,,. 

4v 
P , = P + -  

d, 

where V is the worst case, tension, at small end. 

Table 4-3 
A Degrees 

PJX A 

0.002 
0.005 
0.010 
0.02 
0.04 
0.08 
0.1 
0.125 

4 
6 
9 
12.5 
17.5 
24 
27 
30 

From ASME Code, Section VIII, Div. 1. Reprinted 
by permission. 
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a Determine if reinforcement is required. 

X = smaller of S,E1 or S,E2 
Y = greater of S,E, or S,E, 

A = (from Table 4-3) 

Note: A = 30" if P$x > 0.125 

If A < a, then reinforcement is required. 
If A 1 a, then no reinforcement is required. 

a Determine area of reinforcement required, A,. 

PRS t . -  '' - &El - 0.6P 

PdS t,, = 
2 COS a(S,E2 - 0.6P) 

a Determine area of ring required, A,. 

tl 
t2 

in = smaller of -cos(a - A) 

or 

A, = m&[ (tci - -) trc + (tl - t,)] cos a 

A, = A, - A, 

If A,. is negative, the design is adequate as is. If A, is 
positive, add a ring. 

a If a ring is required. 

Maximum distance to edge of ring 

=a 

Maximum distance to centroid of ring 

L, = 0.25JRstl 

~~ 

Reinforcement Required at Large End Due 
to External Pressure 

a Determine $reinforcement is required. 

A = (from Table 4-4) 
Note: A = 60" if Px/SsE1 > 0.35 

El  = 1.0 for butt welds in compression 

If A < a, then reinforcement is required. 
If A 2 a, then no reinforcement is required. 

a Determine area of reinforcement required, AL. 

AL =z 

where F L  is the largest compressive force at large end. 

Table 4-4 
A Degrees 

0 
0.002 
0.005 
0.010 
0.02 
0.04 
0.08 
0.1 
0.125 
0.15 
0.2 
0.25 
0.3 
0.35 

0 
5 
7 

10 
15 
21 
29 
33 
37 
40 
47 
52 
57 
60 

From ASME Code, Section VIII, Div. 1. Reprinted 
by permission. 
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e Detcvnine area (4 ring required, A,. 

t,, = required thickness of shell for external pressure 

t, = smaller of (t. - trJ 

or 

( 4 . 2  - trq 1 

A, = 4t,& 

A, = AI. - A, 

If A, is negative, the design is adequate as is. If A, is 
positive, a ring must be added 

e I f  a ring is required 

Assume a ring size and calculate the following: 

‘4, = 

Lr. = 0 . 5 , G  

-RI,tan CY LI R2 - Rt  
2 2 3R1,tan (Y 

M =  +-+ 

f l ,  = P,M + \ 7 ~ .  tan (Y 

A = using calculated value of B determine A from appli- 
cable material chart of ASME Code, Section 11. For 
values of A Falling to the left of the materialkernpera- 
ture line: 

Required moment of inertia, I,.: 

Ring only Ring-shell 

I ADiAT I, =- AD: AT 
10.9 

I, = ~ 

14 

~ 

Reinforcement Required at Small End Due 
to External Pressure 

0 Determine area of reinforcement reyuirid, A,. 

KFLR, tan (Y 
A, = 

SSEI 

where FL is the largest compressive load at small end and 
El = 1.0 for butt welds in compression. 

0 Determine area of ring required, Ar. 

1 
or 

I tcl COS (YCOS(CI~ - A) 
trs  

where t, is the thickness required of the small cylinder 
due to external pressure and A is from Table 4-4 as com- 
puted for the large end. 

A, = A, -A, 

If A, is negative, the design is adequate as is. If A, is 
positive, a ring must be added. 

e I f a  ring is required. 

Assume a ring size and calculate the following: 

A, = 

L, = 0.5JRStl 
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L, = JL2 + (RL - R,)' 

+ A, LStl LCtCl AT=--+- 
2 2 

f, = P,N + Vz tan a 

fSd0 B = -  
AT 

A =  using calculated value of B, determine A from the 
applicable material chart of ASME Code, Section 
11. For values of A falling to the left of the material/ 
temperature line: 

2B A = -  
ES 

a Required moment of inerfia, I,. 

Ring only Ring-shell 

Notes 

1. Cone-cylinder intersections are areas of high discon- 
tinuity stresses. For this reason the ASME Code 
requires reinforcement at each junction and limits 
angle a to 30" unless a special dscontinuity analysis 
is performed. This procedure enables the designer to 
take into account combinations of loads, pressures, 
temperatures, and materials for cones where 01 is 
less than or equal to 30" without performing a discon- 
tinuity analysis and fulfill all code requirements. 

2. The design may be checked unpressurized with the 
effects of weight, wind, or earthquake by entering P, 
as 0 in the design tables. This condition may govern 
for the compression side. 

PROCEDURE 4-3 

STRESSES AT CIRCUMFERENTIAL RING STIFFENERS 13-61 

Notation 

P = pressure; (+) internal pressure, (-) external pres- 

us =Poisson's ratio, shell, 0.3 for steel 
a, =coefficient of thermal expansion of ring, in./in.PF 
a, =coefficient of thermal expansion of shell, in./in.PF 
E, = modulus of elasticity, ring, psi 
E, = modulus of elasticity, shell, psi 

sure, psi 

ATr = temperature difference between 70°F and design 

ATs =temperature difference between 70°F and design 
temperature, ring, "F 

temperature, shell, "F 

M =bending moment in shell, in.-lb 

F = discontinuity force, Ib/in. 
N = axial force, Ib/in. 

Mb = longitudinal bending moment, in.-lb 

W, =operating weight of vessel above ring elevation, 
lb/in. 

W1-7 = radial deflections, in. 
A, =cross-sectional area of ring, in.2 
a, =longitudinal stress, shell, psi 
CT+ =circumferential stress, shell, psi 

CT+~ =circumferential stress, ring, psi 
B = damping factor 
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I 

F F  
E - u- 

Vessel centerline 

Figure 4-5. Dimension and forces for a stiffening ring on the outside of a vessel. 

L 

- 

Figure 4-6. Dimension and forces for a stiffening ring on the inside of a vessel. 

Table 4 5  
Radial Displacements 

r 

r 

Cause Displacement Notes 

Shell 

Ring 

Discontinuity force, F 

Thermal expansion 

Pressure, P 

Axial load, N 

Discontinuity force, F 

Pressure, P 

FR:,B w, =- 
2Est 

PR: 
W3 = -(l - 0.5~~) 

tEs 

NUS 
w4 = (-)- 

2dES 

F R ~ ,  w, = (-)- 
ArEr 

PRm We =- 
E, [A] 

Solve for W1 in terms of F, 
which is unknown at this time. 

Solve for W5 in terms of F, 
which is unknown at this time. 

Thermal expansion W, = R m a r  ATr 
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Required Data 

R, = E, = 
r =  AT, = 

A, = AT, = 
t =  P =  

as = v, = 
as = Mb = 
E, = W, = 

Formulas 

0 CoeJfficient, b. 

For steel, where v, = 0.3, 

1.285 p=- m 
0 Axial load, N .  

2Mb 
Rm 

N = ( *I>- - W, + PXR; 

(+) tension, (-) compression 

Forces and Moments 

0 Equate displacements and solve for force, F.  

w1-k w2 -kw3 -k w4 = w5 +w6 -k w7 

where W1 = (+) 

w5 = (--) 
F =  

e Internal moment, M .  

w2 - w7)  w3 - w6) -k w4 M =  

Stresses 

a Shell. 

6M N PR, 
t2 2rrR,,t 2t 

a, = (&)- - - +- 

6Mu, FR, PR, 
t2 2t t 00 = (*)--- +- 

Table 4-6 
Values of E (106psi) and (Y (10-6in./in.PF) 

Temp. "F 

Material 100" 200" 300" 400" 500" 

Carbon steel E 29 28.7 28.2 27.6 26.8 
a 6.2 6.4 6.6 6.8 7.0 

Austenitic stainless steel E 28 27.3 26.6 25.9 25.2 
(Y 9.2 9.3 9.5 9.6 9.7 

Low chromium (~3%)  E 29.9 29.5 29 28.6 28 
(Y 6.2 6.4 6.6 6.8 7.0 

Chrome-moly (5%-9% chrome) E 27.4 27.1 26.8 26.4 26 
a 5.9 6.0 6.2 6.3 6.5 

High chrome (1 1 %-27%) E 29.2 28.7 28.3 27.7 27 
ry 5.4 5.5 5.7 5.8 6 

lnconel 600 E 31.7 30.9 30.5 30 29.6 
(Y 7.2 7.4 7.6 7.7 7.8 

lncoloy 800 E 28.5 27.8 27.3 26.8 26.2 
a! 7.9 7.9 8.8 8.9 

600" 700" 800" 

25.9 24.5 23 
7.2 7.4 7.7 

9.8 10.0 10.1 
27.4 26.6 25.7 
7.2 7.4 7.7 

25.4 24.9 24.2 
6.7 6.8 7.0 

26 24.8 23.1 
6.1 6.3 6.4 

29.2 28.6 27.9 
7.9 8.0 8.1 

25.7 25.2 24.6 
9 9.1 9.2 

24.5 23.8 23 

900" looo" 1100" 1200" 

21 18.1 
7.9 8.0 

22.4 21.6 
10.2 10.3 
24.5 23 20.4 15.6 
7.9 8.0 8.1 8.2 

23.5 22.8 21.9 20.8 
7.1 7.2 7.3 7.4 

21.1 18.6 15.6 12.2 
6.5 6.6 6.7 6.8 

25 20 
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Notes 

A stiffening ring bending stresses in 
the shell immediately adjacent to the ring due to differential 

highest at the inner surface of the shell where longitudinal 
deflection between the and ring. The is 

tension stresses due to pressure are combined with local 
bending stresses. This stress may be as high as 2.04 times 
the hoop stress in a simple, unstiffened shell of like size. The 

he ring. This procedure stiffening rings are spaced 
stress is local and fades rapidly with increasing distance from 

greater than n/p so effect from adjacent rings is insignificant. 

PROCEDURE 4-4 

TOWER DEFLECTION 171 

Notation 

L = overall length of vessel, in. 
L, =length of section, in. 
E, = modulus of elasticity of section, 
I, = moment of inertia of section, in. 

W, =concentrated loads, Ib 
w = uniformly distributed load, Ibhn. 

$si 

w,, = uniformly distributed load at top of vessel, lbhn. 
wmi, =uniformly distributed load at bottom of vessel, lb/ 

in. 
X = ratio L,/L for concentrated loads 
6 =deflection, in. 

Cases 

Case 1: Uniform Vessel, Uniform Load 

wL4 a = -  
8EI 

Case 2: Nonuniform Vessel, Uniform Load 

0 If E is constant 

0 I f E  is not constant 

I c=/ I 

Case 3: Nonuniform Vessel, Nonuniform Load 
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Case 1 

wind 

Case 3 

Wind 

Case 2 case 4 

W 

Triangular loading 

Case 5 Case 6 

Concentrated loads 

Case 7 Case 8 

Figure 4-7. Dimension and various loadings for vertical, skirt-supported vessels. 
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Case 4: Uniform Vessel, Nonuniform Load 

Case 5: Uniform Vessel, Triangular Load 

Load at base=O 
Load at top = w, lb/in. 

5.5wL4 
J=- 

Case 6: Nonuniform Vessel, Triangular Load 

60EI 

5.5w r;t 
J=GOE[EI,-E&] 

I c= I I I 

Case 7: Concentrated Load at Top of Vessel 

0 Unqorm vessel 

WL3 
d = -  

3EI 

==I I I 

0 Nonunqom vessel 

Case 8: Concentrated Lateral Load at Any Elevation 

L1 X = -  
L 

0 For unqorm vessel. 

WL3 3 - x  a = 1 -  
3EI ( W ) 

0 For nonunqorm vessels. 

Notes 

1. This procedure calculates the static deflection of tall 
towers due to various loadings and accounts for the 
following: 

a. Different wind pressures at different elevations. 
b. Various thicknesses, diameters, and moments of 

c. Different moduli of elasticity at different elevations 

2. This procedure is not valid for vessels that are subject 
to wind-induced oscillations or that must be designed 
dynamically. See Procedure 4-8, “Vibration of Tall 
Towers and Stacks” and Note 5 of Procedure 3-1 for 
additional information regarding vessels in this cate- 
gory. 

inertia at different elevations. 

due to a change in material or temperatures. 

3. Deflection should be limited to 6 in. per 1OOfi. 
4. Deflections due to combinations of various loadings 

should be added to find the overall deflection. 
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PROCEDURE 4-5 

DESIGN OF RING GIRDERS [8-121 

The circular girder supports the weight of the tank, vessel, 
or bin; its contents; and any installed plant equipment. The 
ring beam will take the load from the vessel uniformly dis- 
tributed over its full circumference, and in turn will be sup- 
ported on a structural steel framework in at least four places. 

The shell of a column-supported tank, vessel, or bin can 
be considered as a ring beam whether or not there is a 
special built-up beam structure for that purpose. 

Horizontal seismic force is transferred from the shell or 
short support skirt to the ring beam by tangential shear. The 
girder performs the function of transmitting the horizontal 
shear from the tank shell to the rods and posts of the sup- 
porting structure. 

The girder is analyzed as a closed horizontal ring acted 
upon by the horizontal shear stresses in the tank shell and by 
the horizontal components of the stresses in the rods and 
posts in the top panel of the supporting steel framework. 

Maximum girder stresses generally occur when the direc- 
tion of the earthquake force is parallel to a diameter passing 
through a pair of opposite posts. 

The ring beam (girder) is subjected to compression, bend- 
ing, and torsion due to the weight of the tank, contents, and 
horizontal wind or seismic forces. The maximum bending 
moment will occur at the supports. The torsional moment 
will be zero at the supports and maximum at an angular 
distance away from support points. 

This procedure assumes that the rods are tension-only 
members and connect every adjacent post. It is not valid 
for designs where the rods skip a post or two! 

For cases where the ring beam has additional moment, 
tangential and/or radial loads (such as sloping columns) 
these additional horizontal loads may be calculated using 
ring redundants. See Procedure 5-1. 

~ 

Notation 

D = diameter of column circle, in. 
F =horizontal wind or earthquake force at plane of 

girder, lb 
Fl,z = resisting force in tie rod, panel force, lb 

fb =bending stress, psi 
R = radius of column circle, in. 

R, =torsional resistance factor 
Q = equivalent vertical force at each support due to 

dead weight and overturning moment, Ib 
q = uniform vertical load on ring beam, lbhn. 
qt =tangential shear, lb/in. 
W = operating weight, Ib 

Typical six-column support 
structure shown (C, are coefficients) 

q - Iblin. 

Q I 
Q 

Idealized ring 

Figure 4-8. Dimension, forces, and loading at a ring girder. 
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/I = location of maximum torsional moment from 
column, degrees 

I,,I, =moment of inertia, in.' 

B, =bearing pressure, psi 

M =bending moment in base plate due to bearing 

M D  = horizontal bending moment between posts due to 

r =torsional shear stress, psi 

J =polar moment of inertia, in.4 

pressure, in.-lb 

force F, in.-lb 

M, =vertical bending moment between posts due to 

M,, =overturning moment of vessel at base of ring 

Mp =horizontal bending moment at posts due to force 

M, =vertical bending moment at posts due to force Q, 

MT =torsional moment at distance B from post, in.-lb 

force Q, in.-lb 

beam, in.-lb 

F, in.-lb 

in.-lb 

Table 4-7 
Internal Bending Moments 

Due to Force Q Due to Force F 

No. of Posts M* Mc MT P MP MB 

-0.049 FR 
6 -0.0889QR +OD451 QR +0.0091 QR 1 2"-44' +0.0164 FR -0.013 FR 
4 -0.1366 QR t0.0705 QR +0.0212QR 1 9"-12' +0.0683 FR 

9"-33 +0.0061 FR -0.0058 FR 
7" -37' f0.0030 FR -0.0029 FR 
6'-21' f0.0016 FR -0.0016 FR 

16 -0.0328 QR +0.0165QR +0.0013QR 4-46' +0.0007 FR -0.0007 FR 

8 -0.0662 QR +0.0333QR +0.0050QR 

12 -0.0438 QR f0.0228QR +0.0022 QR 
10 -0.0527 QR +0.0265 QR +0.0032 QR 

1. Values in table due to force Q are based on Walls, Bins, and Grain Elevators by M.S. Ketchum, McGraw-Hill Book Co., 1929. Coefficients have been modified for force Q 

2. Values in table due to force F are based on "Stress Analysis of the Balcony Girder of Elevated Water Tanks Under Earthquake Loads" by W.E. Black; Chicago Bridge 
rather than weight W. 

and Iron Co., 1941. 

Formulas 

- WR [1 0.5 ] M -- 
N 8 tan 8/2 

1 0 WR [ 0 2sin20/4 
2 2N 2 012 

M, = M,cos-+- sin-- 

WR 
2N 

MT= (-)M,sin B - -(1 - cos B) 
\YRB( l-- si;"> +- 2Tr 

F sin 4 
9t =7 

2F sin a,, 
N F1,z ... = 

F,, is maximum where a = 90" since sin 90" = 1. 
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Horizontal Forces on Ring Beam 

In the analysis for in-plane bending moment and thrust, 
the wind or seismic force is assumed to be transferred 

Load Diagrams 

to the girder by a sine-distributed tangential shear. (See 
Figure 4-10.) These loads are resisted by the horizontal 
reaction components of the sway bracing as shown in 
Figure 4-11. 

Vertical Forces on Ring Beam 

Intermediate stiffener 
Uniform vertical load 

Reaction from 
vertical load 
is assumed to 
be ideally 
transferred 
to girder 

Figure 4-9. Loading diagram for a ring girder: vertical forces on a ring beam. 

(Seismic/wind forc 

Figure 4-11. Loading diagram for a ring girder: support structure to 
beam. Figure 4-10. Loading diagram for a ring girder: shell to beam. 
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Procedure 

e Determine loads q and Q. 

e Determine bending moment;r in ring. 

Note: All coefficients are from Table 4-7. 

M, = coefficient x QR 

M, = coefficient x QR 

MT = coefficient x QR 

M p  = coefficient x FR 

MB = coefficient x FH 

e Determine properties of ring. 

For torsion the formula for shear stress, t, is 

where J = Polar moment of inertia, in.4 

= I, + I, 
C ,  = Distance to extreme fiber, in. 

Note: Box sections are best for resisting torsion. 

- 
X 

figure 4-12. Axis and distance of extreme fibers of typical beam sec- 
tions. 

y I  f 

X 

co 

X - t 

An alternate procedure is suggested by Blodgett in Design 
of Welded Structures [ 121 for substituting a torsional resis- 
tance factor, Rt, for the polar moment of inertia in the equa- 
tion for stress. The torsional resistance factor, Rt, is 
determined by dividing up the composite section into its 
component parts, finding the properties of these compo- 
nents, and adding the individual properties to obtain the 
sum. An example is shown in Figure 4-13. 

Rt for any rectangular section = ybd3. See Table 4-8 for y. 

+--- b 

t 

i i 
d 

T- R1 

R3 'CR, = R1+ R2 + R3 
Figure 4-13. Determination of value Rt for typical section. 

+ n 
R2 

+ 

Table 4-8 
Values of Coefficient y 

bld P 

1 .o 0.141 
1.5 0.196 
1.75 0.214 
2.0 0.229 
2.5 0.249 
3.0 0.263 
4.0 0.281 
6.0 0.299 
8.0 0.307 
10.8 0.313 

00 0.333 

Reprinted by permission of the James F. 
Lincoln Arc Welding Foundation. 

Stresses in beam. 
Note: Bending is maximum at the posts. Torsion is max- 
imum at p. 
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L 

Figure 4-14. Dimensions and loadings for various ring girders. 

Additional bending in base plate, 

Additional bending occurs in base plate due to localized 
bearing of post on ring. 

Bearing pressure, B,, psi 

where A = assumed contact area, area of cap plate or 
cross-sectional area of post. See Figure 
4-14. Assume reaction is evenly distributed 
over the contact area. 

l = Cantilever, in. 
L = Semifued span, in. 

Note: Maximum bending is at center of base plate. 

e Moment for cantilever portion. 

BPI2 M = -  
2 

e Moment for semi$xed span. 

B , L ~  M = -  
10 

e Bending stress, fb. 

6M 
t2 

f b  =- 

Notes 
~ 

1. The shell of a column-supported tank, vessel, or bin is 
considered to be a “circular girder” or “ring beam” 
uniformly loaded over its periphery and supported by 
columns equally spaced on the ring circumference. 

2. The ring beam (girder) is subjected to compression, 
bending, and torsion due to the weight of the tank and 
contents and horizontal wind or seismic force. 

3. The maximum bending moment occurs at the sup- 
ports. 

4. The torsional moment MT will be 0 at the supports 
and maximum at angular distance fl  away from sup- 
ports. 
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PROCEDURE 4-6 

DESIGN OF BAFFLES [12] 

Baffles are frequently used in pressure vessels, either ver- 
tical or horizontal, to divide the interior volume into differ- 
ent compartments. These compartments may be used to 
segregate liquids or provide overflow weirs for the separation 
of liquids. Baffles may be stiffened or unstiffened. When 
welded across the entire cross section of the vessel, they 
must be checked that they are not unduly restricting the 
diametral expansion of the vessel. If the unrestrained radial 
expansion of the vessel exceeds that of the baffle by more 
than l/i6 in. ( %  in. on the diameter), then a “flexible” type of 
connection between the vessel shell and the baffle should be 
utilized. Various flexible attachment designs are shown 
within the procedure. 

Baffles should always be designed in the corroded condi- 
tion, It is typical for welded baffles to be designed with a full 
corrosion allowance on both sides. If the baffle is bolted in, 
then one-half the full corrosion allowance may be applied to 
each side, the logic being that a bolted baffle is removable 
and therefore replaceable. 

The majority of baffles are flat and as a result are very 
inefficient from a strength standpoint. Deflection is the gov- 
erning case for flat plates loaded on one side. The preference 
is to have iinstiffened baffles, and they should always be the 
first choice. This will be acceptable for small baffles. 
However, for larger baffles, as the baffle thickness becomes 
excessive, stiffeners offer a more economical design. 
Therefore stiffeners are frequently used to stiffen the baffle 
to prevent the thickness of the baffle from becoming exces- 
sive. The number, size, and spacing of stiffeners are depen- 
dent on the baMe thickness selected. There is a continual 
trade-off between baffle thickness and stiffener parameters. 

The design of a baffle with stiffeners is an iterative pro- 
cess. The procedure for the design of the stiffeners is first to 
divide the baffle into “panel” sections that are rigid enough 
to withstand the pressure applied on one side. Each indivi- 
dual panel is checked as a flat plate of the dimensions of the 
panel. The stiffeners are assumed to be strong enough to 
provide the necessary edge support for the panel. 

The stiffeners themselves are designed next. A section of 
the baffle is assumed as acting with the stiffener and as 
contributing to the overall stiffness. This combined section 
is known as the composite stiffener. The composite section is 
checked for stress and deflection. Both vertical and horizon- 
tal stiffeners can be added as required. 

If required, an alternate design is assumed based on a 
thicker or thinner baffle and checked until a satisfactory 
design is found. There is no “right” answer; however, it 
should be noted that the thinner the baffle, the greater 
the number of stiffeners. The lightest overall weight 
is probably the “best” design but may not be the 
least expensive due to the welding costs in attaching the 
stiffeners. 

One alternative to a flat baMe with stiffeners is to go to a 
curved baffle. A curved baffle works best as a vertical baffle 
in a vertical vessel. The curved baffle takes pressure from 
either side wall. If the pressure is on the concave side the 
baffle is in tension. If the pressure is on the convex side, the 
baffle is in compression. 

There are various tables given in this procedure for flat 
plate coefficients. Flat plate coefficients are utilized to deter- 
mine the baffle thickness or a panel thickness. Each table is 
specific for a given condition and loading. 
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Notation 

Ap = area of baffle working with stiffener, ina2 
A, = area of stiffener, in.2 
C, = distance from centroid of composite section 

C, = distance from centroid of composite section to 

E = modulus of elasticity, psi 
Fb = allowable bending stress, psi 

I = moment of inertia, composite, in? 
I, = moment of inertia, stiffener, in.4 
1 =length of baffle that works with the stiffener, in. 

M =moment, in.-lb 
n =number of welds attaching stiffener 
P =vessel internal pressure, psig 
p = maximum uniform pressure, psi 

to panel, in. 

stiffener, in. 

p, = uniform pressure at any elevation, a,, psi 
R, =vessel mean radius, in. 
S, = specific gravity of contents 

t =thickness, shelI, in. 
tb =thickness, baMe, in. 
t, =thickness, stiffener, in. 
V = shear load, Ib 
w = required fillet weld size, in. 
a = thermal coefficient of expansion, in./in.PF 

p, y = flat plate coefficients 
AT = differential temperature (design temperature 

minus 70°F), O F  

a b  =bending stress in baffle, psi 
a, =bending stress in stiffener, psi 

An = radial expansion, in. 
6 =deflection, in. 

6, = maximum allowable deflection, in. 

Baffle Dimensions 

Vertical Vessel 

a 

Horizontal Vessel 

Vertical Vessel Horizontal Vessel 
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a/b 

Coefficient 

.El 
db 

Coefficient 

El 
El 

Table 4-8 
Flat Plate Coefficients 

0.25 

0.05 

0.013 

2 

0.32 

0.058 

Equations 

a/b 

Coefficient 
1 

0.287 

0.0443 
El 
El 
ah 
Coefficient 

2.5 

Case 1: One short edge free, three edges simply 
supported, uniformly decreasing load to the 
free edge 

1.25 

0.376 

0.0616 

3 

I 0.65 0.713 

a Lp 1.5 

0.28 
- 

1 

0.2 

0.026 0.033 ,z-tT 0.05 - 

4 
- 
0.37 

0.04 

3.5 

0.35 I 0.36 0.37 

0.064 0.067 0.069 0.07 
From Ref. 12. Section 6.5-4. Case 4d. 

Case 2: All edges simply supported, uniform 
decreasing load 

a L -1 Coefficient 
0.25 I 0.5 I 0.75 1 1 1.5 I 1 

Coefficient 
I I I I I 

I 0.32 I 0.35 I 0.37 I 0.38 I 0.38 
I 0.056 1 0.063 1 0.067 1 0.069 I 0.07 I 

From Ref. 12, Section 6.5-4, Case 4c. I- I I I I I I 

Case 3 All edges simply supported, uniform load 

m b  b 

B3pb2, 
(Th = - 

t2 

6 = Y@ ($) 
e Assume p as a uniform load at center of plate. 
e A,>b, 

From Ref. 12, Section 6.5-4, Case 4a. 

2 l  1.5 1.75 

0.452 

0.077 

4 Infinity 

0.1416 0.1422 -H 0.741 

0.14 
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Unstiffened Baffle Check 

Find load, p .  

62.4aSg 
p =- 

144 

Find ba& thickness, tb. 

Find bafle defEection, 6 .  

Limit deflection to the smaller of td2 or b/360. If dellation 
is excessive then: 

a. Increase the baffle thickness. 
b. Add stiffeners. 
c. Go to curved baffle design. 

If stiffeners are added, the first step is to find the maximum 
“a” and “b” dimensions that will meet the allowable deflec- 
tion for a given panel size. This will establish the stiffener 
spacing for both horizontal and vertical stiffeners. The ulti- 
mate design is a balance between baffle thickness, stiffener 
spacing, and stiffener size. 

- 

Thermal Check of Baffle 

Vessel radial expansion due to pressure. 

0.85PRm 
tE 

A1 = 

Vessel radial expansion due to temperature. 

0 Thermal expansion of baffle. 

A3 = 0 . 5 b ~  AT 

Differential expansion. 

Stiffener Design 

Divide baffle into panels to limit deflection to the lesser of 
td2 or b/360. Deflection is calculated based on the appro- 
priate Cases 1 through 3. 

1 b t 
1 1 

a 

lk! b‘ 1 
Figure 4-15. Example of stiffener layout. 

Check bafle for panel size a’ x b’. 
Check stiffener for length a or b. 

Do’s and Don’ts for attaching stiffeners 

DO DON’T 

Bene$ts: Provides added stiffness and no corrosion trap. 
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75% 

66 

Horizontal Stiffener Design 

3 4  

4-6 

b 

60 

57 

an62.4S, PIl lb2 M =- 
PI, = -144- 8 

3-5 

4-7 

Vertical Stiffener Design 

50 

44 

I 

2-4 3 4  4-8 

4-9 

a62.4Sg 
p = 1 4 4  

~~ ~ 

40 

37 

2.5pla4 s=- 
384EI 

2-5 4-1 0 

3-8 

M = .0642pla2 

33 

pla V = -  
3 

2-6 3-9 4-1 2 

Properties of Stiffener 

L c L 
1 1 

A, = t,h 

A, = ttJ 

tsh3 Is =- 
12 

Asy tlJ c -- +- ‘ - A S + A ,  2 

= lesser of 32th or stiffener spacing 

Stresses in BaffleIStiffener 

MCS 
I 

a, = ~ 

Size Welds Attaching Stiffeners 

For E70XX Welds: 

VdY w =  
11,200In 

Table 4-9 
Intermittent Welds 

Percent of 
Continuous 
Weld 

Length of Intermittent Welds and 
Distance Between Centers 

43 I I 3-7 I 
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For E6OXX Welds: 

VdY w =- 
9600In 

~ ~~~ 

Sample Problem 

e Given: Horizontal vessel with a vertical baffle 

P = 250 psig 
D.T. = 500°F 

material = SA-516-70 
C.a. = 0.125 in. 

JE = 1.0 

E = 27.3 x 106psi 

a! = 7.124 x in./in./"F 
F, = 30.8 ksi 

D = 240 in. 
F b  = 0.66 F, = 20.33 ksi 
R, = 120.938 

83 = 0.287 y3 = 0.0443 

Figure 4-16. Sample problem. 

ts = 1.75 in. 
S ,  = 0.8 
a = 15 ft 

AT = 500 - 70 = 430°F 

e Find bafle thickness without stiffener 

62.4aSg 
144 

p=-- - 5.2 psi 

a 15 
ratio = - = 0.75 6 20 

From Table 4-8, Case 1: 

= 0.16 ~1 = 0.033 

Thickness of bafle, tb. 

BlPb2 - 0.16(5.2)2402 
tb = J-Fb - / 20,330 

tb  = 1.53 f 0.25 = 1.78 

No good! Use stiffeners. 

e Assume a suitable ba& thickness and determine m x i -  
mum panel size. 

tb = 0.75in. corroded 
maximum panel size = 4ft x 4ft 

Maximum pressure, p. 

13(62.4)0.8 
= 4.5 psi '= 144 

a 4  
6 = 4 = l  

See Table 4-8, Case 3: 

0.287(4.5) 4S2 
= 5290 psi < 20,333 psi I =  0.752 
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Item 

1 

2 

3 

= y3@ $ = 0.0443( 4.5 ) (g) 
t" 27.3 x lo6 0.753 

b" Pn s 
235.2 1.04 1.49 

235.2 2.43 3.49 

144 3.81 0.767 

= 0.092in. < 0.375in. 

Balance OK by inspection 

0 Assume a layout where the maximum stiffener spacing 
is 4 8 .  

1 b4 1 

k=t 
Figure 4-17. Baffle layout for sample problem. 

(4) horizontal stiffeners 
(4) vertical stiffeners 
(18) panels 

0 Check horizontal stifenem. 

Dimensions: 

a l = 3 f t  b l = 4 f t  
a2 = 4 ft 
a,? = 4 ft 

bz = 4 ft 
b3 = 12 ft 

= 4 ft b* = 19.6 ft 
as = 13 ft 
% = 14.8 ft 

e Assume stiflener size, 1 in. x 4 in. 

y = 2.375 in. 

A, = t,h = l(4) = 4in.' 

1 = 32th = 32(0.75) = 24in. < 48in. 

A p  = tbl = 0.75(24) = 18in2 

= 5.33 in4. 
bh3 1(43) 1 --=- 

- 12 12 

Apt: A,Apy2 
I = I , + - + L  

12 A, + A ,  

= 5.33 + 0.633 + 18.46 = 24.42 in.4 

ASY + f b  c -- 
P - ~ , + ~ p  2 

4(2.375) 0.75 
22 2 

+ - = 0.807in. - -- 

c, = (h + tb) - c, 

= 4 + 0.75 - 0.807 = 3.943 

Check deflections: 

Deflections exceed allowable. No good! 

0 Assume a larger stiffener size: WT9 x 59.3. 

tf = 1.06 - 0.25 = 0.81 
tw = 0.625 - 0.25 = 0.375 

Check corroded thickness to find properties of corrohd 
section. This section would be equivalent to a WT9 x 30. 
Properties are: 

A, = 8.82 in.' 

I, = 64.7 in.4 

C ,  = 2.16in. 

H = gin.  

C, = h + tl, - C ,  

= 9 + 0.75 - 2.16 = 7.59in. 
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Table 4-10 
Summary of Results for Stress and Deflection in Composite Stiffeners for Sample Problem 

I I I I I I I I I 

t b  y = c  -- 
p 2  

= 7.215in. 

= 64.7 + 0.844 + 308.14 = 373.7in.4 

e Check stresses and dejections. See results in Table 4-10. 
Stresses and deflections are acceptable. 
Check welds. 

d = t, + 2tw = 0.375 + 2(0.323) = 1.02 

y = 7.215 in. 

I = 3 7 ~ 7 i n . ~  

n = 2  

v+ = 6681( 1.02)7.215 
11,200In 11,200(373.7)2 

W =  

= 0.005 + 0.125 = 0.13in. 

Stiffener I4 I 
I 
I 
L 

Baffle & 
- - _  - _ - - - - - _ _  YEP1 Figure 4-18. Details of weld attaching stiffener. 

e Check thermal expansion of bafle. 

= 0.00054 in. 
0.85PRr, - 0.85(250) 120.938 

tE 1.75(27.3 x lo6) 
Ai = - 

A2 = R,a AT = 120.938(7.124 x 10-6)430 = 0.370in. 

A3 = 0.5h AT = 0.5(240)(7.124 x 1OP6)430 = 0.367in. 
A4 = A1 + A2 - A3 

= 0.00054 + 0.370 - 0.367 = 0.0035 < 0.06 in. 
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Flexible Baffle Design for Full-Cross-section Baffles 

Baffle 

Shell 

Attached by Angle to Shell 

Baffle Bolted to Shell 

Shell 

Diaphragm Plate 

Shell 

Attached by Angle, 
Guided by Ring 

Stiffener 
optional 

I 
I 

Baffle Welded to Shell 
Note: Difficult to fabricate when 
t > 318 or inside head 

Radius = vessel @ 

Alternate Construction 
Benefits: Easily takes pressure 

from either side and good for thermal 
expansion 
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PROCEDURE 4-7 

DESIGN OF VESSELS WITH REFRACTORY LININGS [ 13-16] 

The circular cross sections of vessels and stacks provide an 
ideal shape for supporting and sustaining refractory linings, 
from a stress standpoint. There are a variety of stresses 
developed in the lining itself as well as stresses induced in 
the steel containment shell. Compressive stresses are devel- 
oped in the lining and are a natural result of the temperature 
gradient. These compressive stresses help to keep the lining 
in position during operation. This compressive condition is 
desirable, but it must not be so high as to damage the lining. 

Several idealized assumptions have been made to simplify 
the calculation procedure. 

1. Steady-state conditions exist. 
2. Stress-strain relationships are purely elastic. 
3. Shrinkage varies linearly with temperature. 
4. Thermal conductivity and elastic moduli are uniform 

throughout the lining. 
5.  Circumferential stresses are greater than longitudinal 

stresses in cylindrical vessels and therefore are the only 
ones calculated here. 

The hot face is in compression during operation and heat- 
up cycles and is in tension during cool-down cycles. The 
tension and compressive loads vary across the cross section 
of the lining during heating and cooling phases. The mean 
will not necessarily result in compression during operation 
but may be tension or neutral. The hot-face stress should 
always he compressive and is the maximum compressive 
stress in the lining. If it is not compressive, it can be made 
so either by increasing the thickness of the lining or by 
choosing a refractory with a higher thermal conductivity. 
Excessive compressive stresses will cause spalling. 

The cold face is under tensile stress. This stress often 
exceeds the allowable tensile stress of the material, and 
cracks must develop to compensate for the excessive tensile 
stress. The tensile stress is always maximum at the cold face. 

Upon cooling of the vessel, the irreversible shrinkage wiIl 
cause cracks to propagate through the lining. The shrinkage 
of the hot face amounts to about 0.001 in./in. crack width at 
the surface would vary from 0.01 to 0.03 in. These cracks will 
close early in the reheat cycle and will remain closed under 
compression at operating temperatures. 

Monolithic refractories creep under compressive stress. At 
stresses much less than the crush strength, the creep rate 
diminishes with time and approaches zero. Creep occurs 
under nominally constant stress. When strain instead of 
stress is held constant, the stress relaxes by the same 
mechanism that causes creep. Creep rate increases at 
lower temperatures and drops off with temperature. 

Allowable Refractory Stresses 

There is no code or standard that dictates the allowable 
stresses for refractory materials. Refractory suppliers do not 
have established criteria for acceptable stress levels. In addi- 
tion, there is very limited experimental information on the 
behavior of refractory materials under multiaxial stress 
states. 

One criterion that has been used is a factor of safety of 2, 
based on the minimum specified crush strength of the mate- 
rial at temperature for the allowable compressive stress. The 
corresponding allowable tensile stress is 40% of the modulus 
of rupture at 1000°F. 

Refractory Failures and Potential Causes of 
Hot Spots 

The following are some potential causes of refractory fail- 
ure, cracking, and subsequent hot spots. 

0 Refractory spalling: Spalling can be caused by excessive 
moisture in the material during heating, by too rapid heat- 
up or cool-down cycles, by too high a thermal gradient 
across the lining due to improper design, either too 
thick a lining or too low a thermal conductivity. This 
case leads to excessive hot-face compression. 

0 Poor refractory installation. 
0 Poor refractory material. 
0 Excessive deflection or flexing of the steel shell due to 

0 Differential expansion. 
0 Excessive thermal gradient. 
0 Upsets or excursions leading to rapid heating or cooling 

0 Upsets or excursions leading to temperatures near or 

0 Poor design details. 
0 Poor refractory selection. 
0 Improper curing or dry-out rates. 
0 Poor field joints. 
0 Temperature differential. 
0 Incorrect anchorage system. 
0 Vibration. 
0 Anchor failure. 

pressure, surge, or thermal stresses. 

rates. These should be limited to about 100"Fhr. 

exceeding the maximum service temperature. 
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General Refractory Notes 
~ ~~ ~ 

0 Once the hot spots have occurred, there is obviously a heat 
leak path to the vessel wall. The subsequent heating of the 
shell locally also affects the anchors. Since the anchors are 
made of stainless steel, they grow more than the shell and 
therefore relax their grip on the refractory. This in turn 
allows the gap between the shell and the refractory to 
grow. 

0 Refractory failures are categorized as either tension or 
compression failures. These failures can result from bend- 
ing or pure tensiodcompression loads. In a tension failure 
the crack is initiated and grows. A "cold joint" is the pre- 
ferred fix for a tension failure. 

0 A compression failure will tend to pull the lining away 
from the wall. A flexible joint with ceramic fiber is a 
good solution of this type of failure. 

0 During operation, the hot face is in compression, varying 
through the thickness to tension against the steel shell. 
This is caused by thermal expansion of the material and 
thermal gradient forces developed internally. 

0 During the cooling cycle, the hot face will be in tension. If 
the cooling cycle is io0 rapid or the anchoring too rigid, 
then the tensile stress of the material becomes critical in 
resisting cracking. 

0 Due to low tensile strength, cracking occurs at early stages 
of load cycles, which ultimately results in load redistribu- 
tion. 

0 Temperature loading, such as heat-up, cool-down, and 
holding periods at lower temperatures, results in stress 
cycling. 

0 Refractory properties are nonlinear. 
0 Compressive strength is practically independent of tem- 

perature, whereas tensile strength is highly dependent on 
temperature. 

0 Refractory material undergoes a permanent change in 
volume due to both loss of moisture during the dryout 
cycle as well as a change in the chemical structure. The 
effects of moisture loss as well as chemical metamorphosis 
are irreversible. 

0 During initial heating, the steel shell has a tendency to 
pull away from the refractory. The cooler the shell, the 
less the impact on the refractory. The cooler shell tends to 
hold the refractory in compression longer. 
The use of hoIding periods during the heat-up and cool- 
down cycles results in relaxation of compressive stresses 
due to creep. However, this same creep may introduce 
cracks once the lining is cooled off. 

0 The two most important effects on refractory linings are 

0 Optimum anchor spacing is 1.5-3 times the thickness of 

0 Optimum anchor depth is approximately two-thirds of the 

creep and shrinkage. 

the lining. 

lining thickness. 

~ 

Notation 

Shell Properties 

D = shell ID, in. 
D, = shell OD, in. 
E, = modulus of elasticity, shell, si 
I, = moment of inertia, shell, in. 

K, = thermal conductivity, shell, Btu/in.-hr-ft2-"F 
t, =thickness, shell, in. 

W, = specific density, steel, pcf 
a, = thermal coefficient of expansion, shell, in./in./"F 

I: 

Refractory Properties 

DL = refractory OD, in. 
dL = refractory ID, in. 
EL = modulus of elasticity, refractory, psi 
F, = allowable compressive stress, refractory, psi 

KL = thermal conductivity, refractory, Btu/in.-hr-ft'- 

STS, STL =irreversible shrinkage of lining @ temperatures 

IL = moment of inertia, refractory, in. 4 

"F 

Ts, TL 
tL = thickness, refractory, in. 

a L  = thermal coefficient of expansion, refractory, 

pL = Poisson's ratio, refractory 

WL = specific density of refractory, pcf 

in./in./" F 

General 

E, = modulus of elasticity of composite section, psi 
hi, h, = film coefficients, inside or outside, Btu/ft2-hr/"F 

P = internal pressure, psig 
Q =heat loss through wall, Btu/ft2-hr 
T, =temperature, outside ambient, "F 
T, = temperature, outside ambient during construc- 

TL =temperature, refractory, mean, O F  

tion, "F  

T L ~  =temperature, lining, inside, O F  



T,, = temperature, internal operating, O F  

Ts =temperature, shell, mean, "F 
Tbl =temperature, shell, inside, O F  

TSz =temperature, shell, outside, O F  

W = overall weight, Ib 
W,.,, = equivalent specific density, pcf 

8 =deflection, in. 
E@ = circumferential strain due to internal pressure, 

i d i n .  
ALI =thermal expansion, shell, in./in. 
AL2 = thermal expansion, shell, without lining stress, in./ 

AL3 = mean thermal expansion, i d i n .  
AL4 = mean shrinkage, in./in. 
AL5 = net mean unrestrained expansion, i d i n .  
ALli = net differential circumferential expansion, in./in. 

in. 

n12, = mean compressive stress, refractory, due to 

oL2 = stress differential from mean, refractory, due to 

n12,3 = stress differential from mean, refractory, at hot 

nL.$ = circumferential stress in refractory, at hot face, 

nL5 = circumferential stress in refractory, at cold face, 

n\<, = circumferential stress in shell caused by the 

o,f, = circumferential stress due to internal pressure, psi 

restraint of shell, psi 

thermal expansion gradient, psi 

face due to shrinkage, psi 

psi 

psi 

lining, psi 

L1 

W 
I 

1 1  1 1  1 1  1 '1  1 1  
---? - - - _ _ _ _ _ _ - - - -  - - -  t-- 4 

Figure 4-19. Lining dimensions 
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S h e l l 7  Refractory 

Shell I 

Hoop Stresses 

Radial Compressive Stresses 

Figure 4-20. Stresdtemperatures in wall. 

Calculations 

Properties of Vessel or Pipe 

0 Equicalent ,spec@ density, we,(/. 

0 Moment of inertia. 
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n 4  4 

64 Refractory: IL = -(DL - dL) 

Composite: I = I, + IL 

0 Equivalent modulus of elasticity, E,. 

ELIL 
E,, = E, +- I s  

Temperatures 

Heat loss through wall, Q. 
m m  

10 - l a  

-+-+-+- 
hi KL Ks ho 

Q = 1  t L  t, 1 

Outside shell temperature, T,, . 

Inside shell temperatures, T,Z. 

Inside lining temperature, TLI . 

Verijcation of temperature gradient. 

Mean shell temperature, T,. 

T, = 0.5(TSi + Ts2) 

Mean lining temperature, TL. 

TL = o.5(Tsz + T L ~ )  

Stresses and Strain 

0 Circumferential pressure stress, a+. 

PD 
a@ = - 

2 t S  

0 Circumferential pressure strain, €4. 

0 . 8 5 ~ 6  
&# = - 

E, 

Thermal Expansions 

e Thermal expansion of shell, AL1. 

AL1 = CU,(T, - T,) 

0 Total circumferential expansion without lining 
AL2. 

AL2 = 84 + ALI 

0 Mean thermal expansion, AL3. 

AL3  = CUL(TL - T,) 

0 Mean shrinkage, AL4. 

ALA = 0.5(S~s + STL) 

0 Net m a n  unrestrained expansion, AL5. 

A I 5  = AL3 - ALA 

0 Net differential circumferential expansion, AL6. 

AL6 = AL2 - AL5 

Stresses 

(9) 

e Mean compressive stress in lining due to restraint of shell, 
UL1. 

0 Differential stress from mean at hot f a e  and cold f a e  of 
lining due to thermal expansion, am. 

0 Differential stress from mean at hot and cold faces of lining 
due to shrinkage, au. 
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Properties 

Modulus of elasticity, E (105psi) 

0 Circumferential s tres  in lining at hot face, cL4. 

ffL4 = ffL1 - ffL2 + ffL3 

0 Circumferential stress in lining at cold face, mL5. 

ffL5 = ffL1 + ffI.2 - ffL3 

0 Circumferential stress in shell caused by lining, ubc 

Material 
At Temperature ( O F )  ~ ~ - 2 2 s  RS-3 RS-6 RS-7 RS-17EC 

230 47 2.1 4.1 3.7 18.9 
500 35 1.5 2.94 2.7 16.8 

1000 16.5 0.84 1.62 1.5 15.5 
1500 7.9 0.5 0.93 0.8 14.1 

Stress and Deflection Due to External loads 

Density, d (pcf) 

(19 

(20 

(21 

170 60 75-85 85-95 130-1 35 

Ta-.2 4- 

Thermal conductivity, K (BTUhlhrIsq W F )  

0 Deflection due to dead weight alone, 6.  

500 1.7 2.7 2.5 10 
1000 10.3 1.65 2.85 2.8 6.3 
1500 10.4 1.8 3 3.2 6.9 
2000 10.6 3.2 2 7.7 

5wL4 A=- 
384E,,I 

Coefficient of thermal expansion 
(10-6in./in./oF) 

Poisson's ratio 

Specific heat (BTUIIbPF) 

0 Deflection due to concentrated load, 6.  

4.7 4.4 4.7 3.5 

0.16 

0.24 

L1 X = -  
L 

% Permanent linear change 

2 

1500 
2000 

-0.1 TO -0.5 -0.3 TO -0.7 -0.1 TO -0.3 -0.2 TO -0.4 -0.1 TO -0.3 
-0.4 TO -1.1 -0.8 TO -1.2 -0.4 TO -0.6 -0.1 TO -0.3 -0.5 TO -1.1 

Properties of Refractory Materials 

c 1000 1400 100 200 200-300 1500-1 900 
1500 140c-2200 100-200 200-500 300-700 1400-1 800 
2000 150-250 200-500 200-500 

Cold crush strength (psi) 

Allowable compressive stress (psi) 

1000 8000-12000 300 1500 600-1 000 9000-1 2000 
1500 7500-1 0000 300-600 1500-1 800 700-1 100 8000-1 1000 
2000 7000-1 0000 500-800 1200-1 600 600-1 000 9000-1 2000 

1000 4000 150 750 400 5000 

Allowable tensile stress (psi) 1000 I 560 40 80 I 100 1 680 
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I Case1 I Case2 I Item I Case1 

Table 4-13 
Given Input for Sample Problems 

Case 2 

I Shell Properties I Refractory Properties I 

D 

t S  

I Item 

360 in. 374 in. fL 4 in. 4 in. 

0.5 in. 1.125 in. EL 0.6 x lo6 0.8 x 106 

E, 

ffS 

28.5 x lo6 27.7 x lo6 ffL 4.0 x 4.7 x 10-6 

6.8 x lo-' 7.07 x 1 0-6 kL 4.4 3.2 

ks 

PS 

~ 

300 331.2 PL 0.25 0.2 

0.3 0.3 g u n  2000 psi 100 psi 

I Ta 

TC 

TD 

I 80" F I -20" F I STS I 0.00028 I ~~ 0.002 --1 
60" F 50" F STL 0.001 08 -0.00025 

1100°F 1 400" F hi 40 40 

P 12 PSlG 25 PSlG h0 4 3.5 

Table 4-14 
Summary of Results for Sample Problems 

Equation 

1 

~ 

Variable Case 1 Case 2 Equation Variable Case 1 Case 2 

0 860 908 12 Ab 2.51 2 x 1 o - ~  3.53 1 o - ~  
2 

3 

4 

5 

6 

Tsi  295 239 13 A14 6.8 x 1.75 10-3 

Ts2 296 242 14 AI5 1.832 10-3 -4.7 1 o - ~  
TL1 1079 1377 15 -1.02 x 1.88 x 

T O  1100 1400 16 UL1 -52.4psi 148.9psi 

T S  591 241 17 0 1  7 +I-1251 Dsi +/-266~si 

7 

8 

9 

I I I I I I I I I 

~ 

TL 628 81 0 18 OL3 +I-320 psi -1 12.5 psi 

-229.6 psi 

E+ 1 . 2 9 ~ 1 0 - ~  1 . 2 7 5 ~ 1 0 - ~  20 ULS 879 psi 427.5psi 

-983 psi u+ 4320 41 55 19 OL4 

10 

11 

All 1.6 10-3 1 . 2 8 ~  21 osc -416 psi -530 psi 

A 12 1.73 10-3 1.41 10-3 
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650-750°F 

Hot Spot 
Detected > 650°F 

750-1 000°F >lOOO"F 

/T/ Confirm 

No Time Limit 

Temp? 0 
Max 8 Hours Max 2 Hours 

b 

Monitor 0 
Refractory Lined Box 

b 

Figure 4-21. Hot Spot Decision Tree. 

Steam Box 
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PROCEDURE 4-8 

VIBRATION OF TALL TOWERS AND STACKS 117-271 

Tall cylindrical stacks and towers may be susceptible to 
wind-induced oscillations as a result of vortex shedding. 
This phenomenon, often referred to as dynamic instability, 
has resulted in severe oscillations, excessive deflections, 
structural damage, and even failure. Once it has been deter- 
mined that a vessel is dynamically unstable, either the vessel 
must be redesigned to withstand the effects of wind-induced 
oscillations or external spoilers must be added to ensure that 
vortex shedding does not occur. 

The deflections resulting from vortex shedding are per- 
pendicular to the direction of wind flow and occur at rela- 
tively low wind velocities. When the natural period of 
vibration of a stack or column coincides with the frequency 
of vortex shedding, the amplitude of vibration is greatly mag- 
nified. The frequency of vortex shedding is related to wind 
velocity and vessel diameter. The wind velocity at which the 
frequency of vortex shedding matches the natural period of 
vibration is called the critical wind velocity. 

Wind-induced oscillations occur at steady, moderate wind 
velocities of 20-25 miles per hour. These oscillations com- 
mence as the frequency of vortex shedding approaches the 
natural period of the stack or column and are perpendicular 
to the prevailing wind. Larger wind velocities contain high- 
velocity random gusts that reduce the tendency for vortex 
shedding in a regular periodic manner. 

A convenient method of relating to the phenomenon of 
wind excitation is to equate it to fluid flow around a cylinder. 
In fact this is the exact case of early discoveries related to 
submarine periscopes vibrating wildly at certain speeds. At 
low flow rates, the flow around the cylinder is laminar. As the 
stream velocity increases, two symmetrical eddies are formed 
on either side of the cylinder. At higher velocities vortices 
begin to break off from the main stream, resulting in an 
imbalance in forces exerted from the split stream. The dis- 
charging vortex imparts a fluctuating force that can cause 
movement in the vessel perpendicular to the direction of 
the stream. 

Historically, vessels have tended to have many fewer inci- 
dents of wind-induced vibration than stacks. There is a vari- 
ety of reasons for this: 

1. Relatively thicker walls. 
2. Higher first frequency. 
3. External attachments, such as ladders, platforms, and 

piping, that disrupt the wind flow around the vessel. 
4. Significantly higher damping due to: 

a. Internal attachments, trays, baffles, etc. 
b. External attachments, ladders, platforms, and 

piping. 

c. Liquid holdup and sloshing. 
d. Soil. 
e. Foundation. 
f. Shell material. 
g. External insulation. 

Damping Mechanisms 

Internal linings are also significant for damping vibration; 
however, most tall, slender columns are not lined, whereas 
many stacks are. The lining referred to here would be the 
refractory type of linings, not paint, cladding, or some pro- 
tective metal coating. It is the damping effect of the concrete 
that is significant. 

Damping is the rate at which material absorbs energy 
under a cyclical load. The energy is dissipated as heat from 
internal damping within the system. These energy losses are 
due to the combined resistances from all of the design fea- 
tures mentioned, Le., the vessel, contents, foundation, inter- 
nals, and externals. The combined resistances are known as 
the damping factor. 

The total damping factor is a sum of all the individual 
damping factors. The damping factor is also known by 
other terms and expressions in the various literature and 
equations and expressed as a coefficient. Other common 
terms for the damping factor are damping coeflicient, struc- 
tural damping coefacient, percent critical damping, and 
material damping ratio. In this procedure this term is 
always referred to either as factor DF or as /?. 

There are eight potential types of damping that affect a 
structure’s response to vibration. They are divided into three 
major groups: 

Resistance: 
Damping from internal attachments, such as trays. 
Damping from external attachments, such as ladders, 
platforms, and installed piping. 
Sloshing of internal liquid. 

Base support: 
Soil. 
Foundation. 

Energy absorbed by the shell (hysteretic): 
Material of shell. 
Insulation. 
Internal lining. 

Karamchandani, Gupta, and Pattabiraman give a detailed 
account of each of these damping mechanisms (see Ref. 17) 
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for process towers (trayed columns). They estimate the “per- 
cent critical damping” at 3% for empty vessels and 5% for 
operating conditions. The value actually used by most codes 
is only a fraction of this value. 

Design Criteria 

Once a vessel has been designed statically, it is necessary 
to determine if the vessel is susceptible to wind-induced 
vibration. Historically, the rule of thumb was to do a dynamic 
wind check only if the vessel UD ratio exceeded 15 and the 
POV was greater than 0.4 seconds. This criterion has proven 
to be unconservative for a number of applications. In ad&- 
tion, if the critical wind velocity, V,, is greater than 50 mph, 
then no further investigation is required. Wind speeds in 
excess of 50mph always contain gusts that will disrupt uni- 
form vortex shedding. 

This criterion was amplified by Zorrilla [18], who gave 
additional sets of criteria. Criterion 1 determines if an ana- 
lysis should be performed. Criterion 2 determines if the 
vessel is to be considered stable or unstable. Criterion 3 
involves parameters for the first two criteria. 

Criterion 1 

0 If W/L@ < 20, a vibration analysis must be performed. 
0 If 20 < W/L@ < 25, a vibration analysis should be per- 

0 If W/LD: > 25, a vibration analysis need not be per- 
formed. 

formed. 

Criterion 2 

0 If WS/LD: < 0.75, the vessel is unstable. 
0 If 0.75 < WS/LD~ < 0.95, the vessel is probably unstable. 
0 If WG/LD; > 0.95, the structure is stable. 

Criterion 3 

This criterion must be met for Criteria 1 and 2 to be valid. 

Lc/L<O.5 
0 10,000 D,< 8 
0 W/ws<6 
0 V, > 50 mph; vessel is stable and further analysis need not 

be performed. 

Criterion 4 

An alternative criterion is given in ASME STS-1-2000, “Steel 
Stacks.” This standard is written specifically for stacks. The 
criterion listed in this standard calculates a “critical vortex 

shedding velocity,” V,,,,. This value is then compared to the 
critical wind speed, V,, and a decision made. 

0 If V, i Vzcrit, vortex shedding loads shall be calculated. 
0 If V,,, < V, < 1.2VzCfit, vortex shedding loads shall be cal- 

culated; however, the loads may be reduced by a factor of 
(Vz,nflJ2. 

0 If V, > 1.2Vzcrit, vortex shedding may be ignored. 

Equations are given for calculating all of the associated 
loads and forces for the analysis. This procedure utilizes 
the combination of two components off?, one /3 for aerody- 
namic damping, pa, and one for steel damping, Bs. The two 
values are combined to determine the overall /3. 

This standard does not require a fatigue evaluation to be 
done if the stack is subject to wind-induced oscillations. 

Criterion 5 

An alternative criterion is also given in the Canadian 
Building Code, NBC. The procedure for evaluating effects 
of vortex shedding can be approximated by a static force 
acting over the top third of the vessel or stack. An equation 
is given for this value, FL, and shown is this procedure. 

Dynamic Analysis 

If the vessel is determined by this criterion to be unstable, 
then there are two options: 

a. The vessel must be redesigned to withstand the 
effects of wind-induced vibration such that dynamic 
deflection is less than 6 in.400 ft of height. 

b. Design modifications must be implemented such 
that wind-induced oscillations do not occur. 

Design Modifications 

The following design modifications may be made to the 
vessel to eliminate vortex shedding: 

a. Add thickness to bottom shell courses and skirt to 
increase damping and raise the POV. 

b. Reduce the top diameter where possible. 
c. For stacks, add helical strakes to the top third of the 

stack only as a last resort. Spoilers or strakes should 
protrude beyond the stack diameter by a distance of 
d/12 but not less than 2 in. 

d. Cross-brace vessels together. 
e. Add guy cables or wires to grade. 
f. Add internal linings. 
g. Reduce vessel below dynamic criteria. 
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Precautions 
~~ ~ 

The following precautions should be taken. 

a. Include ladders, platforms, and piping in your cal- 
culations to more accurately determine the natural 
frequency. 

b. Grout the vessel base as soon as possible after erec- 
tion while it is most susceptible to wind vibration. 

c. Add external attachments as soon as possible after 
erection to break up vortices. 

d. Ensure that tower anchor bolts are tightened as 
soon as possible after erection. 

Definitions 

Critical wind velocity: The velocity at which the frequency 
of vortex shedding matches one of the normal modes of 
vibration. 

Logarithmic decrement: A measure of the ability of the 
overall structure (vessel, foundation, insulation, contents, 
soil, lining, and internal and external attachments) to dis- 
sipate energy during vibration. The logarithmic ratio of 
two successive amplitudes of a damped, freely vibrating 
structure or the percentage decay per cycle. 

Static dejlection: Deflection due to wind or earthquake in 
the direction of load. 

Dynamic deflection: Deflection due to vortex shedding 
perpendicular to the direction of the wind. 

Notes 

1. See Procedure 3-3 to determine a vessel's fundamental 

2. See Procedure 4-4 to determine static deflection. 
3. Vessel should be checked in the empty and operating 

conditions with the vessel fully corroded. 
4. Concentrated eccentric loads can be converted to an 

additional equivalent uniform wind load. 
5. JJD ratios for multidiameter columns can be deter- 

mined as shown in Note 8. 
6. A fatigue evaluation should be performed for any vessel 

susceptible to vortex shedding. A vessel with a POV of 1 
second and subjected to 3 hours per day for 30 years 
would experience 120 million cycles. 

7. This procedure is for cylindrical stacks or vessels only, 
mounted at grade. It is not appropriate for tapered 
stacks or vessels. There is a detailed procedure in 
ASME STS-1 for tapered stacks. Multidiameter col- 
umns and stacks can be evaluated by the methods 
shown. This procedure also does not account for multi- 
ple vessels or stacks in a row. 

period of vibration (POV). 

8. LlD ratios can be approximated as follows: 

LID1 4- LDz + . . . + LxDx -I- LskDsk 

D; 

where quantities L D x  are calculated from the top down. 
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Case 1: Empty 

I 

Case 2: Operating 

12 

Description 

Material 

Insulation 

Soil 

Attachments 

Liquid 

L 
Sources: Ref. 17. 

B B 
s 6 

% % 

0.07 0.01 1 1.1 0.07 0.01 1 1.1 

0.0063 0.001 0.1 0.0063 0.001 0.1 

0.125 0.02 2 0.125 0.02 2 

0.0063 0.001 0.1 0.0063 0.001 0.1 

0.094 0.01 5 1.5 

Total 0.208 0.033 3.34 0.302 0.048 4.84 

~~ 

Description 

1 Steel vessel 

2 Tower with internals 

3 Tower internals and opera- 

TY Pe 

tions 

Soil Type 

soft (1) Medium (2) RocWPiles (3) 

0.1 0.05 0.03 

0.13 0.08 0.035-0.05 

0.1 0.05 0.035 

4 I Tower, refractory lined I 0.3 0.1 0.04-0.05 I I 

7 

5 I Tower, full of water I 0.3 I 0.1 I 0.07 

Lined stack 0.3 0.1 0.07 

- 

6 ~ Unlined stack I 0.1 0.05 0.035 I I 
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ASCE 7-95 

0.005 

Soil Type 

Major Oil Co ASME STS1 NBC Misc. Papers Gupta Compress 

Table 4-17 
Values of p 

Standard 

Medium 

Rock/ 
Piles 

0.01 

0.005 

See Table 4-18; See Note 1 and Lined=0.0048-0,0095 Unlined = 0.001 64.008 See Table 4-1 5; Default = 2% 
0.004-0.0127 Table 4-19 See Note See Note 0.03-0.05 (0.02) 

Equipment Description B 
Vessels: 

1. Empty without internals 0.0048 

2. Empty with tray spacing > 5 ft. 

3. Empty with tray spacing 3-5ft 

I 6. Operating with tray spacing<5ft 

0.0051 

0.0056 

0.01 27 I 

4. Empty with tray spacing < 3ft 

5. Operating with tray spacing 5-8ft 

0.0064 

0.01 16 

7. Vessel full of liquid 

Table 4-19 
Values of ps per ASME STS-1 

0.01 8 

Type of Stack 

Stacks mounted at grade 0.004-0.008 

Rigid Support 

I 2. For lined and unlined stacks only! 

Elastic Support 

Unlined 

Lined 

B, = from table I 

0.002 0.004 

0.003 0.006 

Notes 

1. 

6 
B = -  2n 

3. 
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Exposure Category b 

A 0.64 

B 0.84 

C 1 

D 1.07 

Table 4-20 
Coefficient Cf per ASME STS-1 

a 

0.333 

0.25 

0.15 

0.1 11 

Surface 
Texture 

UD 

1 7 25 

D(qz)O > 2.5 Smooth 0.5 0.6 0.7 

Rough 0.7 0.8 0.9 

L- a 
c, 

E 
0 
ii 

Very rough 

D(q,)O > 2.5 All 

Fundamental Period, T, Seconds 

0.8 1 1.2 

0.7 0.8 1.2 

Figure 4-22. Graph of critical wind velocity, V,. 
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~~ 

Notation 

Bf = allowable soil bearing pressure, psf 
Cf = wind force coefficient, from table 

D = mean vessel diameter, in. 
D, = average diameter of top third of vessel, ft 
E = modulus of elasticity, psi 
FF = fictitious lateral load applied at top tangent line, 

FL = equivalent static force acting on top third of 

f = fundamental frequency of vibration, Hz (cycles 

C1,C2 = NBC coefficients 

lb 

vessel or stack, lb 

per second) 
f,, = frequency of mode n, Hz 
f, = frequency of ovalling of unlined stack, Hz 
g = acceleration due to gravity, 386 in./sec2 or 32 ftl 

I = moment of inertia, shell, in. 
IF = importance factor, 1.0-1.5 
L = overall length of vessel, ft 

2 sec 
4 

ML = overturning moment due to force FL, ft-lb 
Ms = overturning moment due to seismic, ft-lb 
MR =resultant moment, ft-lb 
M, =overturning moment due to wind, ft-lb 

q H  =wind velocity pressure, psf, per NBC 
q, = external wind pressure, psf per ASME STS-1 
S = Strouhal number, use 0.2 
T =period of vibration, sec 
t =shell thickness, in. 

V =basic wind speed, rnph 
V, = critical wind velocity, mph 

MWD = modified wind moment, ft-lb 

V,l,Vc2 = critical wind speeds for modes I and 2, mph or 
fPS 

V,, =critical wind speed for ovalling of stacks, ft'sec 
V, =reference design wind speed, mph, per ASME 

V, = mean hourly wind speed, ft'sec 

W = overall weight of vessel, lb 
w =uniform weight of vessel, Ib/ft 

w, = uniform weight of top third of vessel, lb/ft 

/3 = percent critical damping, damping factor 

STS-1 

Vzcrit = mean hourly wind speed at % L, ft'sec 

a, b =topographic factors per ASME STS-1 

pa = aerodynamic damping value 

fif = foundation damping value 
B, = structural damping value 
6 =logarithmic decrement 

Ad = dynamic deflection, perpendicular to direction 

As = static deflection, parallel to direction of wind, in. 
of wind, in. 

p =density of air, Ib/ft3 (0.0803) or kg/m3 (1.2) 
A =aspect ratio, L/D 

Miscellaneous Eauations 

e Frequency f o r j r s t  three modes, fn. 

Mode 1: fl = 0.56 - E 
Mode 2: f i  = 3.51 

Mode 3: f3 = 9.82 

Note: I is in ft4. 

I = 0.032D3t 

1 
f, = T  

e Frequency for  ovalling, fo. 

680t 
f, = - 

D2 

0 Critical wind velocities: 

3.4D 
V, = -(mph) 

T 

fa v,, = - 
2s 

e Period of vibration, T, for tall columns and stacks. 

T = 1.7!3?& 

where L, D, and t are in feet. 
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Procedures 

Procedure 1: Zorilla Method 

Step 1: Calcnlate striictiiral damping coefficient, B, 

Step 2:  Evaluate: 

0 If W/LD: < 20, a vibration analysis must be per- 

0 If 2O < W/LD: < 25, a vibration analysis should be 

0 If W/LD: > 25, a vibration analysis need not be 

0 If WG/LDt < 0.75, the vessel is unstable. 
0 If 0.75 < WS/LDt < 0.95, the vessel is probably 

0 If WS/LD: > 0.95, the structure is stable. 

formed. 

performed. 

performed. 

unstable. 

Step 3: If B < 0.9.5, check critical wind velocity, \7,. 

0.682Dr 
\7 -- ___ 

TS 
= fps ( -- 

3.41Dr 
T 

\? -__- - mph c -- 

If 17, > V, then instability is expected. 

Step 4: Calculate dynamic deflection, A<,. 

(2.43)(l0-’)L5V? 
WSD, 

A,l = 

If A,,  < 6 in./I00 ft, then the design is acceptable as is. If 
A,, > 6 in. / lOO ft, then a “design modification” is required. 

Procedure 2: ASME STS-1 Method 

Step I :  Calculate damping factor, j3. 

B = P‘, + B s  

Step 2:  Calculate critical wind speed, V, , 
Step 3: Calculate critical vortex shedding velocity, VZcnt. 

where 

5L 

V v, = - 
I f  

z,, = 6 

b and a are from t: e. 

Step 4: Evaluate: 

0 If V, < Vzcrit, then vortex shedding loads shall be cal- 
culated. 

0 If Vzcrit < V < 1.2 Vzcrit, then vortex shedding loads 
shall be calculated; however, loads may be reduced 
by a factor of (Vz,,.itNc)2. 

0 If V, >1.2 VzcTit, then vortex shedding may be 
ignored. 

Step 5: To evaluate vortex shedding loads, refer to ASME 
STS-1, Appendixes E-5 and E-6. 

Procedure 3: NBC 

Step 1: Calculate critical wind velocitv, V,. No analysis need 

Step 2: Calculate coefficients C1 and C p .  

be performed if V, > V. 

0 If h > 16, then 

C1 = 3  and Cz =0.6 

If h < 16. then 

3 6  
c1=- 

4 

0 If V,. < 22.37 mph and h > 12, then 

C1 = 6  and Cz=1.2 

Step 3: If 

B > -  C2pDf then no dynamic analysis need be performed. 
WI 

If 

j3<- C2pDP then dynamic analysis should be performed. 

Step 4: If a dynamic analysis is required, calculate an equiva- 
lent static force to be applied over the top third of the 
column, FI~. 

wr 
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0.75 

0.8125 

0.825 

1.0 

0.5 

Step 5: Determine moment due to force, FL. 

2 

2 
2 

9 

~ F L L ~  
ML=- 

18 

Step 6: Calculate modified wind moment, MwD. 

Step 7: Calculate resultant moment, MR. 

MR = J M i  + MLD 

Step 8: If M R  z Ms or MW, then compute fictitious force, FF. 

MR FF = - 
L 

Step 9: Check vessel with lateral load, FF, applied at the top 
tangent line of the vessel. If the stresses are accep- 
table, the vessel is OK. If the stresses are not accep- 
table, then the thicknesses must be revised until the 
stresses are acceptable. 

Example No. 1 

Given 

w = 146.5 kips 
T = 0.952 sec 
s = 0.2 
S = 0.08 

Soil type: medium. 

0 Average weight of top third of column. 

Wt 35,000 
- 530 lb/ft 

66 - 66 

0 Dynamic check. 

W 146,500 
LD: - 198(8.252) 

= 10.87 < 20 -- 

Therefore an analysis must be performed 

0.08(10.87) = 0.87 
WS p = - -  
LD; - 

Probably stable, proceed. 

0 Critical wind speed, V,. 

D, 8.25 
- TS 0.952(0.2) 

v --= = 43.33 fps 

43.33 fps(0.682) = 29.55 mph 

0 Dynamic deflection, Ad. 

(2.43)( 10-')L5V; 
Ad = 

WSD, 

= 6.68 in. 
(2.43)( lo-') 19B5 (29.55') 

Ad = 
146,500(0.08)8.25 

Dimensions 

In cu 
'4 - 

D, = 6.5' 
78" I.D. 
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4 

5 

Example No. 1: Wind Design, Static Deflection, UBC-97, 100 MPH Zone 

158 1896 562,450 22,975,735 21,294,932 

146 1752 518,540 18,169,967 16,751,453 

201,848,283 131,844,908 

F" P I  H Rnl t 

39.313 0.625 

60.375 0.75 

60.375 0.75 

17,405 395.2 

1 1  9,295 

518,540 

17,534 416 

42.15 I 120 

39.33 100 

37.68 80 

36.03 60 

33.68 40 
30 

28.97 25 
28.03 20 
26.21 1 15 

11,012 

10,550 
- 

280 

280 
- 

10,088 280 

9430 280 

140 
70 
70 
70 

- 
- 
~ 

- 
-I- 60.438 0.875 

- 
4319 
2028 
1962 
1835 

4495 

- 
- 
- 
- 

- 

608,844 
I 

180 - 348,551 
24.97 0 

I Example No. 1: Values for computation of static deflection 

66,224,596 

16 I 78 I 936 I 518,540 I 1,480,202 I 1,480,202 I 
17 I 74 I 888 I 119,295 I 5,212,302 I 1,199,139 I 

Static deflection due to wind, As. 

A, = (70,003,375)[1.143(10-') + 4.44(10-8)] = l l . l l i n .  < 6in./100ft 

F, 4495 
Ll 15 

Wmin I-=-- - 300 lb/ft = 24.97 lb/in. E = 27.3(106) psi 

-- 17'405 - 458 Ib/ft = 38.2 Ib/in. 
38 Wmax = 
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5 
Local Loads 

Stresses caused by external local loads are a major concern 
to designers of pressure vessels. The techniques for analyz- 
ing local stresses and the methods of handling these loadings 
to keep these stresses within prescribed limits has been the 
focus of much research. Various theories and techniques 
have been proposed and investigated by experimental testing 
to verify the accuracy of the solutions. 

Clearly the most significant findings and solutions are 
those developed by professor P. P. Bijlaard of Cornell 
University in the 1950s. These investigations were sponsored 
by the Pressure Vessel Research Committee of the Welding 
Research Council. His findings have formed the basis of 
Welding Research Council Bulletin #107, an internationally 
accepted method for analyzing stresses due to local loads in 
cylindrical and spherical shells. The “Bijlaard Curves,” illus- 
trated in several sections of this chapter, provide a conveni- 
ent and accurate method of analysis. 

Other methods are also available for analyzing stresses due 
to local loads, and several have been included herein. It 
should be noted that the methods utilized in WRC 
Bulletin #lo7 have not been included here in their entirety. 
The technique has been simplified for ease of application. 
For more rigorous applications, the reader is referred to this 
excellent source. 

Since this book applies to thin-walled vessels only, the 
detail included in WRC Bulletin #lo7 is not warranted. 
No distinction has been made between the inside and 
outside surfaces of the vessel at local attachments. For 
vessels in the thick-wall category, these criteria would be 
inadequate. 

Other method5 that are used for analyzing local loads 
are as follows. The designer should be familiar with these 
methods and when they should be applied. 

1. Roark Technical Note #806. 
2. Ring analysis as outlined in Procedure 5-1. 
3. Beam on elastic foundation methods where the elastic 

foundation is the vessel shell. 
4. Rijlaard analysis as outlined in Procedures 5-4 and 5-5. 
5. WRC Bulletin #107. 
6. Finite element analysis. 

These methods provide results with a varying degree 
of accuracv. Obviously some are considered “ball p a r k  

techniques while others are extremely accurate. The use of 
one method over another will be determined by how critical 
the loading is and how critical the vessel is. Obviously 
it would be uneconomical and impractical to apply finite 
element analysis on platform support clips. It would, how- 
ever, be considered prudent to do so on the vessel lug sup- 
ports of a high-pressure reactor. Finite element analysis is 
beyond the scope of this book. 

Another basis for determining what method to use 
depends on whether the local load is “isolated from other 
local loads and what “fix” will be applied for overstressed 
conditions. For many loadings in one plane the ring-type 
analysis has certain advantages. This technique takes into 
account the additive overlapping effects of each load on 
the other. It also has the ability to superimpose different 
types of loading on the same ring section. It also provides 
an ideal solution for design of a circumferential ring stiffener 
to take these loads. 

If reinforcing pads are used to beef up the shell locally, 
then the Bijlaard and WRC #lo7 techniques provide ideal 
solutions. These methods do not take into account closely 
spaced loads and their influence on one another. It assumes 
the local loading is isolated. This technique also provides a 
fast and accurate method of distinguishing between mem- 
brane and bending stresses for combining with other princi- 
pal stresses. 

For local loads where a partial ring stiffener is to be used 
to reduce local stresses, the beam on elastic foundation 
method provides an ideal method for sizing the partial 
rings or stiffener plates. The stresses in the shell must then 
be analyzed by another local load procedure. Shell stresses 
can be checked by the beam-on-elastic-foundation method 
for continuous radial loads about the entire circumference of 
a vessel shell or ring. 

Procedure 5-3 has been included as a technique for con- 
verting various shapes of attachments to those which can 
more readily be utilized in these design procedures. Both 
the shape of an attachment and whether it is of solid or 
hollow cross section will have a distinct effect on the distri- 
bution of stresses, location of maximum stresses, and stress 
concentrations. 

There are various methods for reducing stresses at local 
loadings, As shown in the foregoing paragraphs, these will 
have some bearing on how the loads are analyzed or how 
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stiffening rings or reinforcing plates are sized. The following 
methods apply to reducing shell stresses locally. 

Increase the size of the attachment. 
Increase the number of attachments. 
Change the shape of the attachment to further distri- 
bute stresses. 
Add reinforcing pads. Reinforcing pads should not be 
thinner than 0.75 times nor thicker than 1.5 times the 
thickness of the shell to which they are attached. They 
should not exceed 1.5 times the length of the attach- 
ment and should be continuously welded. Shell stresses 
must be investigated at the edge of the attachment to 
the pad as well as at the edge of the pad. 

5. Increase shell thickness locally or as an entire shell 

6. Add partial ring stiffeners. 
7 .  Add full ring stiffeners. 

course. 

The local stresses as outlined herein do not apply to local 
stresses due to any condition of internal restraint such as 
thermal or discontinuity stresses. Local stresses as defined 
by this section are due to external mechanical loads. The 
mechanical loading may be the external loads caused by 
the thermal growth of the attached piping, but this is not a 
thermal stress! For an outline of external local loads, see 
“Categories of Loadings” in Chapter 1. 

PROCEDURE 5-1 

STRESSES IN CIRCULAR RINGS [l-61 

Notation 

R,, = mean radius of shell, in. 

R1 = distance to centroid of ring-shell, in. 
M =internal moment in shell, in.-lb 

M, = external circumferential moment, in.-lb 
M h  = external longitudinal moment (at clip or 

M L  =general longitudinal moment on vessel, in.-lb 
FT =tangential load, Ib 

attachment only), in.-lb 

F I , F ~  =loads on attachment, Ib 
fa,fb = equivalent radial load on 1-in. length of shell, 

Ib 
f1= resultant radial load, Ib 
pr = radial load, Ib 

P = internal pressure, psi 
P, = external pressure, psi 
T = internal tensiodcompression force, Ib 

K,,KT,K, = internal moment coefficients 
C,,CT,C, = internal tensiodcompression coefficients 

= shell stresses, psi 
Z = section modulus, in. 

t =shell thickness, in. 

3 

a, = longitudinal stress, psi 
CT@ =circumferential stress, psi 

e =length of shell which acts with attachment, 

8 = angular distance between loads or from point 

W =total weight of vessel above plane under con- 

in. 

of consideration, degrees 

sideration, lb 

Clockwise ( + ) 
Counterclockwise ( - ) Opposite shown ( - ) 

Due to localized moment. Me Due to tangential force, FT 

Inward ( - ) Outward ( + ) 
Due to radial load. P. 

Figure 5-1. Moment diagrams for various ring loadings. 
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A =ASME external pressure factor 
A, = metal cross-sectional area of shell, in.’ 
A, =cross-sectional area of ring, in. 2 

B = allowable longitudinal compression stress, 

E =joint efficiency 

p = allowable circumferential buckling stress, 
lb/in. 

I = moment of inertia, in. 
S = code allowable stress, tension, psi 

psi 

E t  = modulus of elasticity, psi 

4 

e = 0.78 

Fi fa = - 
d + e  

f1  = fa 

Case 1 

fa + fb 

e = 0.78 

F~ = F COS e 
F2 = F sin e 
Mh = aF2 + bF1 

F1 f, = - 
d + e  

6Mh 
(d + e)(d + 2e) 

fb = 

f l  = fa + fb 

Case 2 

Table 5-1 
Moments and Forces in Shell, M or T 

~ ~~ ~ 

Internal TensiodCompression 
Due to Moment, M Force, T 

Circumferential M = x (KmMc)  
C(CrnMc) 

Rrn 
moment, M, T =  

Tangential M C(KTFT)Rrn T = ~ ( C T F T )  

Radial load, P, M = x(K,Fr)Rm T = x(CrFr)  
force, FT 

Substitute R, for R, if a ring is used. Values of K,, KT, K,, C,, CT, and C, are from 
Tables 5-4, 5-5, and 5-6 

e = 0.78 

fb = 6Mh 
(d + e)(d + 2e) 

f l  = fb 

Case 3 

Continuous rings 

Mh f l  =-  
d 

Case 4 

Figure 5-2. Determination of radial load, f,, for various shell loadings 
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Table 5-2 
Shell Stresses Due to Various Loadings 

Stress Due To Stress Direction Without Stiffener With Stiffener 

t x 1 in. 

P‘ 

Internal pressure, P PRm SI =- 
2t 

PRm s, =- 
2t 

PRm sp =- 
t 

Tension/compression force, T 

Local bending moment, M 

External pressure, Pe 

T 
s3 = - 

A S  

T 
s3 =- 

As + Ar 

(+)tension (-)compression 

M 
s4 =- Z 
M can be (+) or (-) 

Pe R m  
s5 = (-)- 

2t 

(+)tension (-)compression 

6M 
s 4  =7 
M can be (+) or (-) 

Pe R m  
s5 = (-)- 

2t 

2P&e ss = (-)- 
A s  + Ar 

Longitudinal moment, ML 

Dead load, W W 
2nRmt 

sa = (-)- 

Table 5-3 
Combined Stresses Circumferential tension: c 1.5SE= 

Factor “B” 
Type Tension Compression 

Longitudinal, ox 
Circumferential, U~ 

%=SI + s, - sa 
a4=s2 + s3 + s4 

Ox=(-)S, - s, - S8 
.@=(-)s3 - s6 - s4 = 0.05 min D” - - - 

t 

Allowable Stresses 

Longitudinal tension: < 1.5SE = 
Longitudinal compression: Factor “B” = 
Circumferential compression: i 0.5FY = 
Circumferential buckling: p - lb/in. 

Enter Section 11, Part D, Subpart 3, Fig. G, ASME Code 
A= =O. l  max 
Enter applicable material chart in ASME Code, Section 11: 

B =  psi 1 For values of A falling to left of material line: 3E1I p =- 
4R3 

(Assumes 4:l  safety factor) 
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External localized loads (radial, moment, or tangential) 
produce internal bending moments, tension, and compres- 
sion in ring sections. The magnitude of these moments and 

Procedure 
Tables 5-4, 5-5, and $16. 

2. Superimpose the effects of various loadings by ad&ng 
the product of coefficients times loads about any given 
,,:,e 

1. Find moment or tension coefficients based on angular 
distances between applied loads, at each load from 

essentially of the following steps: 

.oad 

-2 

0 Coefficient x Load (i Radius) T 

0 CrF2 = + 0.2387 (- 1,500) = - 358.1 

EXAMPLE 

4 
'3 

:igure 5-3. Sample ring section with various loadings. 

9 0  C,MjIR, = -0.3183 (+ 800)/30 = - 8.5 

190" CrF3 = -0.2303 (+ 500) = - 115.2 

I GIVEN 

- 1  

I F1 = (+) 1000 Ib (would produce clockwise moment) 

270" CTFI = 0.0796 (- 1,000) = - 79.6 

I F2 = (-) 1500 Ib (inward radial load) 

T =  T -561.4 

I F3 = (+) 500 Ib (outward radial load) 

- 561.4 Ib 

I MI = (+) 800 in.-lb (would produce clockwise moment) 

.oad 0 Coefficient x Load (x Radius) 

4 902 K,M1 = - 0.0683 (+ 800) = 

- 1  270" K~FqR~=-0.0113 (+ 1000) 30= 

-2 0' KrFpRm = - 0.2387 (- 1500) 30 = 

1 9 0  KrF3R, = - 0.0760 (+ 500) 30 = -3 

IA,=l i n . x t = l x l = l  in.2 

M 

+ 10,742 

- 55 

- 1140 

- 339 

Since F2 is the largest load assume the maximum moment will OCCUI 

there. 

I M =  I + 9208 in.-lb I 

I No good! 

Use this ring 
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Table 5-4 
Values of Coefficients 

8 Localized Moment, M, Tangential Force, FT 8 Localized Moment, M, Tangential Force, FT 

Km Cm KT CT Km Cm KT CT 

0 
5" 
10" 
15" 
20" 
25" 
30" 
35" 
40" 
45" 
50" 
55" 
60" 
65" 
70" 
75" 
80" 
85" 
90" 
95" 
100" 
105" 
110" 
115" 
120" 
125" 
130" 
135" 
140" 
145" 
150" 
155" 
160" 
165" 
170" 
175" 

+0.5 
+0.4584 
+0.4169 
+0.3759 
f0.3356 
+0.2960 
+0.2575 
+0.2202 
+O. 1843 
$0.1499 
+0.1173 
+0.0865 
1-0.0577 
+0.0310 
+0.0064 
-0.0158 
-0.0357 
-0.0532 
-0.0683 
-0.0810 
-0.0913 
-0.0991 
-0.1 047 
-0.1 079 
-0.1090 
-0.1080 
-0.1050 
-0.1001 
-0.0935 
-0.0854 
-0.0758 
-0.0651 
-0.0533 
-0.0407 
-0.0275 
-0.0139 

0 
-0.0277 
-0.0533 
-0.0829 
-0.1089 
-0.1345 
-0.1592 
-0.1826 
-0.2046 
-0.2251 
-0.2438 
-0.2607 
-0.2757 
-0.2885 
-0.2991 
-0.3075 
-0.3135 
-0.3171 
-0.3183 
-0.3171 
-0.31 35 
-0.3075 
-0.2991 
-0.2885 
-0.2757 
-0.2607 
-0.2438 
-0.2251 
-0.2046 
-0.1826 
-0.1592 
-0.1345 
-0.1089 
-0.0824 
-0.0553 
-0.0277 

0 
-0.0190 
-0.0343 
-0.0462 
-0.0549 
-0.0606 
-0.0636 
-0.0641 
-0.0625 
-0.0590 
-0.0539 
-0.0475 
-0.0401 
-0.0319 
-0.0233 
-0.0144 
-0.0056 
+O ,003 1 
f0.0113 
+0.0189 
+0.0257 
f0.0347 
+0.0366 
+0.0405 
+0.0433 
+0.0449 
f0.0453 
+0.0446 
+0.0428 
f0.0399 
+0.0361 
+0.0345 
+0.0261 
+o .020 1 
+0.0137 
t0.0069 

-0.5 
-0.4773 
-0.4512 
-0.4221 
-0.3904 
-0.3566 
-0.321 0 
-0.2843 
-0.2468 
-0.2089 
-0.1712 
-0.1340 
-0.0978 
-0.0629 
-0.0297 
+0.0014 
+0.0301 
+0.0563 
+0.0796 
+0.0999 
+O. 1 170 
+O. 1308 
t0.1413 
+O. 1484 
+0.1522 
+O. 1528 
+O.  1502 
+0.1447 
+O. 1363 
f0.1253 
+o. 1 120 
+0.0966 
+0.0794 
+0.0608 
f0.0442 
+0.0208 

180" 
185" 
190" 
195" 
200" 
205" 
21 0" 
215" 
220" 
225" 
230" 
235" 
240" 
245" 
250" 
255" 
260" 
265" 
270" 
275" 
280" 
285" 
290" 
295" 
300" 
305" 
31 0" 
31 5" 
320" 
325" 
330" 
335" 
340" 
345" 
350" 
355" 

0 
+0.0139 
+0.0275 
+0.0407 
+0.0533 
+0.0651 
+0.0758 
+0.0854 
+0.0935 
+0.1001 
+0.1050 
+O. 1080 
+o. 1090 
+O. 1080 
+O. 1047 
+0.0991 
f0.0913 
+0.0810 
+0.0683 
+0.0532 
+0.0357 
+0.0158 
-0.0064 
-0.0310 
-0.0577 
-0.0865 
-0.1 173 
-0.1499 
-0.1 843 
-0.2202 
-0.2575 
-0.2960 
-0.3356 
-0.3759 
-0.4169 
-0.4584 

0 
+0.0277 
+0.0553 
+O ,0824 
+O. 1089 
+O. 1345 
+O. 1592 
+O. 1826 
f0.2046 
+0.2251 
+0.2438 
+0.2607 
+0.2757 
+0.2885 
+0.2991 
+0.3075 
+0.3135 
+0.3171 
+0.3183 
+0.3171 
+0.3135 
+O ,3075 
+0.2991 
+0.2885 
+0.2757 
+0.2607 
+0.2438 
+0.2251 
f0.2046 
+O. 1826 
+O. 1592 
+0.1345 
+O. 1089 
+0.0829 
+0.0533 
+0.0277 

0 
-0.0069 
-0.01 37 
-0.0201 
-0.0261 
-0.0345 
-0.0361 
-0.0399 
-0.0428 
-0.0446 
-0.0453 
-0,0449 
-0.0433 
-0.0405 
-0.0366 
-0.0347 
-0.0257 
-0.0189 
-0.01 13 
-0.0031 
+0.0056 
+0.0144 
+0.0233 
+0.0319 
+0.0401 
+0.0475 
+0.0539 
+0.0590 
+0.0625 
+0.0641 
+0.0636 
f0.0606 
+0.0549 
+0.0462 
+0.0343 
+0.0190 

0 
-0.0208 
-0.0442 
-0.0608 
-0.0794 
-0.0966 
-0,1120 
-0.1253 
-0.1363 
-0.1447 
-0.1502 
-0.1528 
-0.1522 
-0.1 484 
-0.141 3 
-0.1 308 
-0.1170 
-0,0999 
-0.0796 
-0.0563 
-0.0301 
-0.0014 
f0.0297 
+0.0629 
+0.0978 
+0.1340 
+0.1712 
+0.2089 
f0.2468 
+0.2843 
+0.3210 
+0.3566 
+0.3904 
+0.4221 
+0.4512 
+0.4773 

Reprinted by permission R. I. Isakower, Machine Design, Mar. 4, 1965. 
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Table 5-5 
Values of Coefficient K, Due to Outward Radial Load, P, 

Kr 0 Kr 0 Kr e Kr 0 

0-360 
1-359 
2-358 
3-357 
4-356 
5-355 
6-354 
7-353 
8-352 
9-351 
10-350 
11-349 
12-348 
13-347 
14-346 
1 5-345 
16-344 
17-343 
18-342 
19-341 
20-340 
21 -339 
22-338 
23-337 
24-336 
25-335 
26-334 

28-332 
29-331 

27-333 

30-330 
3 1 -329 
32-328 
33-327 
34-326 
35-325 
36-324 
37-323 
38-322 
39-32 1 
40-320 
41-319 
42-31 8 
43-317 
44-31 6 
45-31 5 

-0.2387 
-0.2340 
-0.2217 
-0.2132 
-0.2047 
-0.1 961 
-0.1 880 
-0.1798 
-0.1717 
-0.1637 
-0.1555 
-0.1480 
-0.1402 
-0.1 326 
-0.1251 
-0.1 174 
-0.1103 
-0.1031 
-0.0960 
-0.0890 
-0.0819 
-0.0754 
-0.0687 
-0.0622 
-0.0558 
-0.0493 
- 0.0433 
-0.0373 
-0.0314 
-0.0256 
-0.0197 
-0.0144 
-0.0089 
-0.0037 
+0.0015 
+0.0067 
+0.0115 
+0.0162 
+0.0209 
+0.0254 
+0.0299 
+0.0340 
+0.0381 
+O .042 1 
+0.0460 
+0.0497 

46-31 4 

48-31 2 

50-310 

47-31 3 

49-31 1 

51-309 
52-308 
53-307 
54-306 
55-305 
56-304 
57-303 
58-302 

60-300 
59-301 

6 1 -299 
62-298 
63-297 

65-295 
66-294 

64-296 

67-293 
68-292 
69-291 
70-290 
71-289 
72-288 
73-287 
74-286 
75-285 
76-284 
77-283 
78-282 
79-281 
80-280 
81 -279 
82-278 
83-277 
84-276 
85-275 
86-274 
87-273 
88-272 
89-271 
90-270 
91 -269 

+0.0533 
+0.0567 
+O. 060 1 
+0.0632 
f0.0663 
+0.0692 
+0.0720 
+0.0747 
+0.0773 
+0.0796 
+0.0819 
+0.0841 
+0.0861 
+0.0880 
+0.0897 
+0.0914 
$0.0940 
+0.0944 
+0.0957 
f0.0967 
+0.0979 
f0.0988 
+0.0997 
+0.1004 
+O. 1008 
+O. 101 4 
+0.1018 
+0.1019 
+0.1020 
+o. 1020 
+O. 1020 
+o. 101 9 
+0.1017 
f0.1013 
+0.1006 
+O. 1003 
+0.0997 
+0.0989 
+0.0981 
+0.0968 
+0.0961 
+0.0950 
+0.0938 
+0.0926 
+0.0909 
+0.0898 

92-268 
93-267 
94-266 
95-265 
96-264 

98-262 

100-260 

97-263 

99-261 

101-259 
102-258 
103-257 
104-256 
105-255 
106-254 

108-252 
109-251 
1 10-250 

107-253 

11 1-249 
1 12-248 
1 13-247 
1 14-246 
1 15-245 
1 16-244 

1 18-242 

120-240 

1 17-243 

1 19-241 

121-239 
122-238 
123-237 
124-236 
125-235 
126-234 
127-233 
128-232 
124-231 
130-230 
131-229 
132-228 
133-227 
134-226 
135-225 
136-224 
137-223 

+0.0883 
t0.0868 
+O ,085 1 
+0.0830 
+0.0817 
+0.0798 
+0.0780 
f0.0760 
+0.0736 
+0.0719 
+0.0698 
+0.0677 
+0.0655 
+0.0627 
+0.0609 
+0.0586 
+0.0562 
+0.0538 
+0.0508 
+0.0489 
+0.0464 
+0.0439 
+0.0431 
+0.0381 
+0.0361 
+0.0335 
+0.0309 
+0.0283 
+0.0250 
+0.0230 
+0.0203 
+0.0176 
+0.0145 
+0.0116 
+0.0090 
+0.0070 
+0.0044 
+0.0017 
-0.0016 
-0.0035 
-0.0061 
-0.0087 
-0.01 13 
-0.0145 

-0.0188 
-0.01 63 

138-222 
139-221 
140-220 
141-219 
142-218 
143-21 7 
144-216 
145-215 
146-21 4 
147-213 
148-21 2 
149-21 1 
150-210 
151-209 
152-208 
153-207 
154-206 
155-205 
156-204 
157-203 
158-202 
159-201 
160-200 
161-199 
162-1 98 
163-1 97 
164-1 96 

166-1 94 
167-1 93 
168-1 92 
169-1 91 
170-1 90 
171-189 
172-1 88 

165-1 95 

173-1 87 
174-1 86 
175-1 85 
176-1 84 

178-1 82 

180 

177-1 83 

179-1 81 

-0.0212 
-0.0237 
-0.0268 
-0.0284 
-0.0307 
-0.0330 
-0.0353 
-0.0382 
-0.0396 
-0.0418 
-0.0438 
-0.0459 
-0.0486 
-0.0498 
-0.051 7 
-0.0535 
-0.0553 
-0.0577 
-0.0586 
-0.0602 
-0.0617 
- 0.0633 
-0.0654 
-0.0660 
-0.0673 
-0.0686 
-0.0697 
-0.0715 
-0.0719 
-0.0728 
-0.0737 
-0.0746 
-0.0760 
-0.0764 
-0.0768 
-0.0772 
-0.0776 
-0.0787 
-0.0789 
-0.079 1 
-0.0793 
-0.0795 
-0.0796 
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Table 5-6 
Values of Coefficient C, Due to Radial Load, P, 

0-360" 
1-359 
2-358 
3-357 
4-356 
5355 
e-354 
7-353 
8-352 
9-351 
1 0-350 
11-349 
12-348 
13-347 
14-346 
15-345 
16-344 
17-343 
1 &-342 
19-341 
20-340 
21-339 
22-338 
23-337 
24-336 
25-335 
26-334 

28-332 
29-331 
30-330 

27-333 

+0.2387 
+0.2460 
f0.2555 
+0.2650 
+0.2775 
+0.2802 
+0.2870 
+0.2960 
+0.3040 
4-0.31 00 
+0.3171 
+0.3240 
+0.3310 
+0.3375 
+0.3435 
+0.3492 
+0.3550 
+ 0.3 6 0 0 
+0.3655 
+0.3720 
+0.3763 
+0.3810 
+0.3855 
+0.3900 
+0.3940 
$0.3983 
+0.4025 
+0.4060 
+0.4100 
+0.4125 
+0.4151 

31-329 
32-328 
33-327 
34-326 
35-325 
36-324 

38-322 
3-21 
40-320 
41-319 
42-31 8 
43-31 7 
44-316 
45-31 5 
46-31 4 
47-31 3 
48-312 
49-31 1 
50-31 0 
51-309 

53-307 
54-306 
55-305 
56-304 
57-303 
58-302 
5-01 
60-300 
61 -299 

37-323 

52-308 

$0.4175 
f0.4200 
f0.4225 
+0.4250 
$0.4266 
+0.4280 
+0.4300 
$0.431 5 
+0.4325 
+0.4328 
+0.4330 
+0.4332 
+0.4335 
+0.4337 
+0.4340 
+0.4332 
+0.4324 
+0.4316 
+0.4308 
+0.4301 
+0.4283 
$0.4266 
+0.4248 
+0.4231 
+0.4214 
+0.4180 
+0.4160 
+0.4130 
+0.4100 
+0.4080 
+0.4040 

62-298 
63-297 
64-296 
65-295 
66-294 

68-292 
69-291 
70-290 
71-289 
72-288 
73-287 
74-286 
75-285 
76-284 
77-283 
78-282 
79-281 
80-280 

67-293 

8 1 -279 
82-278 
83-277 
84-276 
85-275 
8&274 

88-272 
89-271 
90-270 
91-269 
92-268 

87-273 

t0.4010 
t0.3975 
t0.3945 
f0.3904 
t0.3875 
f0.3830 
+0.3790 
+0.3740 
+0.3688 
f0.3625 
+0.3600 
+0.3540 
+0.3490 
+0.3435 
+0.3381 
+0.3325 
+0.3270 
f0.3200 
+0.3150 
+0.3090 
+0.3025 
+0.2960 
+0.2900 
+0.2837 
f0.2775 
+0.2710 
+0.2650 
+0.2560 
+0.2500 
+0.2430 
+0.2360 

93-267 
94-266 
95-265 
96-264 
97-263 
98-262 
99-261 

100-260 
101-259 
102-258 
103-257 
104-256 
105-255 
106-254 

108-252 
109-251 
1 10-250 

107-253 

11 1-249 
1 12-248 
1 13-247 
1 14-246 
1 15-245 
1 16-244 

1 18-242 
1 19-241 
120-240 

1 17-243 

1 21 -239 
122-238 
123-237 

+0.2280 
+0.2225 
+0.2144 
+0.2075 
+0.2000 
4-0.1925 
+O. 1850 
+O. 1 774 
+O. 1 700 
+O. 1 625 
+0.1550 
+O. 1 480 
+O. 1 394 
f0.1400 
+0.1300 
+0.1150 
+O. 1075 
fO.lO1l 
+0.0925 
+0.0840 
+0.0760 
+0.0700 
+0.0627 
+0.0550 
$0.0490 
+0.0400 
+0.0335 
+0.0250 
+0.0175 
+0.0105 
+OB025 

124-236 
125-235 
126-234 
127-233 
128-232 
129-231 
130-230 
131-229 
132-228 
133-227 
134-226 
135-225 
136-224 
137-223 
138-222 
139-221 
140-220 
141-219 
142-218 
143-217 
144-216 
145-215 
146-214 

148-21 2 
149-211 
150-21 0 

147-213 

151-209 
152-208 
153-207 
154-206 

-0.0040 
-0.001 8 
-0.01 75 
-0.0250 
-0.0325 
-0.0400 
-0.0471 
-0.0550 
-0.0620 
-0.0675 
-0.0750 
-0.0804 
-0.0870 
-0.0940 
-0.1 000 
-0.1050 
-0.1 115 
-0.1170 
-0.1230 
-0.1280 
-0.1350 
-0.1398 
-0.1450 
-0.1 500 
-0.1550 
-0.1 605 
-0.1 651 
-0.1 690 
-0.1745 
-0.1 780 
-0.1825 

155-205 
156-204 
157-203 
158-202 
159-201 
160-200 
161-199 
162-1 98 
163-1 97 
164-1 96 
165-1 95 
166-1 94 
167-1 93 
168-1 92 
169-1 9 1 
170-1 90 
171-1 89 
172-1 88 
173-1 87 
174-1 86 
175-1 85 
176-1 84 
177-1 83 
178-1 82 
179-1 81 

180 

-0.1870 
-0.1915 
-0.1 945 
-0.1 985 
-0.2025 
-0.2053 
-0.2075 
-0.21 10 
-0.2140 
-0.2170 
-0.21 98 
-0.2220 
-0.2240 
-0.2260 
-0.2280 
-0.2303 
-0.2315 
-0.2325 
-0.2345 
-0.2351 
-0.2366 
-0.2370 
-0.2375 
-0.2380 
-0.2384 
- 0.2 3 8 7 



Local Loads 263 

At loads Between loads 
K, +0.3183 K, - 0.1817 
Cr + 0 C, -0.5 

Case 1 

P r  

At loads Between loads 
K, + 0.0889 Kr - 0.045 
c, - 0.866 c, - 1.0 

Case 4 

O0 

At loads Between loads 
K, +0.1888 K, -0.1 
Cr -0.2887 C, -0.5773 

Case 2 

For any number of equally spaced loads 
4 = 1k angle between loads, radians 

A t  loa&: K, = 0.5 

# I 

Between loads: K, = - 0.5 - - - 1: 4 ;I 
Tension force, T: T = 

Case 5 

At loads Between loads 
K, + 0.1366 K, - 0.0705 
C, - 0.5 C, - 0.707 

Case 3 

Uniform 

- 3P 
2Xt2 

a, = - - PRmX a, = - 
21 

Case 6 

f f 

f f 

f cos 4 
at loads 

P, = 
K, is 

P, = 
K, is 
C, is between loads Cr is between loads f f 

6 K, C, 4 K. C, 4 K, C. 4 K, C, 

lo 0.6185 - 1.0 loo 0.4656 - 0.985 lo 0.2540 - 1.411 100 0.1302 - 1.393 
20 0.601 1 - 0.999 15O 0.3866 -0.966 2' 0.2375 - 1.410 15O 0.0902 - 1.366 
30 0.5836 - 0.998 20° 0.3152 -0.940 3O 0.2214 - 1.409 200 0.0688 - 1.329 
4O 0.5663 - 0.997 25O 0.2536 -0.906 40 0.2062 - 1.408 25O 0.0688 - 1.282 
50 0.5498 - 0.996 300 0.2036 -0.866 50 0.1918 - 1.407 3oo 0.0902 - 1.225 
6O 0.5319 - 0.995 350 0.1668 -0.819 6' 0.1780 - 1.406 35O 0.1324 - 1.158 
7 O  0.5150 - 0.992 400 0.1441 - 0.766 7O 0.1649 - 1.405 40° 0.1939 - 1.083 
8 O  0.4980 - 0.990 4 5 O  0.1366 -0.707 8' 0.1525 - 1.404 45O 0.2732 - 1.00 
9O 0.4813 - 0.986 90 0.1409 - 1.397 

Case 7 Case 8 
Figure 5-4. Values of coefficients K, and C, for various loadings. 
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0 00' 1 W)* i30. 360. 
Ang*. d 
%I=- 

Figure 5-5. Graph of internal moment coefficients K,, K,, and KT. 

0 180. 2M. 

Anple. 8 
desISel 

Figure 5-6. Graph of circumferential tensionlcompression coefficients C,, C,, and CT. 
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Notes 

1. Sign conr;ention: It is mandatory that sign convention 
be strictly followed to determine both the magnitude of 
the internal forces and tension or compression at any 
point. 
a. Coefficients in Tables 5-4,5-5, and 5-6 are for angu- 

lar distance 8 measured between the point on the 
ring under consideration and loads. Signs shown are 
for 8 measured in the clockwise direction only. 

b. Signs of coefficients in Tables 5-4, 5-5, and 5-6 are 
for outward radial loads and c l o c h s e  tangential 
forces and moments. For loads and moments in 
the opposite direction either the sign of the load 
or the sign of the coefficient must be reversed. 

2 In Table 5-7 the coefficients have already been com- 
bined for the loadings shown. The loads must be of 
equal magnitude and equally spaced. Signs of coeffi- 
cimts K, and C ,  are given for loads in the direction 
shown. Either the sign of the load or the sign of the 

coefficient may be reversed for loads in the opposite 
direction. 

3. The maximum moment normally occurs at the point 
of the largest load; however, for unevenly spaced or 
mixed loadings, moments or tension should be inves- 
tigated at each load, Le., five loads require five anal- 
yses. 

4. This procedure uses strain-energy concepts. 
5. The following is assumed. 

a. Rings are of uniform cross section. 
b. Material is elastic, but is not ctressed beyond elas- 

c. Deformation is caused mainly by bending. 
d. All loads are in the same plane. 
e. The ring is not restrained and is supported along its 

circumference by a number of equidistant simple 
supports (therefore conservative for use on cylin- 
ders). 

f. The ring is of such large radius in comparison with 
its radial thickness that the deflection theory for 
straight beams is applicable. 

tic limit. 

PROCEDURE 5-2 

DESIGN OF PARTIAL RING STIFFENERS 171 

Notation 

M L  = longitudinal moment, in.-lb 
M = internal bending moment, shell, in.-lb 
F b  = allowable bending stress, psi 
fb =bending stress, psi 

f or f,, =concentrated loads on stiffener due to radial or 

F, = function or moment coefficient (see Table 5-7) 

E, = modulus of elasticity of vessel shell at design 

E, = modulus of elasticity of stiffener at design 

moment load on clip, lb 

- = e  Bs (cos BX - sin ~ x )  

temperature, psi 

temperature, psi 
e = log base 2.71 
I = moment of inertia of stiffener, in.4 
z = section modulus of stiffener, in? 
K = “spring constant” or “foundation modulus,” 

Win .‘3 

x = distance between loads, in. 
B = damping factor, dimensionless 

P, = radial load, lb 

Table 5-7 
Values of Function F, 

0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.3 
0.35 
0.4 
0.45 
0.5 

1 .o 
0.9025 
0.8100 
0.7224 
0.6398 
0.5619 
0.4888 
0.4203 
0.3564 
0.2968 
0.2415 

0.55 
0.6 
0.65 
0.7 
0.75 
0.8 
0.85 
0.9 
0.95 
1 .o 

0.1903 
0.1431 
0.0997 
0.0599 
0.0237 

(-)0.0093 
(-)0.0390 
(-)0.0657 
(-)0.0896 
(-)0.1108 
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P, = f 

Single load on 
single stiffener 

Radial load 

f = -  p, 
2 

Moment load 

M f=-l 
a 

f 
Partial 
stiffener 

Stiffener 

X h ’  ’ Shell 
1 -I 

R 

“M” is bending moment 
Single load Two loads in the stiffener 

Figure 5-7. Dimensions, forces, and loadings for partial ring stiffeners. 

Formulas 

1. Single load. Determine concentrated load on each stif- 
fener depending on whether there is a radial load or 
moment loading, single or double stiffener. 

f =  

0 Calculate foundation modulus, K .  

E,t K =- 
R2 

e Assume stiffener size and calculate Z and I .  

Proposed size: 

bh3 I=--- 
12 

bh2 Z = -  
6 

e Calculate damping fador f i  based on proposed stifener 
size. 

fi=F 4EJ 

0 Calculate internal bending moment in stiffener, M .  

f M =- 
48 

e Calculate bending stress, fh. 

M 
Z 

fb = - 

If bendmg stress exceeds allowable (Fb = 0.6FY), increase 
size of stiffener and recalculate I, Z, f i ,  M, and fb. 
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2. Multiple loads. Determine concentrated loads on stiff- 
ener(s). Loads must be of equal magnitude. 

f = f ,  = fi =. . . = f,, 

0 Calculate foundation modulus, K .  

0 A.ssumr (1 stiffener .size and calculate I and Z. 

Proposed size: 

0 Calculate damping factor B based ori proposed stiffener 
size. 

e Cnleulatr internal bending moment in stiffener 

Step 1: Determine Bx for each load (Bx is in radians). 
Step 2: Determine F, for each load from Table 5-7 or 
calculated as follows: 

F, = e-Bx (cos Bx - sin Bx) 
Step 3: Calculate bending moment, M.  

pxo = 0 
B X l  = - 
8x2 = - 
BXTl = - 

F1 = 1 
F2 = - 
F3 = - 
F, = - 

CF, = - 

1 x2 c I 

I J f” 

t t t t t t t t t t t t t t t t t t  t 4 
Figure 5-8. Dimensions and loading diagram for beam on elastic foun- 
dation analysis. 

f 
M=-(CF,) 

48 

0 Calculate bending stress, fb. 

M 
Z 

f b  = - 

Notes 

1. This procedure is based on the beam-on-elastic-foun- 
dation theory. The elastic foundation is the vessel shell 
and the beam is the partial ring stiffener. The stiffener 
must be designed to be stiff enough to transmit the 
load(s) uniformly over its full length. The flexibility of 
the vessel shell is taken into account. The length of the 
vessel must be at least 4.9JRt to qualify for the infi- 
nitely long beam theory. 

2. The case of multiple loads uses the principle of super- 
position. That is, each successive load has an influence 
upon each of the other loads. 

3.  This procedure determines the bending stress in the 
stiffener only. The stresses in the vessel shell should be 
checked by an appropriate local load procedure. These 
local stresses are secondary bending stresses and 
should be combined with primary membrane and 
bending stresses. 

PROCEDURE 5-3 

ATTACHMENT PARAMETERS 

This procedure is for use in converting the area of attach- 
ments into shapes that can readily be applied in design pro- 
cedures. Irregular attachments (not round, square, or 
rectangular) can be converted into a rectangle which has: 

0 The same moment of inertia 
0 The same ratio of length to width of the original attach- 

ment 

In addition, a rectangular load area may be reduced to an 
“equivalent” square area. 

Bijlaard recommends, for non-rectangular attachments, 
the loaded rectangle can be assumed to be that which has 
the same moment of inertia with respect to the moment 
axis as the plan of the actual attachment. Further, it should 
be assumed that the dimensions of the rectangle in the 
longitudinal and circumferential directions have the same 
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C1 

C, 

ratio as the two dimensions of the attachment in these direc- 
tions. 

Dodge comments on this method in WRC Bulletin 198: 
“Although the ‘equivalent moment of inertia procedure’ is 
simple and direct, it was not derived by any mathematical or 
logical reasoning which would allow the designer to ratio- 
nalize the accuracy of the results.” 

Dodge goes on to recommend an alternative procedure 
based on the principle of superposition. This method 
would divide irregular attachments into a composite of one 
or more rectangular sub-areas. 

0.5b 0.3b 0.25b 0.3b 

0.4h 0.4h 0.4h 0.4h 

tn 

c1 

C2 

Neither method is entirely satisfactory and each ignores 
the effect of local stiffness provided by the attachment’s 
shape. An empirical method should take into consideration 
the “area of influence” of the attachment which would 
account for the attenuation length or decay length of the 
stress in question. 

Studies by Roark would indicate short zones of influence 
in the longitudinal direction (quick decay) and a much 
broader area of influence in the circumferential direction 
(slow decay, larger attenuation). This would also seem to 

0.4b 0.5b 0.3b 0.2b 

0.5h 0.5h 0.5h 0.4h 

1- moment 
For circumferential 

C = E ? i 7 2  
For longitudinal 

r0=0.875 xr C - 0.875r. For radial load; C = 0 7- moment 
Rectangle to circle Rectangle lo square C - m  

Circle to square 
ro 

Figure 5-9. Attachment parameters for solid attachments. 

Figure 5-10. Attachment parameters for nonsolid attachments. 
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account for the attachment and shell acting as a unit, which 
they of course do. 

Since no hard and fast rules have yet been determined, it 
would seem reasonable to apply the factors as outlined in 
this procedure for general applications. Very large or critical 
loads should, however, be examined in depth. 

Notes 

1. b=t ,  + 2t, + 2t, where t ,=fil let  weld size and 
t, =thickness of shell. 

2. Clips must be closer than JRt if running circumferen- 
tially or closer than 6 in. if running longitudinally to be 
considered as a single attachment. 

PROCEDURE 5-4 

STRESSES IN CYLINDRICAL SHELLS FROM 

Notation 

P, = radial load, lb 
P =internal design pressure, psi 

ML = external longitudinal moment, in.-lb 
M, =external circumferential moment, in.-lb 
MT =external torsional moment, in.& 
M, = internal circumferential moment, in.-lb/in. 
M, = internal longitudinal moment, in.-Win. 
VL = longitudinal shear force, Ib 
V, = circumferential shear force, lb 

R,, = mean radius of shell, in. 
ro = outside radius of circular attachment, in. 
r = corner radius of attachment, in. 

K,,K,,,K, ,K2 = coefficients to determine @ for rectangular 

N, = membrane force in shell, longitudinal, 

K,,K,, = stress concentration factors 

attachments 

Ib/in. 

N, = membrane force in shell, circumferential, 

ST =torsional shear stress, psi 
5, =direct shear stress, psi 
cry =longitudinal normal stress, psi 
cr, =circumferential normal stress, psi 
C = one-half width of square attachment, in. 

Ib/in. 

C,,CL = multiplication factors for rectangular 

C1 = one-half circumferential width of a rectan- 

Cz = one-half longitudinal length of a rectangu- 

attachments 

gular attachment, in. 

lar attachment, in. 
h =thickness of attachment, in. 

d, = outside diameter of circular attachment, 

t, =equivalent thickness of shell and re-pad, 

t, =thickness of reinforcing pad. in. 

in. 

in. 

t = shell thickness, in. 
y,@,@l,@z = ratios based on vessel and attachment geo- 

metry 

ML 
f l  

t- 

Radial load-membrane stress is compressive for 
inward radial load and tensile for outward load 

Circumferential moment Longitudinal moment 

Figure 5-11. Loadings and forces at local attachments in cylindrical shells. 
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+ 
Figure 5-12. Stress indices of local attachments. 

Figure 5-13. Load areas of local attachments. For circular attachments 
use C = 0.875r0. 

2C1= h + 2~ + 2t 
w = leg of fillet weld 
h =thickness of attachment 

2C2 = h + 2~ + 2t 
Note: Only ratios of C1/C2 between 0.25 and 4 may 
be computed by this procedure. 

Figure 5-14. Dimensions for clips and attachments. 

5.0 

4.0 E 
c 
0 a 

0 

n- 3.0 

y"'$ 2.6 

Y c  
0 
0 

v) 

Z E  
c 8 2.0 

v) 1.5 
e 
6 1.3 

1 .o 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Ratio fillet weld radius to thickness of shell, attachment, or 
diameter of nozzle, 

Scale 6 

Scale A 
r 2r 2r 
t' D; 5 

K, = membrane factor 
Kb = bending factor 

Nozzle 

rsL3 Clip 

Figure 5-15. Stress concentration factors. (Reprinted by permission of the Welding Research Council.) 
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COMPUTING GEOMETRIC PARAMETERS FOR LOADS ON ATTACHMENTS WITH REINFORCING PADS 
CIRCUMFERENTIAL MOMENT LONGITUDINAL MOMENT 

Assumed Load 
Area 

4t Edge of Attachment At Edge of Pad At Edge of Attachment At Edge of Pad 

I.D. + t 
R,= ~ 

2 
I.D. + t + t, qm= -~ 

2 
I.D. + t 

Rm=- 
2 

I.D. + t + t, 
2 

qm = 

t 

R m  y=- 
t 

R m  R m  

2di 
c1=- 

2 
. 2c1 
>I=- 

2 

I 
C2= 2d21 

2 
2d2 c2= - 
2 

. 2c2 
> 2 = -  

6 

‘=I 
B1=- 

R m  

c1 
j1= - 

R m  

c1 
B1=- 

R m  

c1 
31=- 

R m  

c2 
82=- 

R m  
CP ?a=- 
Rm 

c2 
P2= - 

R m  
CP 

32= - 
R m  

3 for N, 

3 ---+-- for N, 

B for N, I 3 for N, I ,3 for N, 

3 for N, I B for N, B for N, I 
p for M, 

j3 for M, B for M, 3 for M, 3 for M, 
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Geometric Parameters 

or for circular attachments: 

0.875r, 

For rectangular attachments: 

c1 
B1=- 

Rm 
c2 

B2 =R, 

Procedure 

To calculate stresses due to radial load P,, longitudinal 
moment ML, and circumferential moment M,, on a cylin- 
drical vessel, follow the following steps: 

Step 1: Calculate geometric parameters: 
a. Round attachments: 

b. Square attachments: 

Rm y = -  
t 
C p = -  

Rm 

c. Rectangular attachment: 

R m  y = -  
t 

B values for radial load, longitudinal moment, and cir- 
cumferential moment vary based on ratios of pI/Bz. 
Follow procedures that follow these steps to find B 
values. 

Step  2: Using y and B values; from Step 1, enter applicable 
graphs, Figures 5-17 through 5-22 to dimensionless mem- 
brane forces and bending moments in shell. 

Step 3: Enter values obtained from Figures 5-17 through 5- 
22 into Table 5-11 and compute stresses. 

Step 4: Enter stresses computed in Table 5-11 for various 
load conditions in Table 5-12. Combine stresses in accor- 
dance with sign convention of Table 5-12. 

Computing f l  Values for 
Rectangular Attachments 

C1 
B1=-  

R m  
CZ 

B2 =- 
Rnl 

fi 
82 

Load 
area 

Figure 5-16. Dimensions of load areas. 

j Values for Radial Load 

From Table 5-8 select values of KI and Kz and compute 
four B values as follows: 

B1 

Bz - 
If ->1, thenB= 

B1 

B2 
I f - - < l ,  thenB= 

Table 5-8 
@ Values of Radial Loads 

Ki K2 B 

N, 0.91 1.48 
NX 1.68 1.2 
M, 1.76 0.88 
MX 1.2 1.25 

Reprinted by permission of the Welding Research Counci\. 
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jY Values for Longitudinal Moment 

From Table 5-9 select values of CL and KL and compute 
values of f i  as follows: 

/? Values for Circumferential Moment 

From Table 5-10 select values of C, and K, and compute 
values of B as follows: 

Table 5-9 
Coefficients for Longitudinal Moment, ML 

for M, 81/82 Y CL for N, CL for N, KL for M, 

0.25 

0.5 

1 

2 

4 

15 
50 
100 
200 
300 

15 
50 
100 
200 
300 

15 
50 
100 
200 
300 

15 
50 
100 
200 
300 

15 
50 
100 
200 
300 

0.75 
0.77 
0.80 
0.85 
0.90 

0.90 
0.93 
0.97 
0.99 
1.10 

0.89 
0.89 
0.89 
0.89 
0.95 

0.87 
0.84 
0.81 
0.80 
0.80 

0.68 
0.61 
0.51 
0.50 
0.50 

0.43 
0.33 
0.24 
0.10 
0.07 

0.76 
0.73 
0.68 
0.64 
0.60 

1 .oo 
0.96 
0.92 
0.99 
1.05 

1.30 
1.23 
1.15 
1.33 
1.50 

1.20 
1.13 
1.03 
1.18 
1.33 

1 B O  
1.65 
1.59 
1.58 
1.56 

1.08 
1.07 
1.06 
1.05 
1.05 

1.01 
1 .oo 
0.98 
0.95 
0.92 

0.94 
0.92 
0.89 
0.84 
0.79 

0.90 
0.86 
0.81 
0.73 
0.64 

1.24 
1.16 
1.11 
1.11 
1.11 

1.04 
1.03 
1.02 
1.02 
1.02 

1.08 
1.07 
1.05 
1.01 
0.96 

1.12 
1.10 
1.07 
0.99 
0.91 

1.24 
1.19 
1.12 
0.98 
0.83 

Reprinted by permission of the Welding Research Council. 
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Table 5-10 
Coefficients for Circumferential Moment, M, 

81/82 Y C, for N, C, for N, & for M, & for M, 

2 

15 0.31 0.49 1.31 1.84 
50 0.21 0.46 1.24 1.62 

100 0.15 0.44 1.16 1.45 
0.25 200 0.12 0.45 1.09 1.31 

300 0.09 0.46 1.02 1.17 

15 0.64 0.75 1.09 1.36 
50 0.57 0.75 1.08 1.31 

0.5 100 0.51 0.76 1.04 1.26 
200 0.45 0.76 1.02 1.20 
300 0.39 0.77 0.99 1.13 

15 1.17 1.08 1.15 1.17 
50 1.09 1.03 1.12 1.14 

1 100 0.97 0.94 1.07 1.10 
200 0.91 0.91 1.04 1.06 
300 0.85 0.89 0.99 1.02 

15 1.70 1.30 1.20 0.97 
50 1.59 1.23 1.16 0.96 

100 1.43 1.12 1.10 0.95 
200 1.37 1.06 1.05 0.93 
300 1.30 1 .oo 1 .oo 0.90 

15 1.75 1.31 1.47 1.08 
50 1.64 1.11 1.43 1.07 

4 100 1.49 0.81 1.38 1.06 
200 1.42 0.78 1.33 1.02 
300 1.36 0.74 1.27 0.98 

Reprinted by permission of the Welding Research Council. 

Shear Stresses 
~ ~ 

Stress due to shear loads, VL or V,. 

Round attachments: 

VL 
t, = - 

mot 

VC 
t, = - 

mot  

Square attachments: 

VL t, = - 
4Ct 

VC 

4Ct 
5, = - 

Rectangular attachments: 

0 Stress due to torsional moment, MT. 

Round attachments only! 
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Table 5-11 
Computing Stresses 

T Figure I j I Value from Figure Forces and Moments Stress 

Membrane r 
Bending 

Membrane 

Bending 1 
I 
Membrane r 
Bending 

5-22A 

5-228 

5-23A 

5-238 

Radial Load 

Kn Nx 
ox= ~ 

t 

4,= ~ 

t‘ 

Longitudinal Moment 

5-25A 

5-258 

4*= ~ 

t’ 

5-26A 

5-266 

5-27A 

5-27B 

Circumferential Moment 
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Table 5-1 2 
Combining Stresses 

Stress Due To I I 

Radial load, P, (Sign is (+) for 
outward load, (-) for inward 
load) 

Longitudinal moment, ML 

Circumferential moment, M, 

Internal pressure, P 

Total, 

- I  

I +  
I 

- 

I I I t I 

Note: Only absolute value of quantities are used. Combine stresses utilizing sign convention of table. 
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A 

O 
8 

P 
Figure 5-17. Membrane force in a cylinder due to radial load on an external attachment. (Reprinted by permission from the Welding Research 
Council.) 
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$16 

A 

0.6 

0.4 

0.2 

0.1 
0.08 

0.06 

0.04 

0.02 

0.01 
0.008 

0.006 

0.004 

0.002 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

E 

0.01 
0.008 
0.006 

0.004 

0.3 

0.2 

0.15 

0.1 
0.08 

0.06 

0.04 

0.02 

I 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

0.002 

0 
E 

Figure 5-18. Bending moment in a cylinder due to radial load on an external attachment. (Reprinted by permission from the Welding Research 
Council.) 
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40 

30 

20 

15 

10 
9 
8 
7 
6 
5 

2 

1.5 

1 .o 

0.7 
0.5 
0.4 

0.3 

0.2 
0.15 

A 

i a  
8 

E 

4 

3 

i 

1 

0.8 

0.6 

0.4 

0.: 

0.2 

0.1: 

0.1 

0.ot 
0.Of 

0 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
5 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
5 

Figure 5-19. Membrane force in a cylinder due to longitudinal moment on an external attachment. (Reprinted by permission from the Welding 
Research Council.) 
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0.1 

0.08 

0.06 

0.04 

0.02 

0.015 

0.01 
0.008 

0.006 

0.004 

0.002 

0.001 
O.OOO8 

h ! ! !  1 
1 1 1 1 1 1 1 1 

A 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 
& 

0.1 

0.00 

0.06 

0.04 

0.02 

0.01 
0.008 

0.006 

0.004 

0.002 

0.001 

B 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

B 

Figure 5-20. Bending moment in a cylinder due to longitudinal moment on an external attachment. (Reprinted by permission from the Welding 
Research Council.) 
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14 
12 
10 

6 

4 

2 

1.5 

1 

0.8 

0.6 
0.4 

0.2 

0.15 

0.1 
0.08 
0.06 
0.05 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

25 

2c 

15 

1c 

8 

E 

4 

2 

NE 

1 

0.8 

0.6 

0.4 

0.2 

0.15 

0.1 
B 005 0 1  015  0 2  025  0 3  0.35 0 4  045  0 5  

B 

Figure 5-21. Membrane force in a cylinder due to circumferential moment on an external attachment. (Reprinted by permission from the Welding 
Research Council.) 
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A P 

0.08 

0.06 

0.02 

0.01 5 

0.01 
B P 

Figure 5-22. Bending moment in a cylinder due to circumferential moment on an external attachment. (Reprinted by permission from the Welding 
Research Council.) 

0.05 0.1 0.35 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

~ ~~ 

Notes 

1. Figure 5-15 should be used if the vessel is in brittle 
(low temperature) or fatigue service. For brittle frac- 
ture the maximum tensile stress is governing. The 
stress concentration factor is applied to the stresses 
which are perpendicular to the change in section. 

2. Subscripts e and C indicate circumferential direction, 
X and L indicate longitudinal direction. 

3. Only rectangular shapes where cl/cz is between '/4 and 
4 can be computed by this procedure. The charts and 
graphs are not valid for lesser or greater ratios. 

4. Methods of reducing stresses from local loads: 
a. Add reinforcing pad. 
b. Increase shell thickness. 
c. Add partial ring stiffener. 
d. Add circumferential ring stiffener(s). 
e. Kneebrace to reduce moment loads. 
f. Increase attachment size. 

5. See Procedure .5-3 to convert irregular attachment 
shapes into suitable shapes for design procedure. 

6. For radial loads the stress on the circumferential axis 
will always govern. 

7. The maximum stress due to a circumferential moment 
is 2-5 times larger than the stress due to a longitudinal 
moment of the same magnitude. 

8. The maximum stress from a longitudinal moment is not 
located on the longitudinal axis of the vessel and may 
be 60"-70" off the longitudinal axis. The reason for the 
high stresses on or adjacent to the circumferential axis 
is that, on thm shells, the longitudinal axis is relatively 
flexible and free to deform and that the loads are there- 
by transferred toward the circumferential axis which is 
less free to deform. Figures 5-18,5-19, and 5-20 do not 
show maximum stresses since their location is 
unknown. Instead the stress on the longitudinal axis is 
given. 

9. For attachments with reinforcing pads: This applies 
only to attachments that are welded to a reinforcing 
plate that is subsequently welded to the vessel shell. 
Attachments that are welded through the pad (like noz- 
zles) can be considered as integral with the shell. 

Moment loadings for nonintegral attachments must be con- 
verted into radial loads. This will more cIoseIy approximate 
the manner in which the loads are distributed in shell and 
plate. Stresses should be checked at the edge of attachment 
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arid edge of reinforcing plate. The maximum height of rein- 
forcing pad to be considered is given by: 

Moments can be converted as follows: 

For radial load: 

For longitudinal moment: 

For circumferential moment: 

10. This procedure is based on the principle of “flexible 
load surfaces.” Attachments larger than one-half the 
vessel diameter ( B  > 0.5) cannot be determined by this 
procedure. For attachments which exceed these para- 
meters see Procedure 4-1. 

PROCEDURE 5-5 
~ 

STRESSES IN SPHERICAL SHELLS FROM EXTERNAL 
LOCAL LOADS [11-131 

Notation 

P, = external radial load, lb 
M = external moment, in.-lb 

R,,, = mean radius of sphere, crown radius of F & D, 
dished or ellipsoidal head, in. 

r<) = outside radius of cylindrical attachment, in. 
C = half side of square attachment, in. 

N, = membrane force in shell, meridional, lb/in. 
N, = membrane force in shell, latitudinal, lb/in. 
M, = internal bending moment, meridional, in.-Win. 
M, = internal bending moment, latitudinal, in.-lb/in. 

17,s = coefficients 
K,,,Kl, = stress concentration factors (See Note 3 )  

cr, = meridional stress. psi 
cr, = latitudinal stress, psi 
T,, =thickness of reinforcing pad, in. 
T =shear stress, psi 

\I = shear load, Ib 
MT =torsional moment, in.-lb 

Figure 5-23. Loadings and forces at local attachments in spherical 
shells. 
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Procedure 

To calculate stress due to radial load (Pr), and/or moment 
(M), on a spherical shell or head: 

1. Calculate value “S” to find stresses at &stance x from 
centerline or value “U” at edge of attachment. Note: At 
edge of attachment, S = U. Normally stress there will 
govern. 

2. From Figures 5-25 to 5-28 determine coefficients for 
membrane and bending forces and enter values in 
Table 5-13. 

3. Compute stresses in Table 5-13. These stresses are 
entered into Table 5-14 based on the type of stress 
(membrane or bending) and the type of load that pro- 
duced that stress (radial load or moment). 

4. Stresses in Table 5-14 are added vertically to total at 
bottom. 

Formulas 

e For square attachment. 

ro = C 

e For rectangular attachments. 

ro = a 
e For multiple moments. 

M = JM:+M; 

e For multiple shear forces. 

e General stress equation. 

e For attachments with reinforcing pads. 

T at edge of attachment = ,/T2+Tq 

T at edge of pad=T 

e Shear stresses. 
Due to shear load 

V 
nroT 

r = -  

Due to torsional moment, MT 

Stress Indices, Loads, and 
Geometric Parameters 

r, = 
R, = 
T =  

K, = 
Kb = 
P, = 
M =  

1.82r0 U=- m 

Stress indices 

Figure 5-24. Dimensions and stress indices of local attachments. 
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Table 5-13 
Computing Stresses 

Membrane 

Bending 

Membrane 

Bending 

Figure 

5-30A 

5-308 

5-31 A 

5-31 B 

Value from Figure Stresses 

Radial Load 

5-32A 

5-328 

5-33A 

5-33B 

Table 5-14 
Combining Stresses 

Stress Due To 1 

Radial load, Pr (Sign is (+) for 
outward radial load. (-) for in- 

ward load) 

Moment, M 

Total c 
Note Only absolute values of quantlties are used Combine stresses utilizing sign convention of table 
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-0.3 

-0.25 

-0.2 

-0.15 

-0.1 

-0.05 

0 
A 0 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 

5 

Hoop force N, 

B 0 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 1 

5 

Figure 5-25. Membrane force due to P,. (Extracts from BS 5500:1985 are reproduced by permission of British Standards Institution, 2 Park Street, 
London, W l A  2BS, England. Complete copies can be obtained from national standards bodies.) 
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+ 0.4 

Meridional moment M, 

+ 0.3 

+ 0.2 

+ 0.1 

0 

0 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 
5 

+ 0.2 

+0.15 

M.3 
P, 
- 

+ 0.10 

+ 0.05 

0 

Hoop moment M, 

1.82~ 

B 0 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 
5 

Figure 5-26. Bending moment due to P,. (Extracts from BS 5500:1985 are reproduced by permission of the British Standards Institution, 2 Park 
Street, London, W1 A 285, England. Complete copies can be obtained from national standards bodies.) 
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N,TJKT 
M 

A 
S 

- 0.25 

- 0.2 

- 0.15 

- 0.1 

- 0.05 

0 

S 
Figure 5-27. Membrane force due to M. (Extracts from BS 5500:1985 are reproduced by permission of the British Standards Institution, 2 Park Street, 
London, W1A 2BS, England. Complete copies can be obtained from national standards bodies.) 
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.t 0.9 

+ 0.8 

-e 0.7 

McdRmT -- 
M 

+0.6 

+ 0.5 

+ 0.4 

+0.3 

+o .2 

+0.1 

C 

Meridional moment M, 

5 

Hoop moment M, 

1 . 8 2 ~  

0 

B 0 0.5 1 .o 1.5 2.0 2.5 3.0 
5 

Figure 5-28. Bending moment due to M. (Extracts from BS 5500:1985 are reproduced by permission of the British Standards Institution, 2 Park 
Street, London, W1 A 2BS, England. Complete copies can be obtained from national standards bodies.) 
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Notes 

1. This procedure is based on the “Theory of Shallow 
Spherical Shells.” 

2. Because stresses are local and die out rapidly with 
increasing distance from point of application, this pro- 
cedure can be applied to the spherical portion of the 
vessel heads as well as to complete spheres. 

3. For “Stress Concentration Factors” see “Stresses in 
Cylindrical Shells from External Local Loads,” 
Procedure 5-4. 

4. For convenience, the loads are considered as acting 
on a rigid cylindrical attachment of radius rc,. This will 
yield approximate results for hollow attachments. For 

more accurate results for hollow attachments, consult 
WRC Bulletin 107 [ll]. 

5. The stresses found from these charts will be reduced 
by the effect of internal pressure, but this reduction is 
small and can usually be neglected in practice. 
Bijlaard found that for a spherical shell with R,/ 
T = 100, and internal pressure causing membrane 
stress of 13,000 psi, the maximum deflection was 
decreased by only 4%5% and bending moment by 
2%. In a cylinder with the same Rm/T ratio, these 
reductions were about 10 times greater. This small 
reduction for spherical shells is caused by the smaller 
and more localized curvatures caused by local loading 
of spherical shells. 
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PROCEDURE 6-1 

DESIGN OF DAVITS 11. 21 

Notation 

C:, =vertical impact factor, 1.5-1.8 
C1, = horizontal impact factor, 0.2-0.5 

j; - . :. 1 ., - ‘W~I stress, psi 
ti, = bentling stress, psi 
ti, =horizontal force. 111 
1; =vertical force, Ib 

F‘;, =allowable axial stress, psi 
FI, =allowable bending stress, psi 
F ’ -  I - radial load, lh 

F,.,, = equivalent radial load, lb 
F‘, = tniniinuin specified yield stress, psi 

M I = bcdir ig  moment in mast at top guide or 
support, iii.-lb 

Mz = rnaximum bending moment in c~imed davit. in.-lb 
Mo =bending moment in boom, in.-lb 
M, = longitudinal moment, in.-lb 
M, = circumferential moment, in.& 
W1 =weight of boom and brace, 111 
m7 

WL = rnaximum rated capacit), 11) 
- -total weight of davit, 111 

a,B,K =stress coefficients 
P =axial load, lb 
I = moment of inertia, in. 

A = cross-sectional area, in.’ 
Z = section modulus, in. 
r = least radius of gyration, in. 

t, =wall thickness of pipe davit, in. 
a =outside radius of pipe, in. 

4 

3 

TYPE 1 TYPE 2 TYPE 3 

I 

Dimensions typical 

One part line, winch to load Chain or ratchet hoist 

Figure 6-1. Types of rigging. 

291 

I f  P One part line, 

sees this 
force 

f” 

snatch block on mast 
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Moments and Forces in Davit and Vessel 

e Loads on davit. 

a Bending moment in davit mast, M I .  

e Radial force at guide and support, F,. 

M1 F -- 
- L3 

F, is maximum when davit rotation 4 is at On, for other 
rotations: 

F, = F, COS 4 

e Circumferential moment at guide and support, M ,  

M, = F,L4 

M, is maximum when davit rotation 4 is at 90n, for other 
rotations: 

M, = F,L4 sin 4 

3.0 

U a 5 1.0 
(r 

e Axial load on davit must, P. 

T y p e l o r 3  P = 2 f v + W ~  
Type 2: P = f, + WD 

e Longitudinal moment at support, M,. 

M, = PL4 

Stresses in Davit 

Mast Properties 

I =  
A =  
Z =  
r =  

t, = 
a= 

Slenderness ratio: 

~ - - 2.1Lz 
r 
Fa = (See App. L.) 
F b  = 0.6F, 

I 

. 
3 4 5 6 7 8 9 

Boom Length, L, (ft) 

Figure 6-2. Davit selection guide. 
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Type A Davit 

Figure 6-3. Type A davit. 

P f - -  

I' - A 

Bending stres-mast , 

M 
Z 

f -2 
17 - 

Combined .stre.ss-mast. 

Type B Davit 

0 Bending moment, M z  

MI(L2 - R) 
L2 

M2 I= 

0 Brnding stress 

0 Combined stress. 
I 

Coefficients 

- fPR a-- 
a2 

9 
10 + 12a2 

K = l -  

Figure 6-4. Type B davit. 

Finding Equivalent Radial Load, F,, 

Load due to F, cos 9 

Load due to F, sin 9 

Figure 6-5. Forces in davit guide. 

Combined stress 

Oo Davit Rotation, 9 90' 

I Figure 6-6. Graph of combined stress for various davit rotations. 
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0 Equivalent unit load, w, lblin. 

a Equivalent radial load, Fre, lb. 

e Calculate F ,  f o r  various angles of dauit rotation. 

Shell Stresses (See Note 1) 

At Support: Utilizing the area of loading as illustrated in 
Figure 6-8, find shell stresses due to loads M,, M,, and 
F, by an appropriate local load procedure. 

A Davit 

At Guide: Utilizing the area of loading as illustrated in 
Figure 6-9, find shell stresses due to loads M, and F, by 
an appropriate local load procedure. 

Note: F,, may be substituted for M, and F, as an equivalent 
radial load for any rotation of davit other than 0" or 90". 

Support 

Guide 

cu 

Figure 6-7. Dimensions of forces at davit support and guide. 

I 

Figure 6-8. Area of loading at davit support. 

Area for guide 
may be increased 
by adding gussets 

2c, = t, + 2t, + 1, 

u' B = 2c* 

Figure 6-9. Area of loading at davit guide. 
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Davit Arrangement 

1 ft 0 in. 

Note 4 - 

I -  

I - -  - - -  t 4 I- 

T- 

'7 r 

Side platform 

I I  I 

Notr 5 

1 Check head clearance to middle of brace, 7 ft 0 in. minimum. 
2, Set location of turning handle, 4 ft 0 in. minimum. 
3 Check that equipment handled plus any rigging gear will clear handrail, 3 ft 0 in. minilnuin. As an Jternative, the 

handrail may be made removable. 
3. Check hook clearance to outside of platform, 9 in. minimum. 
S. Check clearance Iwtween bottom of bracr and handrail, 6 in. minimum. 
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Platform 

Notes 

4 R r Area 

1. Figure 6-6 illustrates the change in the total combined 
stress as the davit is rotated between 0" and 90". As 
can be seen from the graph the stress due to M, is 
constant for any degree of davit rotation. This stress 
occurs only at the support. The stress due to F, varies 
from a maximum at 0" to 0 at 90". The stress due to 
M, is 0 at 0" and increases to a maximum at 90". To 
find the worst combination of stress, the equivalent 
radial load, F, must be calculated for various degrees 

of davit rotation, 4. At the guide shell stresses should 
be checked by an appropriate local load procedure for 
the maximum equivalent radial load. At the support 
shell stresses should be checked for both F,, and M,. 
Stresses from applicable external loads shall be com- 
bined. Remember the force F, is a combination of 
loads F, and M, at a given davit orientation. F, and 
M, are maximum values that do not occur simulta- 
neously. 

2. Impact factors account for bouncing, jerking, and 
swinging of loads. 

PROCEDURE 6-2 

DESIGN OF CIRCULAR PLATFORMS 

Notation 

(R2 - $)n$ 
360 

Area = 

nR8 
Arc length, 1 = - 

180 
1801 

Angle, 8 = - 
nR 

Y = L - J r 2  -A2 

f=dead load+live load, psf 
fb =bending stress, beam, psi 
fa = axial stress, psi 

fx,y,r =bolt loads, Ib 
F =total load on bracket, lb 
A =load area, ft2 
A' =cross-sectional area of knet-race, in.2 

M1 = moment at shell, ft-lb 
M2 = moment at bolts, ft-lb or in.-lb 

C =distance to C.G. of area, ft 
K = end connection coefficient, use 1.0 
r' =radius of gyration, in. 
P = axial load on kneebrace, lb 
Z =section modulus of beam, ine3 

Table 6-1 

Diameter (ft) a 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 

23" 
17" 
14" 

11 5" 
lo" 
9" 
8" 
7" 
6" 
5.5" 

Note: Values in table are approximate only 
for estimating use. 

Figure 6-10. Dimensions of a typical circular platform. 

I AREA OF PLATFORMS I 
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1 
C b . 

+ ; F-applied @ 
4 

of area 
'I' ,b .e, ,' 

L 

C.G 

CL 
I 

r Load area C.G. of area7 

Bracket 

c 

Figure 6-11. Dimensions, force, and local area for circular platforms. 

d - - r b L  

, r, 

r 

COMPUTING MOMENTS IN SHELL AND BOLT LOADS 

-- 

Material - 

Formulas for Chart 

5 43 % 1 1 -% 

(R2 - ?)ne 
360 

A =  

F = fA 

A-307 

A-325 

38.197(R3 - ri3) sin 0/2 
(R2 - r2)0/2 

c =  

3.1 4.4 6.0 7.9 9.9 

6.4 9.3 12.6 16.5 20.9 

Table 6-2 
Allowable Loads in Bolts (kips) 

I Size (in.) I fr 

Worst case is 
corner bolt 

Type 3 
f, = 0.049 M2 

F f, = 4  

fr = 45-f 

Figure 6-12. Bolt load formulas for various platform support clips. (See 
Figure 6-16 for addRional data.) 
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Design of Kneebrace 

Figure 6-13. Dimensions, forces, and reactions of kneebrace support. 

e Reaction, R I .  

e Shear load on boltshadid load on shell. 

e Bending stress in beam. 

e Axial load in kneebrace. 

R1 
cos /3 

p=-  

e Axial stress 

P 
f .  -- a - AI 

e Slenderness ratio/allowable stress. 

Kl4 - = Fa = see Appendix L 
r' 

n = number 01 bolts 

'Application of 
load 

-This type of clip will tend 
to cause rotatlon due to the 
eccentrlclty of the line of 
action to the centerline of 
the clip. 

1. may be useifor large (~ads. 

Figure 6-14. Typical bolted connections for kneebrace supports. 
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Table 6-3 
Grating: Allowable Live Load Based on Fiber Stress of 18,OOOpsi 

~ 

Main 
Bearing Bars at 1% Center to Center-Cross Bars at 4 in. 

Span (ft-in.) 
Bar Sec. ModJft Weight 
Size width lblsq ft Type' 1-0 1-6 2-0 2-6 3-0 3-6 4-0 4-6 5-0 5-6 6-0 

1 x1/4 0.380 

1 x5/16 0.474 

1% x1/4 0.594 

1% 0.741 

1% x %  0.856 

1% X5/16 1.066 

1% x %  1.276 

1% x %  1.164 

1% x5/16 1.451 

1% x %  1.737 

2 x %  1.520 

2X5/16 1.895 

2 x %  2.269 

9.0 

11.9 

10.9 

14.3 

12.9 

16.7 

19.6 

14.8 

19.1 

22.5 

16.7 

21.5 

25.4 

U 
C 
U 
C 

U 
C 
U 
C 
U 
C 
U 
C 
U 
C 
U 
C 
U 
C 
U 
C 
U 
C 
U 
C 
U 
C 

4562 
2283 
5687 
2845 

71 26 
3564 
8888 
4445 

10265 
51 32 

12796 
6396 

15312 
7654 

13963 
6981 

1741 1 
8708 

20842 
10420 

18242 
9121 

22740 
11371 

27224 
13613 

2029 
1522 
2529 
1898 

31 69 
2376 
3948 
2963 

4564 
3423 
5689 
4266 

6806 
51 05 
6206 
4656 

7738 
5805 
9262 
6949 

81 07 
6082 

101 02 
7581 

12098 
9073 

1142 
1142 
1423 
1423 

1782 
1782 
2221 
2221 

2567 
2567 
31 98 
31 98 

3829 
3829 
3492 
3492 

4352 
4352 
521 0 
521 0 

4562 
4562 
5686 
5686 

6808 
6808 - 

731 
91 2 
91 0 

1139 

1141 
1426 
1423 
1778 

1641 
2052 
2048 
2558 

2451 
3063 
2233 
2792 

2788 
3483 
3336 
4169 

291 8 
3648 
3637 
4547 

4356 
5446 

506 
762 
633 
947 

793 
1186 
986 

1482 

1142 
1712 
1423 
21 33 

1702 
2553 
1553 
2326 

1936 
2903 
231 5 
3473 

2026 
3040 
2526 
3791 

3026 
4536 

372 
653 
465 
81 2 

583 
1019 
726 

1268 

836 
1468 
1045 
1826 

1251 
21 88 
1140 
1996 

1422 
2488 
1702 
2978 

1489 
2608 
1858 
3248 

2223 
3888 

286 
571 
355 
71 2 

446 
892 
555 

1112 

64 1 
1282 
798 

1599 

958 
1914 
875 

1745 

1087 
21 76 
1302 
2604 

1141 
2281 
1422 
2842 

1702 
3401 

224 
506 
282 
633 

353 
792 
438 
986 

506 
1140 
632 

1422 

758 
1702 
691 

1552 

861 
1935 
1029 
231 5 

902 
2027 
1123 
2529 

1344 
3026 

286 
71 3 
355 
889 

412 
1027 
51 2 

1279 

61 3 
1532 
559 

1396 

696 
1742 
834 

2085 

730 
1825 
91 0 

2275 

1088 
2723 

236 
648 
295 
808 

339 
932 
422 

1163 

506 
1393 
463 

1270 

576 
1583 
688 

1895 

604 
1858 
753 

2067 

900 
2476 

196 
595 
246 
742 

286 
856 
355 

1066 

425 
1276 
386 

1165 

484 
1452 
579 

1738 

507 
1521 
633 

1895 

758 
2269 

'U-uniform 
C-concentrated 
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Table 6-4 
Floor Plate: Allowable Live Load Based on Fiber Stress of 20,OOOpsi 

Short Span (ft-in.) 
Long Span Nominal 

(ft-in.) Thickness (in.) 2-6 3-0 3-6 4-0 4-6 5-0 5-6 6-0 

Supports on Four Sides 

2-6 

3-0 

3-6 

4-0 

4-6 

5-0 

5-6 

6-0 

6-6 

7-0 

7-6 

8-0 

8-6 

9-0 

2 
2 
2 

5/16 

5/16 

5/16 

5/16 2 
'/4 
5/16 

2 

2 

2 
1/, 

5/16 

5/16 

5/16 

5/16 

2 
5/16 

5/16 2 
5/16 k 

5/16 2 

5/16 '/4 

656 
1026 
514 
806 
44 1 
691 
393 
617 
366 
575 
350 
550 
340 
532 
330 
517 

452 
708 
366 
573 
31 6 
496 
284 
446 
262 
41 1 
248 
39 1 
240 
377 

328 
51 5 
274 
43 1 
239 
376 
215 
338 
198 
31 2 
187 
293 
178 
281 
173 
273 
170 
268 

249 
39 1 
21 0 
33 1 
185 
291 
168 
265 
154 
244 
145 
230 
138 
21 8 
133 
210 

195 
307 
167 
264 

234 
1 34 
21 3 
124 
197 
116 
184 
111 
175 
106 
168 
102 
163 

148 

156 
246 
135 
214 
120 
191 
109 
174 
101 
162 
95 
152 
90 
143 
86 
137 

126 
201 
111 
173 
96 
158 
91 
145 
84 
135 
79 
127 
75 
120 
72 
114 

104 
166 
93 
140 
83 
135 
76 
122 
71 
114 
67 
106 
63 
101 

Supports on Two Sides 

x 
x 

2 255 174 125 93 71 55 
5/16 402 275 198 148 114 90 72 58 
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Allowable Capacity per Clip Based on 
Allowable Shear per Bolt for A-325 Bolts 

1 

1 Based on AISC, 9th Edition. Allowable shear for %-in.-diameter bolts=9.3 kips and %-in.-diameter bolts 12.6 kips 

6-in. w 
Type 1 
9-in. Clip 

m 

X 
m 

Type 4 
1 8-in. Clip 

fx=0.16M 

40 

35 

30 

25 
f,=O.lM 

20 

15 

v) 
0. .- 
e5 lo  
2 9  
U 

1 

8 

7 

6 

5 

fx=0.066M 

4 

3 

2.5 

2 

1.5 

fx=0.049M 

1 I 
6 8 9 10 15 20 25 30 40 50 60 70 80 90 

Distance from Centerline of Bolts 
to Centerline of Load, Inches 

IO 
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Notes 

1 .  Dead loac-I.7: 30 psf. Platform steel weight. This includes 
grating or floor plate, structural framing, supports, toe 
angle or plate, and handrailing. To tind weight of steel, 
milltiply area of platforms by 30 p s ~  

0 Operating: ,4pproximately 25-30 psf. Live load is 
small because it is assumed there are not a lot of 
people or equipment on the platform while vessel 
is oprrating. Combine effects with shell stress due 
to design pressure. 

e .2.laintenai?ce/constmiction : 50-75 psf. Live load is 
large because there could be numeroils persons, 
tools, and equipment on platforms; however, there 
woult! be no internal pressure on vessel. 

3.  Assume each bracket shares one-half of the area 
betweeri each of the adjoining brackets. Limit bracket 
spacing to Gft-Oin. arc distance and overhangs to 
2 ft-0 in. For stabilitl., bracket spacing should not 
exceed 60 . 

4. Kneebrxes should be 45“ wherever possible. Always 

2. Live lotitbs: 

dimension to bolt holes, not to edge of brackets or top 
of clips. 

5. Bracket spacing is governed by one of the following 
conditions: 
e Shell .stress: Based on dead-load and live-load 

induced stress from platform support brackets. 
Shell stresses may be reduced by using a longer 
clip or reducing the angle between brackets. 

0 Bolt ,shear stress: A-307 or A-325 in single or double 
shear. Bolt shear stresses may be reduced by increas- 
ing the size or number of bolts or increasing the 
distance between bolts. 

e Maximum arc distance: Measured at the outside of 
the platform. Based on the ability of the toe angle to 
transmit loads to brackets. Affects “stability” of plat- 
form. 

e Stress/de$ection of$oor platc or grating: Allowable 
live load affects “springiness of  platforms.” Use 
Tables 6-3 and 6-4 and assume “allowable live 
load” of 150-200 psf. 

6. Shell stresses should be checked by an appropriate 
“local load” procedure. 
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PROCEDURE 6-3 

DESIGN OF SQUARE AND RECTANGULAR PLATFORMS 

Top Platforms for Vertical Vessels 

n T.O.G. 

Angle c l i p s & p  

Always dimension A 
to bolt holes 

n T.O.G. 

-Inverted toe angle- 
cope and weld into 
platform 

T.L 

I 

Slot bolt holes 

J / -  
/ Type 2 

I Beam or wide 
flange member 

I 
E 

Type 3 

Always dimension 
interface between two 
different fabricators 

1 
-Pedestal support- 
use pipe or built-up 
plate member 

cl 
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Platforms for Horizontal Vessels 

f Top platform 

Side platform 

I 

Inverted toe angle- 
cope and weld to frame \ 

A 
Pedestal-type support 

- Toe angle 
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a (fi) 

Long Walkways or Continuous Platform on Horizontal Vessel 

Crossover plates 

b (ft) 
Grating Check plate 

For high-temperature vessels, the top 
platform should be split up into sections 
where AL is less than 0.25 inch 

1% 
2 

2% 

Horizontal Platform Splice 
(Not for Thermal Expansion) 

10 12 
8 9 
6 6 

late 

Angle 
clip 

Maximum Length of Unsupported Toe Angle 
(Based on 105-psf Load and L6 x 3% x %6) 

1 bf2 1 b 1 
1 

I I 

a 

7 

I < 1  I 15 I 00 I 

Check of Toe Angle Frame 

L w L 
1 1 

I 
"I 

I 

W 

11111111111111111 
1 D 1 D 1 
1 1 1 

Check clip spacing: 

P = D.L + L.L. = psf 

WP lb 
2 ft 

w = -  - 

wD2 
8 

M = -  ft-lbs 

n=- 12M < 21.6 ksi 
Z 

Z = Section modulus of toe angle, in3 
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Cross beam support area Main beam support area 

\ 

I 

Notation 

A = area, sq ft 
p = unit load, psf 
P =total load, lb 

IT = unit load on t)eam, Minea r  foot 
R = reaction, Ih 

h/I = moment, in.-lb 
'LI = tltGction, in. 
K =end connection coefficient, use 1.0 
r = radius of gyration of column, in. 

t:, = axial stress, psi 
F,, = allowabk compressive stress, psi 

Calculations 

a I 
1 1 1 1 

R1 *Z 
Main or Cross Beam 

Main or Cross Ream 

a Areci, A.  

A = (0.5w, + Wl)L 

P = ,4p 

a Unit load on hemi, w. 

P 
L 

w = -  

w(a + - bL 
21 

R I  = 

M3 = R1(" 2w - a) 

W d  
Srncl = -(I3 - 6a21 - 321") 

24EI 

\VI2 
&enter = ~ (51' - 2 4 2 )  

384EI 

Notes 

1. Maximum distance between cross beams i5 governed 
by one of two conditions 
a. Maximum span of grating or checkered plate. 
b. Deflection/stress of toe angle. Abilit) of toe angle to 

2. Each beam supports the load from one-half the area 
carry the load. 

between the adjacent beams. 
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R l  I I Rz 

~~ 

Beams-Multiple Loads 

To find maximum moment: 

1. Select maximum reaction. 
2. Total all downward loads, starting from the reaction, 

until the value of the reaction is exceeded. This is the 
point where the maximum moment will occur. 

3. The moments are equal to the right or left of that point. 
Sum the moments in either direction. 

Design of Vessel Clips 

" /  n A 

e 

b 

I 
Slenderness ratio. 

kl 
r 
- 

Use k = 1.0. 

F = reaction from main beam columns. 
Allowable compressive stress, Fa, based on slenderness 
ratio. 

Axial stress, f a .  

F 
f a  = 

Check stress ratio. 

f a  - < 0.15 
Fa 

Radial load in shell, P,. 

bF P, = R 
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PROCEDURE 6-4 

DESIGN OF PIPE SUPPORTS 

Unbraced Pipe Supports 

L 3 X 2 X %  

c I I t  

IC 
Full load F= - 

2 

Channel + 
Types of Brackets 

Alternate Case: Legs Turned In 

Table 6-5 
Pipe Support Dimensions 

6 in. 

I I +  % in. x 2% in. bar (typical) r 

f, = 0.167M2 

r 3x3=9 in .  

12 in. 
Type 2 

3 in. 

15 in. 
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Table 6-6 
Weight of Pipe Supports, Ib (Without Clips) 

I I 
I I 52 I 58 I 64 I 68 I 74 I 79 1 

20 in. 
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Kneebraced Pipe Supports 

g, 

g, B 
Table 6-7 

Usual Gauges for Angles, in. 

g 4 %  4 3% 3 2 %  2 1%13/81% 1 '/8 '/B % % 
g, 3 2%21/4 2 
g2 3 3 2% 1% 

I Leg 8 7 6 5 4 3 %  3 2% 2 l % l % l % l k ,  1 
+ - k g  

50 3 75 I 6 x 4 x 3 / 8  I (4)1% I 3.5 I 2.25 5.25 I 2.942 

Dimensions Table 6-8 
Kneebraced Pipe Support Dimensions 
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High-Temperature Brackets 

Suggested dimensions: 

A = B  

C = 1 ft, 8 in. 

D = 1 ft, 4 in. 

e = 45- 

Insulation c1 Single bolt. Do not tighten. 
Hand-tighten, double nut, 
or tack weld nut after assembly. 

rL Slot in vessel clip. 

i; TOP CLIP 

I Deflection of conventional 
kneebrace 

L 

line 

p I I 

BTM CLIP 
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Design of Supports I e Dimensions. 

Not at i on 

A == cross-sectional area of kneebrace, im2 
F == 5/, of  the total load on the support, lb 

K,, x= reaction, Ib 
P := compression load in kneebrace, Ib 

1' I __ -- radial load i l l  shell, 11) 
M 1 := inonierit at shell, in.-lb 
h.12 := moment at line of bolts, in.-lb 

I- := radius of gyration, in. 
N := niiinber of bolts in clip 
t == shear stress, psi 
E == modulus of elasticity, 
I == moment of inertia, in. 

Z := section modulus, in." 
E; z= end connection coefficient 
S == deflection, in. 
t:, == axial stress, psi 
fl, == bending stress, psi 
F, == allo\vable axial stress, psi 
Fll := all0wal)le bending stress, psi 

ssi 

Cantilever-Type Brackets 

Full load 

2 
F = -  

C 
sin 0 = - 

2R 

1 
2 

L1 = (R - y) + L + - pipe dia 

E 7 Li - [(R - y) + e] 

e Loa& 

e Bracket check. 

e Bolting check. 
Type 
1 
2 
3 

F 
f, =E 

fx 

0.167M2 
O.1Mz 
0.067M2 

f, = Jf':; + f? 

Compare with allowable shear. 

e Check shell for longitudinal mmment, &f2 



314 Pressure Vessel Design Manual 

Design of Kneebraced Supports 

Case 1 

R1 = Rz = F tan cy 

Ll L2 = - 
F p=-  

cos cy cos a! 

Case 2 

F 

R1 = Rz = R3 tana! 

R3 p=-  
cos cy 

- F a  

p R1 
t = -  or - 

N N  

KL2 
r 

Case 3 

L3F R3 = - 
L4 

Ri  = R2 = R3 tana! 

R3 p=-  

P fa  = < Fa 

cos a! 

L3 - L4 
f b  = - 

Z 

- Fa 
KLZ 

r 

p R1 
t = -  or - 

N N  
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Alternate-Type Supports 

Rings if necessary 

4 Pipe and Vessel Share Load to Reduce 
Load on Vessel Shell 

Inverted Support. Large Lines 
with Spring Hanaers 

All Welded Integral Construction for 
Overhead Vapor Lines 
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Notes 

1. Allowable deflection brackets should be limited to 
U360. 

2 .  Kneebracing should be used only if absolutely neces- 
sary. 

3. Pipe support should be placed as close as possible to 
the nozzle to which it attaches. This limits the effect of 
differential temperature between the pipe and the 
vessel. If the line is colder than the vessel, the nozzle 
will tend to pick up the line. For the reverse situation 
(pipe hotter than vessel), the line tends to go into com- 
pression and adds load to the support. 

4. The nozzle and the pipe support will share support of the 
overall line weight. Each will share the load in propor- 
tion to its respective stiffness. The procedure is to design 
the pipe support for the entire load, which is conserva- 
tive. However, be aware that as the pipe support 
deflects, more of the load is transferred to the nozzle. 

5. The pipe is normally supported by trunnions welded to 
the pipe. The trunnions can be shimmed to accommo- 
date differences in elevation between the trunnions 
and the supports. 

0 Make preliminary selection of support type based on 
6. Desigdselection of pipe supports: 

the sizing in the table. 

0 Check allowable bolt loads per chart. 
0 Check shell stresses via the applicable local load 

7. The order of preference for overstressed supports, 
procedure. 

shells, or bolts is as follows: 
0 Go to the next largest type of support. 
0 If the loads in the bolts exceed that allowable, 

0 If the brackets are overstressed, increase the brack- 

8. Use “high-temperature brackets” for kneebraced pipe 
supports or platform brackets when the design tem- 
perature of the vessel exceeds 650°F. This sliding sup- 
port is utilized for hot, insulated vessels where the 
support steel is cold. This sliding support prevents 
the support from dipping as the vessel clips grow 
apart due to linear thermal expansion of the vessel 
while the kneebrace remains cold. This condition 
becomes more pronounced as the vessel becomes 
hotter and the distance between clips becomes great- 
er. 

change the material or size of the bolts. 

et size. 

9. Keep bolts outside of the insulation. 
10. Vessel clip thickness should be in. for standard clips 

up to 650°F. Above 650”F, clips should be ‘/z in. thick. 
11. Bolt holes for Type 1, 2, or 3 supports should be 

‘?&-in.-diameter holes for 3/4-in.-diameter bolts. 
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Single 

Double 

Single 

Double 

A-307 . 

A-325 

PROCEDURE 6-5 

%,in. "/,in. %in. 1 in. 1'/8in. 12, in. 1% in. 1% in. 

3.07 4.42 6.01 7.85 9.94 12.27 14.8 17.7 

6.14 8.84 12.03 15.71 19.88 24.54 29.7 35.3 

6.4 9.3 12.6 16.5 20.9 25.8 31.2 37.1 

, 12.9 , 18.6 , 25.3 , 33.0 , 41.7 , 51.5 , 62.4 , 74.2 , 

SHEAR LOADS IN BOLTED CONNECTIONS 
Table 6-9 

Allowable Loads, in kips 

Values from AISC 

Cases of Bolted Connections 

Case I 

n = no. of' fasteners in a vertical row 
m = no. of fusteners in a horizontal row = 2 
I,=polar moment of inertia about c.g. of fastener group: 

I, -t I, 

[ mD"m2 12 - "I I, 11 

= 2V2 4 min 

: 1V2 9 min 

Figure 6-16. Longitudinal clip with double 
row of n bolts. 

Case 2 

Ft f, = e 
F 

f, = 5 

f, = tif--tf: 
Figure 6-17. Longitudinal clip with two 
bolts. 

Case 3 

Ft f=- 
e 

4 
Figure 6-18. Circumferential clip with two bolts. 
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Case 4 

F1 
2(Xf + x; + . . . +e) f x  = x, 

F 
fy = ; 

f, = Jf: + f; 

Figure 6-19. Longitudinal clip with 
single row of n bolts. 

Case 5 

F1 
f x  = 

Fld f -  
- 2(b2 + d2) 

Figure 6-20. Circumferential clip with four 
bolts. 

PROCEDURE 6-6 

DESIGN OF BINS AND ELEVATED TANKS 13-91 

The definition of a “bulk storage container” can be quite 
subjective. The terms “bunkers,” “hoppers,” and “bins” are 
commonly used. This procedure is written specifically for 
cylindrical containers of liquid or bulk material with or with- 
out small internal pressures. 

There is no set of standards that primarily applies to bins 
and since they are rarely designed for pressures greater than 
15 psi, they do not require code stamps. They can, however, 
be designed, constructed, and inspected in accordance with 
certain sections of the ASME Code or combinations of 
codes. 

When determining the structural requirements for bins, 
the horizontal and vertical force components on the bin walls 
must be computed. A simple but generally incorrect design 
method is to assume that the bin is filled with a fluid of the 
same density as the actual contents and then calculate the 
“equivalent” hydrostatic pressures. While this is correct for 
liquids, it is wrong for solid materials. All solid materials tend 
to bridge or arch, and this arch creates two force compo- 
nents on the bin walls. 

The vertical component on the bin wall reduces the 
weight load on the material below, and pressures do not 
build up with the depth as much as in the case of liquids. 
Consequently, the hoop stresses caused by granular or pow- 
dered solids are much lower than for liquids of the same 
density. However, friction between the shell wall and the 

granular material can cause high longitudinal loads and 
even longitudinal buckling. These loads must be carefully 
considered in the case of a “deep bin.” 

In a “shallow bin,” the contents will be entirely supported 
by the bin bottom. In a “deep bin” or “silo,” the support will 
be shared, partly by the bottom and partly by the bin walls 
due to friction and arching of material. 

Notation 
~ ~~~ 

A = cross-sectional area of bin, ft’ 
A, = area of reinforcement required, in.2 
A, =area of reinforcement available, in.’ 
A, = cross-sectional area of strut, in.2 
e =common log 2.7183 

C.A. =corrosion allowance, in. 
E =joint efficiency, 0.35-1.0 
F = summation of all vertical downward forces, lb 

Fa = allowable compressive stress, psi 
f = vertical reactions at support points, Ib 

h, = depth of contents to point of evaluation, ft 
K1,Kz = rankines factors, ratio of lateral to vertical pres- 

sure 
M =overturning moment, ft-lb 
N = number of supports 
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P = internal pressure, psi 
p,, = pressure normal to surface of cone, psf 
p. =vertical pressure of contents, psf 
pll = horizontai pressure on bin walls, psf 
Q =total circumferential force, Ib 

1x1, =hydraulic radius of bin, ft 
S = allowable tension stress, psi 

T, ,Tl> =longitudinal force, Ib/ft 
T2,T2, = circumferential force, Ib/ft 

G = specific gravity of contents 
8 = angle of repose of contents, degrees 
4 = angle of filling, angle of surcharge, friction angle. 

Equal to 0 for free filling or O if filled flush, 
degrees 

B = angle of rupture, degrees 
p = friction coefficient, material on material 
p‘ = friction coefficient, material on bin wall 

Ah =height of filling peak, depth of emptylng crater, 

6, = a function of the area of shell that acts with strut 
ft 

to A, 

Weights 

W = total weight of bin contents, lb 
w = density of contmts, lb/cu ft 

WT =total weight of bin and contents, lb 
\V, =weight of cone and lining below elevation under 

consideration, lb 
\VR=D.L.+L.L. of roof plus applied loads, lb 

(include weight of any installed plant equip- 
ment) 

rpV, =weight of shell and lining (cylindrical portion 
only), lb 

1\71 = \V + M’, 
VI2 =weight of contents in cylindrical portion of bin, 

\N3 = load caused by vertical preswre of contents, Ib, 

W, = portion of bin contents carried by bin walls due 

w j = W R  + \hi, + LV, 
TN6 = w* - w, - w< I 

W7 =weight of bin below point of supports plus total 

\?’, I =weight of contents in bottom, lb 

ib, = ~ R ~ H ~  

=p. nR2 

to friction, Ib, = Wz - W? 

weight of contents, Ib 

Related Equipment 

D 

1 l H  
Filling peak 

T 7 

1 
H 

Emptying crater 

Figure 6-21. Dimensional data and forces of bin or elevated tank. 
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Bins 

1. Determine $bin i s  “deep” or ‘>hallow.” The distinction 
between deep and shallow bins is as follows: 

In a shallow bin the plane of rupture emerges from 
the top of the bin. 
In a deep bin the plane of rupture intersects the 
opposite bin wall below both the top of the bin 
and/or the maximum depth of contents. 

rupture 
(also called “plane 
of sliding wedge”) 

4 Shallow 

Deep 

Figure 6-22. Examples illustrating the shallow vs. deep bin. 

2. Determine angle p, 

If p and p’ are unknown, compute B as follows: 

90 + 0 p=- 
2 

and h = D tan B. 
If h is smaller than the straight side of the bin and below 
the design depth of the contents, the bin is assumed to 
he “deep” and the silo theory applies. If h is larger than 
the straight side of the bin or greater than the design 
depth of the contents, then the bin should be designed 
as “shallow.” This design procedure is also known as the 
“sliding wedge” method. 

Liquid-Filled Elevated Tanks 

Figure 6-23. Dimensions and loads for a liquid-filled elevated tank. 

Shell (APZ 650 & AWWA 0100). 

2.6DHG 
SE 

t =  + C.A. 

For A-36 material: 

API 650: S = 21,000 psi 

AWWA D100: S = 15,000 psi 

Conical bottom (Wozniak). 
At spring line, 

T l = - ( H + Y )  wR 
2 sin cr 
wRH 
sin CY 

T2 = - 

At any elevation below spring line, 

+ C.A. (TI or T d  t, = 
12SE sin cr 
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Spherical bottoni (IVozniuk). 

At spring line, 

At hottorn (mas. stress), 

Shallow, Granular- or Powder-Filled Bin 

+ 

Figure 6-24. Dimensions and forces for a shallow bin. 

Ctjlindriccil Shell (Lmnbert) 

p, == wh, 
== inaximiim at depth I€  

TI = compression only-from weight of shell, roof, and 

Hoop tension, T2, will govern design of shell for shallow bins 
wind loads 

T2 = p,R 

T2 t=- 
12SE + 

Conical bottom (Ketchurn). 

p, = \vhi 

Maximum at depth H = 

p,, sin2(a + 0) 
P" = sin'a[l +E] 2 

w1 = w + \v, 

w1 

2nR1 sina 
Ti = 

P R1 TZ = 1 
sin a 

TI or T2 
12SE 

t, =- + C.A. 

Spherical bottom (Ketchurn). 

m71 Ti = T2 = 
2rR3 sin2 a' 

Note: At a' = go", sin2a' = 1. 

+ C.A. t -- ' - 12SE 
T1 

0 Ring compression (Wozniak). 

Q = TIRCOSLY 
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Deep Bins (Silo)-Granular/Powder Filled 

0 Shell (Lambert). 

Hydraulic radius 

R 
2 

Rh =- 

K = K1 or Kz 

(9) 
e 

e =common log 2.7183 

w R h  p =- 
p'K 

Ph = P,K 

0 Weights. 

"I 1 - e  

0 Forces. 

T2 = PhR 

Note: For thin, circular steel bins, longitudinal compres- 
sion will govern. The shell will fail by buckling from ver- 
tical drag rather than bursting due to hoop tension. 

0 Maximum allowable compressive stress (Boardman 
formula). 

Fa = 2 x 10";) (1 - $) 
Fa = 10,000 psi maximum 

0 Thickness required shell, t .  

T t=-  
12Fa 

0 Conical bottom (Ketchurn). 

Note: Design bottoms to support full load of contents. 
Vibration will cause lack of side-wall friction. 

At spring line, 

p, = wH 

p, sin2(a! + e) 
P n  = 2 

1 +E] 

w1 

2nR sin 111 
Ti = 

(T1 or T2) + C.A. 
12SE 

t =  

0 Spherical bottom (Ketchum). 

At spring line, 

w1 TI = T2 = - 
2nR3 

TI t= -  
12SE + 

0 Ring compression (Wozniak). 

Q = T1R COS 111 
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Bins and Tanks with Small Internal 
Pressures 

- 

Pressures 

PI = pressure due to gas pressure 

Pz I= pressure due to static head of liquid 

P:] = pressure due to solid material 

wHK cos qb 
144 

P.3 := 

P =: total pressure 
P =: PI + P2 

or 

P, - P3 = 

Shell (API  620). 

F =I W, 

wc, = WT - w, - W'I 

Tzs = PR 

e Conical bottom ( A H  620). 

PR 
sin CY 

Tz = __ 

e Ring compression at spring line, Q (API  620) 

Design of Compression Ring 

Per API 620 the horizontal projection of the compression 
ring juncture shall have a width in a radial direction not less 
than 0.015R. The compression ring may be used as a bal- 
cony girder (walkway) providing it is at least 3ft-Oin. wide. 

I 
A/ I 

i. CL 

Figure 6-25. Dimensions at junction of cone and cylinder. 

Wh = 0.6JRz(t, - C.A.) 

W, = 0 . 6 J m  

Q = from applicable case = 

a Additional area required 

A,. - A, = 
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Struts 

Struts are utilized to offset unfavorable high local stresses 
in the shell immediately above lugs when either lugs or rings 
are used to support the bin. These high localized stresses 
may cause local buckling or deformation if struts are not 
used. 

R-nlrt 

1 

Rl _____)).I 

Single strut 

Double strut 
Figure 6-26. Dimensions and arrangement of single and double struts. 

5 
4 

Figure 6-27. Graph of function C,. 

Height of struts required, q. 

0 Strut cross-sectional area required, A,s. 

W7 =weight of bin below point of supports 

plus total weight of contents, lb 

The total cross-sectional area of single or double struts 
may be computed by this procedure. To determine C, 
assume a value of A, and a corresponding value of C, 
from Figure 6-27. Substitute this value of C, into the 
area equation and compute the area required. Repeat 
this procedure until the proposed A, and calculated A, 
are in agreement. 

Supports 

Bins may be supported in a variety of ways. Since the 
bottom cone-cylinder intersection normally requires a com- 
pression ring, it is common practice to combine the supports 
with this ring. This will take advantage of the local stiffness 
and is convenient for the support design. 
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Table 6-10 
Material Properties 

~~~~ ~ 

Coefficients of Friction 

Angle Contents p'- Contents on Wall 
of on On Steel On Concrete 

Density Repose Contents 
Material W 0 P P' 4 4 

Coal (bituminous) 45-55 35" 0.70 0.59 25 0.70 35 

Coke (dry) 28 30" 0.58 0.55 20 0.84 20 

Portland cement 90 39" 0.32 0.93 0.54 

Coal (anthracite) 52 27" 0.51 0.45 22 0.51 27 

Sand 90-1 10 30"-35" 0.67 0.60 20 0.58 30 
Wheat 50-53 25"-28" 0.47 0.41 0.44 
Ash 45 40" 0.84 0.70 25 0.70 35 
Clay-dry, fine 100-1 20 35" 0.70 0.70 
Stone, crushed 100-110 32"-39" 0.70 0.60 
Bauxite ore 85 35" 0.70 0.70 
Corn 44 27.5" 0.52 0.37 0.42 
Peas 50 25" 0.47 0.37 0.44 

If p' is unknown it may be estimated as follows: 
Mean particle diameter < 0.002 in., tan-'p' = 8. 
Mean particle diameter > 0.008 in., tan-'p' = 0.75 8. 

Table 6-1 1 
Rankine Factors K, and K2 

Values of K2 for angles @ 
0 K1 10" 15" 20" 2 5  30" 35" 40" 45" 

10" 
12" 
15" 
17" 
20" 
22" 
25" 
27" 
30" 
35" 
40" 
45" 

0.7041 
0.6558 
0.5888 
0.5475 
0.4903 
0.4549 
0.4059 
0.3755 
0.3333 
0.2709 
0.2174 
0.1716 

1 .oooo 
0.7919 
0.6738 
0.6144 
0.5394 
0.4958 
0.4376 
0.41 95 
0.3549 
0.2861 
0.2282 
0.1792 

1 .oooo 
0.7532 
0.6241 
0.5620 
0.4860 
0.4428 
0.3743 
0.3073 
0.2429 
0.1896 

1 .oooo 
0.7203 
0.5820 1 .oooo 
0.5178 0.6906 
0.4408 0.5446 1 .oooo 
0.3423 0.4007 0.5099 1 .oooo 
0.2665 0.3034 0.3638 0.4549 1 .oooo 
0.2058 0.2304 0.2679 0.3291 0.4444 1 .oooo 

KI, no surcharge Kz, with surcharge 

1 - sine cos @ - &os2 @ - cos2 0 - K1 =e=-- K2 = - 
cos @ + Jcos* @ - cos2 0 pv 1 +sin$- 
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Notes 

1. Rankine factors K1 and Kz are ratios of horizontal to 
vertical pressures. These factors take into account the 
distribution of forces based on the filling and emptylng 
properties of the material. If the filling angle is differ- 
ent from the angle of repose, then Kz is used. 
Remember, even if the material is not heaped to 
begin with, a crater will develop when emptylng. The 
heaping, filling peak, and emptylng crater all affect the 
distribution of forces. 

2.  Supports for bins should be designed by an appropriate 
design procedure. See Chapter 3. 

3 .  In order to assist in the flow of material, the cone angle 
should be as steep as possible. An angle of 45" can be 
considered as minimum, 50"-60" preferred. 

4. While roofs are not addressed in this procedure, their 
design loads must be considered since they are trans- 
lated to the shell and supports. As a minimum, allow 

25 psf dead load and 50-75 psf live load plus the weight 
of any installed plant equipment (mixers, conveyors, 
etc.). 

5. Purging, fluidizing techniques, and general vibration 
can cause loss of friction between the bin wall and 
the contents. Therefore its effect must be considered 
or ignored in accordance with the worst situation: in 
general, added to longitudinal loads and ignored for 
circumferential loads. 

6. Surcharge: Most bunkers will be surcharged as a result 
of the normal filling process. If the surcharge is taken 
into account, the horizontal pressures will be overesti- 
mated for average bins. It is therefore more economical 
to assume the material to be flat and level at the mean 
height of the surcharge and to design accordingly. 
Where the bin is very wide in relation to the depth 
of contents the effects of surcharging need to be 
considered. 
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5000 

10,000 

PROCEDURE 6-7 

0.056 D 0.014D 

0.042 D 0.01 1 D 

AGITATORS/MIXERS FOR VESSELS AND TANKS 

20,000 

Mixing is defined as the intermingling of particles that pro- 
duce a uniform product. Hydraulically, mixers behave like 
pumps. Mixing applications can be either a batch or a con- 
tinuous process. Although the terms agitation and mixing are 
often used interchangeably, there is a technical difference 
between the two. 

Agitation creates a flow or turbulence as follows: 

0 Mild agitation performs a blending action. 
0 Medium agitation involves a turbulence that may 

0 Violent agitation creates emulsification. 

Mechanical mixers are used as follows: 
0 To mix two or more nonhomogeneous materials. 
0 To maintain a mixture of materials that would separate 

0 To increase the rate of heat transfer between materials. 

The mechanical mixer usually consists of a shaft-mounted 
impeller connected to a drive unit. Mechanical mixers can be 
as small as '/4 hp or as large as 200 hp for some gear-driven 
units. Power consumption over time determines the effi- 
ciency and economy of a mixing process. Top-mounted 
mixers can be located on center (VOC), off center 
(VOFC), or angled off center (AOC). Mixers on center 
require baffles. 

If the ratio of liquid height to vessel diameter is greater 
than 1.25, then multiple impellers are recommended. Ratios 
of 2:l  and 3:l are common in certain processes. A common 
rule of thumb is to use one impeller for each diameter of 
liquid height. 

Mixer applications are designed to achieve one of the 
following: 

0 Blending: combines miscible materials to form a homo- 

0 Dissolving: the dissipation of a solid into a liquid. 
0 Dispersion: the mixing of two or more nonmiscible 

0 Solid suspension: suspends insoluble solids within a 

0 Heat exchange: promotes heat transfer through forced 

0 Extraction: separation of a component through solvent 

permit some gas absorption. 

if not agitated. 

geneous mixture. 

materials. 

liquid. 

convection. 

extraction. 

0.021 D 0.005 D 

Mounting 

Top-entering units can generally be used on all applica- 
tions. Side-entering units are usually used for low speed, 
mild blending, and tank cleaning operations. The most effi- 
cient mounting is angled off center (AOC). 

Tank Baffles 

Antiswirl baffles are required in most larger industrial 
fluid-mixing operations. Baffles are used for center-shaft, 
top-mounted mixers to prevent vortexing. Baffles also pro- 
mote top-to-bottom turnover and represent good mixing 
practice. The most usual arrangement is to have four baffles 
spaced at 90". For viscosities up to 500 centipoises, baffles 
can be mounted directly to the wall. For use in higher-visc- 
osity material or in any mixing application where solids can 
build up or where other harmful effects develop when the 
baffle attaches to the wall, the baffles should be spaced off of 
the wall. Normal spacing is 25% of the actual baffle width. 
Above lO,OOOcP, baffles should be mounted at least 1% in. 
off the wall. Above 20,0OOcP, no baffles are typically 
required. Horizontal tanks do not usually require baffles. 
Baffles should be selected for the minimum viscosity that 
will occur during a mixing cycle. 

As liquid viscosities go up, the need for baffles-and thus 
the baffle width-decreases. The industrial use of vessels 
without baffles is limited because unbaffled systems give 
poor mixing. 

Baffle widths and the wall clearance depend on the 
viscosity of the liquid being mixed: 

I Viscosity, CP I Baffle Width, B I Off Wall, Bc I 
I Waterlike I 0.083 D I 0.021 D I 
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Impellers 

Inipc.llers come in the following types: 

0 Paddle. 
0 Propeller 
0 Anchor. 
0 Turbine. 
0 Ribbon. 

Paddle-type impellers are the simplest and lowest cost 
impellers, but they have small pumping capacity. They 
have very low axial flow, hence the pitched flat blade version 
is normally a s td  for low-viscosity materials. The ratio of 
blade diameter to vessel diameter is usually 4 to %. A 
radial flow impeller is used for high shear. 

Propeller types pump liquid. Every revolution of a square 
pitch prop discharges a column of liquid approximately equal 
to the diameter of the propeller. The flow is axial. Such 
pnmps are used primarily for high-speed applications and 
side-entry mixers. Duel propellers are used on vessels with 
H/D ratios greater than 1. The axial flow decreases mix time. 
They are heavier and cost more than pitched-blade turbines. 
Propeller-to-~essel-diarnett.r ratio is usually &. A propeller- 
type impeller is used for high flow. 

Anchor-type impellers rotate slowly and have a large sur- 
face area. This makes them ideal for batch applications in 
higher-\iscosity materials. 

Turbines are always mounted vertically. They are used at 
low speed where the application requires greater shear than 
pumping and higher horsepower per unit volume. There are 
130 basic forms of turbines, the flat-blade radial-discharging 
type and the pitched-blade axial-thrust type. All others are 
modifications of these basic types. The ratio of blade dia- 
meter to vessel diameter is usually &. 

Flat-blade turbines pump liquid outward by centrifugal 
force. liquid that is displaced by the blade is replaced by 
flow from the top and bottom. Suction comes from the 
center, and delivery is on the circumference of the blade. 
The primary flow is radial. This is the most widely used type 
of mechanical agitator. The number of blades vary from 4 to 
12. This turbine is used primarily for liquid-liquid dis- 
persion. Turbines with curved blades are used for higher- 
viscosity materials. 

The pitched-blade turbine produces a combination of axial 
and radial flow. The purpose of pitching the blade is to 
increasv radial flow. Blades can he sloped anywhere from 
0" to YO", but 45' is the commercial standard. 

1 

Notes 

1. All mixers/agitators rotate clockwise. 
2 .  In general, agitators are sized on the basis of the 

required torque per unit volume. Other factors that 
affect size and torque are: 

0 Viscosity > 100 cP (viscosity can affect blend times). 
0 Critical speeds. 
0 Tip speed. 
0 Impeller diameter. 
0 Required degree of agitation. 

3. Each shaft is designed for mechanical loads and critical 
shaft speed. Motor size and shaft design are related. A 
larger shaft to take the torque will require more horse- 
power to eliminate wobble. 

4. To prevent solid buildup on the bottom, a radial-blade 
impeller may be used. If elected, then place the blade 
one blade width off the bottom. 

5 .  Power consumption: 

0 Operating speed is back-calculated to ensure deliv- 
ery of the proper power for a given impeller dia- 
meter. 

0 The speed and horsepower define the torque 
required for the system. The torque in turn sets 
the shaft size and gear box size. 

0 Impeller power consumption determines the horse- 
power and impeller diameter required for a given 
mixing process. 

6. Mixing parameters: 

0 Shaft angle. 
0 Time. 
0 Impeller type and diameter. 
0 RPM (pumping capacity). 
0 Power. 
0 Viscosity, specific gravity. 

7. A steady rest bearing may be utilized at the bottom of 

8. Other applicable data: 
the tank if the mixing application allows. 

0 Types of seals or packing. 
0 Metallurgy. 
0 Drain location. 
0 Manway size. 
0 Indoor/outdoor. 
0 Mixedagitator run times. 
0 Head room required abo\re tank. 
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\ 

Vessels with Agitators or Mixers 

ea/ 

Notation 

H, = motor horsepower 
N = impeller RPM 
D =vessel diameter, in. 
d = impeller diameter, in. 
B =baffle width, in. 

B, =baffle off-wall distance, in. 

e Force on bafle, F. 

(56,800Hp) 
2N[D - B - (2B,)] 

F =  

e Force per unit area, F,. 

F 
F" =z 

e Typical ratios. 

D 

I 

I 
d = 0.333 x tank diameter 

Use wear plate with pitched or 
propeller blades and suspended solids. 

Types of Mixers 

Requires baffles. 

- 

Type 1: Vertical On Center (VOC) 

Type 3: Angular Off Center (AOC) 

Always 10' 
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1 

Types of Mounting 

-r 

I 

Flat Top Flat Top 

Stiffener if required 

Manway Mounted 

Beams 

Bridge Mounted 

Extend 
bridge 

Small Tanks-Hinged Lids 

legs for 

Baffle Supports 

Evaluate this area 
for force on baffle 
and support Bracing back to shell 

Baffle 

Fluid rotation 
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Types of Impellers 

Turbine Impellers 

a. Flat blade b. Curved blade c. Shrouded d. Retreating blade 

f. Pitched blade e. Disk flat blade 

Anchor Impellers 

a. Horseshoe with cross members b. Double-motion horseshoe paddle c. Horseshoe 

Miscellaneous Impellers 

Straight fiat blade 

d. Gate type 

Pitched flat blade 

Helical ribbon Paddle Propeller 
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Typical Applications 

€ f -  

t 

\ 
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Impeller Actions 

Shear Action 

0 Break up liquid blobs. 
0 Use radial-flow impeller such as turbine or paddle types 

without pitched blades. 

Pumping Action 

0 Lift solids from bottom. 
0 Good for blending solids and liquids. 
0 Use propeller or turbine or paddle type with pitched 

blades. 
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PROCEDURE 6-8 

DESIGN OF PIPE COILS FOR HEAT TRANSFER [lO-lSl 

This procedure is specifically for helical pipe coils in ves- 
sels and tanks. Other designs are shown for illustrative pur- 
poses only. Helical coils are generally used where large areas 
for rapid heating or cooling are required. Heating coils are 
generally placed low in the tank; cooling coils are placed high 
or uniformly distributed through the vertical height. Here 
are some advantages of helical pipe coils. 

1. Lower cost than a separate outside heat exchanger. 
2.  Higher pressures in coils. 
3. Fluids circulate at higher velocities. 
4. Higher heat transfer coefficients. 
5 .  Cionsewation of plot space in contrast with a separate 

heat exchanger. 

____ ~~ ~~ 

Manufacture 

Helical pipe coils can be manufactured by various means: 

1. Rolled as a single coil on pyramid (three-roll) rolling 
machine. This method is limited in the pitch that can 
be produced. Sizes to 8in. NPS have been accommo- 
dated, but 3 in. and less is typical. The coil is welded 
into a single length prior to rolling. 

2. Rolled as pieces on a three-roll, pyramid rolling 
machine and then assembled with in-place butt 
welds. The welds are more difficult, and a trimming 
allowance must be left on each end to remove the 
straight section. 

3. Coils can also be rolled on a steel cylinder that is used 
as a mandrel. The rolling is done with some type of 
titrning device or lathe. The coil is welded into a 
single length prior to coiling. The pitch is marked on 
the cylinder to act as a guide for those doing the form- 
ing. 

4. The most expensive method is to roll the pipehubing 
011 a grooved mandrel. This is utilized for very small 
Dc-to-d ratios, usually followed by some form of 
heat treatment while still on the mandrel. Grooved 
nrandrels create a very high-tolerance product and 
help to prevent flattening to some extent. 

Coils are often rolled under hydro pressures as high as 
85% of yield to prevent excessive ovalling of the pipe or 
tube. The accomplish this, the hydrotest pump is put on 
wheels and pulled along during the rolling process. End 

caps are welded on the pipe to maintain the pressure 
during rolling. 

Stainless steel coils may require solution annealing after 
forming to prevent “springback’ and alleviate high residual 
stresses. Solution heat treatment can be performed in a fix- 
ture or with the grooved mandrel to ensure dimensional 
stability. 

Springback is an issue with all coils and is dependent on 
the type of material and geometry. This springback allow- 
ance is the responsibility of the shop doing the work. Some 
coils may need to be adjusted to the right diameter by sub- 
sequent rolling after the initial forming. 

The straight length of pipe is “dogged” to the mandrel 
prior to the start of the rolling to hold the coil down to the 
mandrel. Occasionally it may be welded rather than dogged. 

Applications for grooved mandrel are very expensive due 
to the cost of the machining of the mandrel. Mandrels that 
are solution heat treated with the coil are typically good for 
only one or two heat treatments due to the severe quench. 
Thus the cost of the mandrel must be included in the cost of 
the coil. 

~ ~ 

Design 

There are two distinct aspects of the design of pipe coils 
for heat transfer. There is the thermal design and the phy- 
sical design. The thermal design falls into three parts: 

1. Determine the proper design basis. 
2. Calculating the required heat load. 
3. Computing the required coil area. 

Physical design includes the following: 

1. Selecting a pipe diameter. 
2. Computing the length. 
3.  Determine the type of coil. 
4. Location in the tank or vessel 
5. Detailed layout. 

To determine the design basis, the following data must be 
determined: 

1. Vesselhank diameter. 
2. Vesselhank height. 
3. Insulated or uninsulated 
4. Indoor or outdoor. 
5. Open top or closed top. 
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6. Maximum depth of liquid. 
7. Time required to heathool. 
8. Agitated or nonagitated. 
9. Type of operation. 

The type of operation is characterized in the following 
cases: 

1. Batch operation: heating. 
2. Batch operation: cooling. 
3. Continuous operation: heating. 
4. Continuous operation: cooling. 

Coils inside pressure vessels may be subjected to the inter- 
nal pressure of the vessel acting as an external pressure on 
the coil. In addition, steam coils should be designed for full 
vacuum or the worst combination of external loads as well as 
the internal pressure condition. The coil must either be 
designed for the vessel hydrotest, externally, or be pressur- 
ized during the test to prevent collapse. 

Pressure Drop 

It is important that pressure drop be considered in design- 
ing a pipe coil. This will establish the practical limits on the 
length of pipe for any given pipe size. Large pressure drops 
may mean the coil is not capable of transmitting the required 
quantity of liquid at the available pressure. In addition, the 
fluid velocities inside the coil should be kept as high as 
possible to reduce film buildup. 

There are no set rules or parameters for maximum allow- 
able pressure drop. Rather, an acceptable pressure drop is 
related to the velocity required to effect the heat transfer. 
For liquids a minimum velocity of 1-3 feet per second 
should be considered. For gases “rho-V squared’ should 
be maintained around 4000. 

Pressure drop in helical coils is dependent on whether the 
flow is laminar or turbulent. Typically flows are laminar at 
low fluid velocities and turbulent at high fluid velocities. In 
curved pipes and coils a secondary circulation takes place 
called the “double eddy” or Dean Effect. While this circula- 
tion increases the friction loss, it also tends to stabilize lami- 
nar flow, thus increasing the “critical” Reynolds number. 

In general, flows are laminar at Reynolds numbers less 
than 2000 and turbulent when Reynolds numbers are greater 
than 4000. At Reynolds numbers between 2000 and 4000, 
intermittent conditions exist that are called the critical zone. 

For steam flow, the pressure drop will be high near the 
inlet and decrease approximately as the square of the velo- 
city. From this relationship, combined with the effects of 
increased specific volume of the steam due to pressure 
drop, it can be shown that the average velocity of the steam 
in the coil is three-fourths of the maximum inlet velocity. For 

the purposes of calculating pressure drop, this ratio may be 
used to determine the average quantity of steam flowing 
within the coil. 

Heat Transfer Coefficient, U 

The heat transfer coefficient, U, is dependent on the fol- 
lowing variables: 

1. Thermal conductivity of metal, medium, and product. 
2. Thickness of metal in pipe wall. 
3. Fluid velocity. 
4. Specific heat. 
5. Density and viscosity. 
6. Fouling factor (oxidation, scaling). 
7. Temperature differences (driving force). 
8. Trapped gases in liquid flow. 
9. Type of flow regime (laminar versus turbulent, turbu- 

lent being better). 

Notes 

All of the following apply specifically to helical coils. 

1. Overdesign rather than underdesign. 
2. The recommended ratio of vessel diameter to pipe dia- 

meter should be about 30. However, it has been found 
that 2 in. pipe is an ideal size for many applications. 
Pipe sizes of 6in. and 8in. have been used. 

3. Helical coils are concentric with the vessel axis. 
4. Two or more coils may be used, with the recommended 

distance between the coils of two pipe diameters. 
5. Seamless pipe is preferred. Schedule 80 pipe is pre- 

ferred. 
6. Limit maximum pitch to five pipe diameters, with 2 to 

2& recommended. Physical limits should be set 
between 4 in. minimum and 24in. maximum. 

7. Centerline radius of bends should be 10 times the pipe 
diameter minimum. (1-in. pipe = 10-in. centerline 
radius). 

8. It is recommended for bend ratios over 5% or 
fiber elongation greater than 40% that the coils be 
heat treated after forming. The bend ratio can be com- 
puted as follows: 

100 tp - 
R 

9. Flattening due to forming should be limited to 10%. 
Some codes limit ovality to as little as 8%. Ovality may 
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be computed as follows: 

10. Wall thinning occurs any time a pipe is bent. The 
inside of the bend gets thicker and the outside of 
the bend gets thinner. Typically this is not a problem 
because the outside of the bend that gets thinner will 
also experience a certain amount of work hardening 
that can make up for the loss of wall thickness. The 
tighter the bend, the greater the thinning. Anticipated 
,wall thinning due to forming can be computed as 
follows : 

11. Distance between an internal coil and the side wall or 
bottom of the tank or vessel is a minimum of 8 in. and 
;.i maximum of 12 in. (dimension “c”). 

12. All coils should be evenly supported at a minimum of 
three places. Supports should be evenly spaced and 
allow for thermal exqmnsion of the coil. 

13. Coils should be sloped a minimum of & in. per foot 
to allow for drainage. 

14. Certain flow rates in spiral coils can set up harmonic 
vibrations that could ultimately be destructive to the 
coil, supports, etc. In addition, slug flow can cause 
extreme coil movement. If vibration or movement 
becomes a problem, then either the flow rate or the 
coil support arrangement must be changed. 

15. Limit velocity to 10 feet per second in coils. 
16. The “steady-state” condition requires less coil than 

any other design condition. 
17. If pressure drop is excessive, the coil may be split into 

multiple coils with manifolds or separate inlets or out- 
lets. 
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Types of Coils 

Header 

i, 

I u 
Harp 
(flat) 
- 

out 

Flat 
(serpentine) 

7 /-- 

---I /-- 

i. 
In 

I 

Circular Harp 

Note: 
Direction of flow will vary 
depending on the heating or 
cooling application 

Ring header (typ) 
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Coil Layout for Flat-Bottom Tanks 

l- 

out  

in. max 

Flat Spiral Flat Hairpin 

Developed length of flat spiral coils: 

:c C=6 in. max m 
I,\ 

Slope + 
In 

Ring Header 
(small diameter only) 

?TR2 
L D  = ~ 

do + C 

Critical zone 

0.07 

0.06 

0.05 

0.04 
c 
0 m 
c 

V 

- 
P 

L 0.03 
c 

L * .- 

0.02 

0.01 5 
1,000 10,000 1 o5 1 06 1 o7 1 08 

Re-Reynolds number 

Figure 6-29. Friction factor, f, versus Reynolds number, Re. 
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Coil Supports 

Manifold for Multiple Coils 

T 

Support for Multiple Coils 

Support for Single Coil a 
Do 

N* 

1. Provide good contact 

2. Do not tighten U-bolts 

3. Nuts may be tack 

surface. 

around coil. 

welded, or use double 
nuts. 

4. U-bolts may be 
alternated to every 
other support. 

Don’t 

Minimum contact 
surface 

Manifold for Multiple Coils, Multiple Series 
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DESIGN OF HELICAL COILS 
-- 

Notation 

A = Lessel surface area, ft2 
A,. = siirface area of coil required, ft2 
C,, = specific heat of coil or vessel contents, BTU/lb/ 

"F 
D,, d,. = centerline diameter of coil, ft (in.) 

D,,, Di = OD/ID of pipe, ft 
11, = inside diameter of vessel, ft 

do, d, =OD/ID of pipe, in. 

f = friction factor 
E = enthalpy, latent heat of evaporation, RTU/lb 

FI,F = laminar flow factor 

cooled. ft3/hr 
G = rate of flow or quantity of liquid to be heated or 

GTD = greatest temperature difference, "F  

h,,, hi = film coefficients, BTU/hr-ft'-OF 
g = acceleration due to gravity, 4.17 x IO8 ft/hr2 

K = thermal conductivity of pipe, BTU/hr-ft2-"F-in. 
L, = minimum required length of coil, ft 
L, = developed length of coil, ft 

M = inass flow rate, lb/hr 
N =number of turns in coil 

P = internal pressure in coil, psig 
p =pitch of coil, in. 
Q =total heat required, BTU/hr 

QL = heat loss from vessel shell, BTU/hr 
1 q I ,  = unit heat loss, RTU/hr 
R, = Reynolds number 

S = external pipe surfice area, ft 
S, = specific gravity of liquid 
T =time reqnired to heat or cool the vessel contents, 

t,, =wall thickness of pipe, in. 
t, =coil temperature, 'F 
tz = initial temperature of vessel contents, O F  

= final temperature of vessel contents, O F  
U = heat transfer coefficient, BTU/hr-ft2-"F 
V =velocity in coil, ft/sec 

V, = specific volume, equal to inverse of density, l/w, 

LTD = least temperature difference, O F  

NPS =nominal pipe size of coil, in. 

2 

hr 

3 =volume of vessel contents, f t  

ft3/lb 
= rate of flow, lb/hr 

A P  =pressure drop, psi 

AT = log mean temperature difference, O F  

w = density, Ib/ft3 

APL = straight-line pressiire drop, psi 

p =viscosity, CP 

Helical Coil with Baffles and Agitators 

Dc - 

7- I 

_-- 

Caution: Splash zone on a hot coil may cause 
or accelerate corrosion '7 h D" 

C 

J r i =  
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Calculations 

Solving for Heat Transfer Coefficient, U 

The value of U can be taken from the various tables or 
calculated as follows: 

1 

-+-+- h, K hi 

U =  
1 tp 1 

Heating Api 

11 

GTD 

ications 

Heating medium 

0 Determine mass flow rate, M .  

M = 62.4GSg 

0 Determine AT 

LTD 

t3 

GTD - LTD 
GTD 

AT = 

0 Heat required, Q. 

Q = MCp AT + QL 

0 Area required, A,. 

Q A --- 
‘ - ~ A T  

0 As an alternative, compute the time required, T. 

WC,GTD 
A,UAT 

T =  

Cooling Applications 

0 Cooling applications are equivalent to “‘heat recovery” 
types of applications. Only the “parallel” type is shown. 

0 Determine mass flow rate, M .  

M = 62.4GSg 

0 Determine AT. 

GTD - LTD 
GTD 

AT = 

0 Heat required, Q. 

Q=MCp AT-QL 
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Subtract heat losses to atmosphere from heat to be 
recovered. 

0 Areti required, A,. 

Q A - ___ 
' - U A T  

1 1 5  (in altrmutiw, coinpte  the time required, T 

Coil Sizing 

0 Makr f i n t  appro~ i inu t~~  wlection of nominal pipe yize, 
NPS 

D, NPS =- 
30 

Preli rninary selection: 

Pipe properties: d, = 

D, = 

S =  

0 netennine length of coil required, I+. 

A I L, = - 
S 

K > 10NPS 

0 SelPct o pitch of coil, 1). Note: Pitch should be 2 to 
L 5 X  NPS 

Use p =  

I,, = N,/(TD,)~ + p2 

Reynolds Number 

For steam heating coils. 

1. Given Q, determine the rate of flow, If': 

Q \$' = - 
E 

2. Reynolds number, R,: 

0 For other liquids and gases. 

1. Find velocity in coil, V: 

2. Reynolds number, Re: 

0 Find R ,  critical. 

For coils, the critical Reynolds number is a fiinction of the 
ratio of pipe diameter to coil diameter, computed as fol- 
lows: 

R, critical = 20,000 (DJ.32 - 

The critical Reynolds number can also be taken from the 
graph in Figure 6-31. 

Laminar 

--- 
~ c N y - C m r c - 4 /  

-4- --- 
-e---- 

Critical Zone 

Turbulent 

Figure 6-30. Various flow regimes. 
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0.25 

0.20 

0.15 

0.10 

0.05 

2000 4000 6000 8000 
Re = Reynolds number 

1 K 
10 100 500 1000 1500 2000 

Re JE Dc 

Figure 6-31. Pressure drop factors for flow-through coils. From ASME 
Transaction Journal of Basic Engineering, Volume 81, 1959, p. 126. 

Pressure Drop 

e If steam is the heating medium, the pressure drop of 
condensing steam is; 

The units are as follows; 
f = 0.021 for condensing steam 
La is in feet 
V is in f a r  
g is in ft/hr2 
Di is in ft 

e For other fluids and gases; 

a. If flow is laminar, 

0.00000336fLaW2 
d4w 

APL = 

AP = APL(FLF) 

b. For turbulent flow, 

0.000O0336fLa W2 
APL = 

45w 

Sample Problem 1 

tl 

GTD 

t2 

50 # Steam 

LTD 

t3 

Heating Coil: Steam to Oil 

e Batch process. 
e No agitation (other than natural circulation). 
e Coil material =carbon steel. 
e Properties: 

Steam: 

V, = 6.7 
E = 912 
,LL = 0.015 

Oil: 

C ,  = 0.42 
s, = 0.89 

Vessel: 

8-ft diameter x 30-ft tan-tan 
Liquid height = 15 ft 
Volume to liquid height: 700 ft3 = 5237 gallons 
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Temperatures: 

ti = 300'F 
t2 = 60°F 
ti = 200°F 

T =time to heat = 1 hr 

0 Log iman ternpernture difference, AT 

GTD 
LTD = tl - t3 = 300 - 200 = 100 

ti - t2 = 300 - 60 = 240 

240 - 100 
= 160°F - - GTD - LTD 

AT = 
2.3 log(%) 2.3 log@ 

0 Qimitity of liquid to be heated, G. 

0 Mass j l ~ t ~  rate, M .  

M = 62.4GS, = 62.4(700)0.89 = 38,875 Ib/hr 

0 Heat required, (I. 

Q =  MC, AT+Q,,  =38,875(0.42)160+0 

= 2,612.413BTU/hr 

0 Hcnt trans f e r  coefficient, U 

U = from Table 6-20: 50-200 
from Table 6-21: 20-25 
from Table 6-22: 35-60 
by calculation: 10- 180 

Use u = 40. 

0 Area of coil rqiiircd, A, 

D~terinine thr physical dimensions of the coil. 

D, 96 
30 30 

NPS = - = - = 3.2 Use 3-in. pipe 

c = 12 

Therefore D, = 72 in. 

0 Pipe proprrties. 

Assume 3-in. Sch 80 pipe. 

di = 2.9in. 
Di = 0.2417ft 

S = 0.916 ft2/ft 

0 Length of pipe required, L,. 

A, 408 
- S 0.916 

L --=-=445ft 

0 Check minimum radius. 

D, 72 
2 2 
- > 10di = - > 10(3) = 36 > 30 

0 Determine pitch, p .  

= 5NPS = S(3) = 15 P",, 
p . = 2 N P S = 2 ( 3 ) = 6  

mill 

Use p = 2.5(3) = 7.5 in. 

0 Find number of turns of spiral, N .  

= 23.59 Lr 445 

d m  = J[n(6)]'+0.62S2 

Use (24) turns x 7.5in. = 180in.-OK. 

0 Find actual length of coil, L,. 

L, = 24J[n(6)I2 + 0.6252 = 486 ft 

0 Reynolh number, R, 

= 415,445 
6.31W 6.31(2864) 

dip 2.9(0.015) 
- - R, zz ~ 

0 Velocity of steam in coil, V. 

0.00085WV, - 0.00085(2864)6.7 
- 

2.g2 V =  
a& 

= 1.94 €t/ sec = 6982 ft/hr 

0 Pressure drop, A€'. 

= 1.88 psi 2fL,V2 2(0.012)486(69842) 
3gDi 3(4.17 x 1OS)0.2417 

- A P = -  - 
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Sample Problem 2 

tl 

GTD 

t2 

Cooling application: Parallel flow 
Process fluid: 
Cooling medium: Water (coil contents) 
Vessel indoors: Q L = ~  
Discharge rate: 3000 GPH 
Agitation: Yes 
Baffles: Yes 

Hot oil (vessel contents) 

D,= 12fi  

Properties. 

Process fluid 

C, = 0.42 
p = 13 @ 110°F 

Coil medium 

p =0.75 @ 90°F 
V, = 0.0161 
w = 62.4 

15 in. - 

Temperatures 

ti = 140°F 
tz = 60°F 
t3 = 110°F 
t* = 90°F 

0 Log mean temperature difference, At. 

GTD = tl - t2 = 140 - 60 = 80 

LTD = t3 - t4 = 110 - 90 = 20 

80 - 20 
= 43°F - - 

GTD - LTD 
GTD 

AT = 
2 . 3 l o g ( ~ )  2.3 log(:) 

0 Mass flow rate, M. 

M = 3000- 8.33- = 24,990 Ib/hr 
hr ( :l) 

0 Heat required, Q. 

Q = MC, AT - QL = 24,990(0.42)43 - 0 = 451,319 BTU/hr 

0 Heat transfer coefficient, U. 

U = from Table 6-22: 10 - 20 

Use U = 15. 

Area of coil required, A, 

0 Determine bafle sizes. 

Baffle width, B = 0.083D = 12in. 
Off wall, B, = 0.021D = 3in. 

a Determine the physical dimensions of the coil. 

D, 144 
30 30 

NPS = - = - = 4.8 

Use 4-in. pipe. 

0 Pipe properties. 

Assume 4-in. Sch 80 pipe: 

di = 3.826in. 
Di = 0.3188ft 

S = 1.178 ft2/ft 
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0 Detcmnirw coil diciinPtrr, D, . 

D, .= 143 - 2(15) - 2(8 )  = 98in. (8.17ft) 

= 595 ft 
A 700 L --L=- 
S 1.178 I -- 

DL 98 
- > lOd, = - > lO(4.5) = 49 > 45 - 2 

0 Dctr~nninc~ pitch, / I  

= 5NPS = 5(4) = 20 PI,,',, 
p, = 2NPS = 2(4) = 8 

IJse p = 2 3 4 )  = loin.  = 0.833 ft 

0 Fintl nuinher oftiinir oj" spiral, N 

595 
= 21.6 L, 

= &= = J[n(8.17)]2 + 0.8332 

Ucr (22) tiinis x 10 in. = 220 in. < 240 in. -OK 

0 Find cictiid lriigth of coil, L ,  

L,,, == 33q'[~(8.1 7)12 + 0.83j2 = 565 ft 

W = 24,990 lb/hr 

0 Velocity, 17. 

= 1.4ft/sec 
0.0509\W, - 0.0509(24,990)0.0161 

\T = - 
dp 3.826e 

0 I?eipolcl.~ number, R,. 

123.9diV 123.9(3.826)1.4 
= 54.961 - R, = - 

O.Ol(il(0.75) VS I-L 

Therefore flow is turbiilrnt! 

0 Struight-line pre.wire drop, AP,.. 

(3.36 x 10-6)fL,W' 
APL = 

d?\V 

(3.36 x 10-')0.0218(565)2.1,9902 
:3.82ci" (62.11) 

API, = = 0.5 psi 

0 Pre.ssure drop, AP 

= 3.57 psi 
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Medium Film Coefficient, h, or hi Size (in.) Schedule dl (in.) I DI (ft) I S 

1 

1.25 

1.5 

2 

40 1.049 0.0874 

80 0.957 0.0797 

40 1.38 0.115 

80 1.278 0.1065 

40 1.61 0.1342 

80 1.5 0.125 

40 2.067 0.1722 

80 1.939 0.1616 

0.344 

0.435 

0.497 

0.622 

m 
C 

al 
Q 
S 

.- 
u) C 

s 

.- s 
E 

W s 

w 

op 

Gasses 

Organic solvents 60-500 
0 

~~ ~~~ 

Steam 1000-3000 

Organic solvents 150-500 

Light oil 200-400 

Heavy oil 20-50 

Water 1000-2000 

Organic solvents 100-300 

200-300 

1 oc-200 

Light oil 

Heavy oil 

3 
40 3.068 0.2557 

80 2.9 0.2417 
0.91 6 

4 
40 4.026 0.3355 

80 3.826 0.3188 
1.178 

6 
40 6.065 0.5054 

80 5.761 0.4801 
1.734 

Material 

Air 

CP 
W 

32" F 212°F 932" F 

0.0808 0.241 0.242 0.245 

Ammonia 

Benzene 

Oxygen 

0.0482 0.52 0.54 

0.22 0.33 0.56 

0.0892 0.22 0.225 0.257 

Nitrogen 

Methane 

0.0782 0.25 0.25 0.27 

0.0448 0.53 0.6 0.92 



Related Equipment 349 

Material 

Alum-1 100-0 annealed 

Table 6-1 5 
Thermal Conductivity of Metals, K, BTU/hr x sq WF/in. 

~~ 

Temperature, "F 

200 300 400 500 600 700 800 900 lo00 

151 2 1488 1476 1464 1452 1440 1416 

Alum--6061-0 t Alum-1 100 tempered 

1224 1236 1248 1260 1272 1272 1272 

1476 1464 1452 1440 1416 1416 1416 

Alum--6061 -T6 t Carbon steel 

1392 1392 1392 1392 1392 1380 1368 

360 348 336 324 31 2 300 288 276 

I 21/4 Cr-1 Mo I 300 I 288 I 276 I 276 I 264 I 264 I 252 1 --252 I 240 I 

C-& Mo 

1 Cr-5; Mo 

348 336 324 31 2 300 300 288 276 

324 324 31 2 300 288 288 276 252 252 

5Cr-7; Mo 252 252 252 240 240 240 240 228 228 

168 180 180 180 192 192 192 192 204 

I 9OCu-1ONi I 360 I 372 I 408 I 444 I 504 I 564 I 588 I 612 I 636 I 

18-8 SST 

25-20 SST 

I80Cu-20Ni I 264 I 276 I 300 I 324 I 348 I 372 I 408 I 444 I 480 I 

112 118 120 132 132 144 144 156 156 

94 101 107 114 120 132 132 144 144 

170Cu-30Ni 1 216 I 228 I 252 I 276 I 300 I 324 I 360 I 396 I 444 1 

Admiralty brass t- Naval brass 

840 900 948 1008 1068 

852 888 924 960 996 

Monel t Nickel 

180 180 192 192 204 216 216 225 240 

456 432 396 372 348 336 336 348 372 

Inconel/incoloy 

Titanium 

113 116 119 120 120 132 132 132 144 

131 128 125 125 126 
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Saturated Steam 

P (PSIG) Temp. (“F) I v, (ft311b) I E (BTUllb) p (centipoise) 

Table 6-1 6 
Properties of Steam and Water 

Water 

Temp. ( O F )  I V, (ft3lib) I p (centipoise) 

5 

10 

227 20 96 1 0.014 32 0.01 60 1.753 

240 16.5 952 0.014 40 0.01 60 1.5 

I 250 I 14 I 945 I 0.014 I 50 I 0.0160 I 1.299 I 115 

135 I 281 I 8.5 I 924 I 0.015 I 90 r 0.0161 

120 I 259 12 I 940 I 0.015 I 60 I 0.0160 I 1.1 I 

0.75 

125 I 267 I 10.5 I 934 I 0.015 I 70 I 0.0161 1 0 . 9 5 - 1  

40 

45 

I30 I 274 I 9.5 I 929 I 0.015 I 80 I 0.0161 I 0.85 I 

287 8 920 0.015 100 0.0161 0.68 

292 7 91 5 0.015 150 0.0163 0.43 

50 

75 

298 6.7 91 2 0.015 200 0.0166 0.3 

320 4.9 895 0.01 6 250 0.01 70 0.23 

1150 I 366 I 2.7 I 857 I 0.018 1 400 I 0.0186 

I100 I 338 I 3.9 I 881 I 0.016 I 300 I 0.0175 1 -0.181 

0.13 

I125 I 353 I 3.2 I 868 I 0.017 I 350 I 0.0180 1 0.15 I 

200 

250 

388 2.1 837 0.019 

406 1.75 820 0.019 

300 422 1.5 805 0.02 

Material s, CP W 

Medium oils 

Bunker “C” 

#6 Fuel oil 0.96 

Tadasphalt 0.4 81.1 

Water 

Light oils 

1 1 62.4 

0.89 0.42 55.5 

Molten sulfur 

Molten paraffin 

1.8 0.2 11 2.3 

0.9 0.62 56.2 
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50 
psia 

0.197 
0.013 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.026 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.017 
0.016 
0.015 
0.014 

0.228 
0.300 
0.427 
0.680 
1.299 

1.753 

~ 

Table 6-18 
Viscosity of Steam and Water, in centipoise, p 

100 
psia 

0.164 
0.014 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.027 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.017 
0.016 

0.015 
0.182 

0.228 
0.300 
0.427 
0.680 
1.299 

1.753 

351 

saturated steam 
saturated water 
1500 
1450 
1400 
1350 
1300 

1250 
1200 
1150 
1100 
1050 

1000 
950 
900 
850 
800 

750 
700 
650 
600 
550 

500 
450 
400 
350 
300 

250 
200 
150 
100 
50 

32 
~~ 

1 
psia 

0.667 
0.010 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.026 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.018 
0.016 
0.015 
0.014 

0.013 
0.012 
0.01 1 
0.680 
1.299 

1.753 

- 
2 

psia 

0.524 
0.010 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.026 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.01 8 
0.016 
0.015 
0.014 

0.013 
0.012 

0.680 
1.299 

1.753 

- 

0.011 

___ 

- 
5 

psia 

0.388 
0.01 1 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.026 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.018 
0.016 
0.015 
0.014 

0.013 
0.012 
0.427 
0.680 
1.299 

1.753 

- 

- 

- 
10 

psia 

0.313 
0.012 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.026 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.018 
0.016 
0.015 
0.014 

0.013 
0.012 
0.427 
0.680 
1.299 

1.753 

- 

~- 

- 

- 
20 

psia 

0.255 
0.01 2 
0.041 
0.040 
0.039 
0.038 
0.037 

0.035 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.026 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.019 
0.017 
0.016 
0.015 
0.014 

0.013 
0.300 
0.427 
0.680 
1.299 

1.753 

- 

- 
200 
psia 

0.138 
0.01 5 
0.041 
0.040 
0.039 
0.038 
0.037 

0.036 
0.034 
0.034 
0.032 
0.031 

0.030 
0.029 
0.028 
0.027 
0.025 

0.024 
0.023 
0.022 
0.021 
0.020 

0.018 
0.017 
0.016 
0.152 
0.183 

0.228 
0.300 
0.427 
0.680 
1.299 

1.752 

__. 

Values directly below undescored viscosities are for water. 
OCritical point. 
Reprinted by permission by Crane Co., Technical Paper No. 410 

Table 6-19 
Heat Loss, QL, BTU/hr-ft2-'F 

- 
500 
psia 

0.1 11 
0.01 7 
0.042 
0.040 
0.039 
0.038 
0.037 

0.036 
0.035 
0.034 
0.033 
0.032 

0.030 
0.029 
0.028 
0.027 
0.026 

0.025 
0.023 
0.023 
0.021 
0.020 

0.018 
0.115 
0.131 
0.153 
0.183 

0.228 
0.301 
0.427 
0.680 
1.299 

1.751 

- 

__ 

- 

- 
1000 
psia 

0.094 
0.019 
0.042 
0.041 
0.040 
0.038 
0.037 

0.036 
0.035 
0.034 
0.033 
0.032 

0.031 
0.030 
0.028 
0.027 
0.026 

0.025 
0.024 
0.023 
0.021 

- 

0.019 
0.103 
0.116 
0.132 
0.154 
0.184 

0.229 
0.301 
0.428 
0.680 
1.298 

1.749 

___ 
2000 
psia 

0.078 
0.023 
0.042 
0.041 
0.040 
0.039 
0.038 

0.037 
0.036 
0.034 
0.034 
0.033 

0.032 
0.031 
0.029 
0.028 
0.027 

0.0260 
0.026 
0.023 
0.087 
0.095 

0.105 
0.118 
0.134 
0.155 
0.185 

0.231 
0.303 
0.429 
0.680 
1.296 

1.745 

- 

__ 

____ 
5000 
psia 

~ 

. . .. 
0.044 
0.043 
0.042 
0.041 
0.040 

0.039 
0.038 
0.037 
0.037 
0.036 

0.035 
0.035 
0.035 
0.035 
0.040 

0.057 
0.071 
0.082 
0.091 
0.101 

0.111 
0.123 
0.138 
0.160 
0.190 

0.235 
0.306 
0.431 
0.681 
1.289 

1.733 

~ 

7500 
psia 
- 

. . .  

. . .  
0.046 
0.045 
0.044 
0.044 
0.043 

0.042 
0.041 
0.041 
0.040 
0.040 

0.041 
0.042 
0.045 
0.052 
0.062 

0.071 
0.079 
0.088 
0.096 
0.105 

0.114 
0.127 
0.143 
0.164 
0.194 

0.238 
0.310 
0.434 
0.682 
1.284 

1.723 

- 
10000 
psia 

~ 

0.048 
0.047 
0.047 
0.046 
0.045 

0.045 
0.045 
0.045 
0.045 
0.047 

0.049 
0.052 
0.057 
0.064 
0.071 

0.078 
0.085 
0.092 
0.101 
0.109 

0.119 
0.131 
0.147 
0.168 
0.198 

0.242 
0.313 
0.437 
0.683 
1.279 

1.713 

- 
12000 
psia - 
. . .  
. . .  

0.050 
0.049 
0.049 
0.049 
0.048 

0.048 
0.048 
0.049 
0.050 
0.052 

0.055 
0.059 
0.064 
0.070 
0.075 

0.081 
0.086 
0.096 
0.104 
0.113 

0.122 
0.135 
0.150 
0.171 
0.201 

0.245 
0.316 
0.439 
0.683 
1.275 

1.705 
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150# Steam 10# Steam 

Table 6-20 
Heat Transfer Coefficient, U, BTU/hr-e-”F 

Typical Fluid 

Condensing Vapor 

180°F Water 

Source: W. H. McAdams, Heat Transmission, McGraw-Hill Book Co. Inc, 1942. 
Reprinted by permission by Crane Co., Technical Paper No. 410 
Notes: 
1. Consider usual fouling for this service. 
2. Maximum values of U should be used only when velocity of fluids is high and corrosion or scaling is considered negligible. 
3. “Natural convection” applies to pipe coils immersed in liquids under static conditions. 
4. “Forced convection” refers to coils immersed in liquids that are forced to move either by mechanical means or fluid flow 
5. The designer should be aware that a natural circulation will arise in the heating mode once the coil is turned on. This natural circulation is not to be confused with forced 
circulation, which is referred to as “agitated.” 

Clean fats, oils, etc., 130°F 

Clean fats, oils with light agitation 

Table 6-21 
Heat Transfer Coefficient, U, BTU/hr-f?-”F 

25 20 17 

40 40 40 

Glycerine, pure, 104°F 

Toluene, 80°F 

40 35 30 

55 47.5 42.5 

I Methanol, 100°F I 70 I 62 I 52 I 
I Water, soft, 80°F I 85 I 72 I 66 I 
1 Water, soft, 160°F I 105 I 82 I I 

~~ 1 Water, soft, boiling 
~~ I 175 108 

I Water, hard, 150°F I 120 I 100 I I 
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Steam t Steam 

Table 6-22 
Heat Transfer Coefficient, U, BTUlhr-ft2-”F 

Watery solution 250-500 300-550 125-225 150-275 

Light oils 50-70 110-140 40-45 60-110 

I Heating Applications I Clean Surface coefficients I Design Coefficients I 

Steam t Steam 

I Hot Side I Cold Side I Natural Convection I Forced Convection I Natural Convection I Forced Convectlo4 

Medium lube oils 40-60 100-1 30 25-40 50-1 00 

Bunker “C” or #6 fuel oil 2 0 4 0  70-90 10-30 60-80 

Steam 

Steam 

Tar or asphalt 15-35 50-70 15-25 40-60 

Molten sulfur 35-45 60-80 4-1 5 50-70 

High temp., hot water 

High temp., heat transf. oil 

I Steam 1 Molten paraffin I 35-45 I 45-55 I 25-35 I 40-50 1 

Watery solution 80-100 100-225 70-1 00 110-160 

Tar or asphalt 12-30 4-5 10-20 30-50 

I Steam 1 Air or gases I 2-4 I 5-1 0 I 1 -3 I 4-8 I 

Therminol 

I Steam 

Tar or asphalt 15-30 50-60 12-20 30-50 

~~ ~ 1 Molasses or corn syrup I 2 0 4 0  I 70-90 I 15-30 I 60-80 

Cooling Applications 

Cold Side Hot Side 
~ 

Water 

Water 

Medium lube oils 8-1 2 20-30 5-8 10-20 

Molasses or corn syrup 7-1 0 1 a 2 6  4-7 ai 5 

I Water I Watery solution I 70-100 I 90-160 I 50-80 I 80-140 I 

Freon or ammonia 

I Water 

Air or gases 2-4 5-1 0 1-3 4-8 

Watery solution 3 5 4 5  60-90 20-35 40-60 

~ ~ ~~ 1 Quench oil I 10-15 I 25-45 1 7-1 0 I ~~~ 15-25 1 

Application Material Film Coefficients 

ho hl 

Copper 300 1000 

1000 t Heating water Aluminum 300 

Thermal Conductivity Metal U 
(BTU/hr-f?-”F/in). Thickness (in). (BTU/hr-ft‘-OF) 

2680 0.0747 229 

1570 0.0747 228 

Carbon steel 300 1000 460 steam 

Reprinted by permission by Tranter Inc., Platecoil Division, Catalog 5-63 
Notes: 
1. Consider usual fouling for this service. 
2. Maximum values of U should be used only when velocity of fluids is high and corrosion or scaling is considered negligible. 
3. “Natural convection” applies to pipe coils immersed in liquids under static conditions. 
4. “Forced convection” refers to coils immersed in liquids that are forced to move either by mechanical means or fluid flow. 
5. The designer should be aware that a natural circulation will arise in the heating mode once the coil is turned on. This natural circulation is not to be confused with forced 
circulation, which is referred to as “agitated.” 

223 0.0747 

Stainless steel 

Copper 

Heating air with 
saturated Steam Carbon steel 

Stainless steel 

300 1000 105 0.0747 198 

5 1000 2680 0.0747 4.98 

5 1000 1570 0.0747 4.97 

5 1000 460 0.0747 4.97 

5 1000 105 0.0747 4.96 
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0.04 
0.03 

Y 

\ \ 

1. Ethane (C2H6) 

2. Propane (CSHB) 

3. Butane (C4HI0) 

4. Natural gasoline 

5. Gasoline 

6. Water 

7. Kerosene 

8. Distillate 

9.48" API crude 

10.40' API crude 

11. 35.6" API crude 

12. 32.6" API crude 

13. Salt Creek crude 

14. Fuel 3 (max.) 

15. Fuel 5 (min.) 

16. SAE 10 lube (100 V.I.) 

17. SAE 30 lube (100 V.I.) 

18. Fuel 5 (max.) or 
Fuel 6 (rnax.) 

19. SAE 70 lube (100 V.I.) 

20. Bunker C fuel (max.) and 
M.C. residuum 

21. Asphalt 

Data extracted in part 
by permission from the 
Oil and Gas Journal. 

100 

Example: The viscosity of water at 
125'F is 0.52 centipoise (Curve No. 6) 

Figure 6-32. Viscosity of water and liquid petroleum products. Reprinted by permission by Crane Co., Technical Paper No. 41 0 
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PROCEDURE 6-9 

FIELD-FABRICATED SPHERES 

A sphere is the most efficient pressure vessel because it 
offers the maximum volume for the least surface area and 
the required thickness of a sphere is one-half the thickness 
of a cylinder of the same diameter. The stresses in a sphere are 
equal in each of the major axes, ignoring the effects of sup- 
ports. In terms of weight, the proportions are similar. When 
compared with a cylindrical vessel, for a given volume, a 
sphere would weigh approximately only half as much. How- 
ej’er, spheres are more expensive to fabricate, so they aren’t 
used extensively until larger sizes. In the larger sizes, the 
higher costs of fabrication are balanced out by larger volumes. 

Spheres are typically utilized as “storage” vessels rather 
than “process” vessels. Spheres are economical for the storage 
of volatile liquids and gases under pressure, the design pres- 
sure being based on some marginal allowance above the vapor 
pressure of the contents. Spheres are also used for cryogenic 
applications for the storage of liquified gases. 

Products Stored 

0 \’olatile liquids and gases: propane, butane, and natural gas. 
0 Cryogenic.: oxygen, nitrogen, hydrogen, ethylene, helium, 

and argon. 

Codes of Construction 

Spheres are built according to ASME, Section VIII, 
Division 1 or 2, API 620 or BS 5500. In the United States, 
ASME, Section VIII, Division 1 is the most commonly used 
code of construction. Internationally spheres are often 
designed to a higher stress basis upon agreement between 
the user and the jurisdictional authorities. Spheres below 
15psig design pressure are designed and built to API 620. 

The allowable stresses for the design of the supports is 
based on either A \ W A  DlOO or AISC. 

~~ ______ 

Materials of Construction (MOC) 

Typical niaterials are carbon steel, iisually SA-516-70. 
High-strength steels are commonly used as well (SA-537, 
Class 1 and 2,  and SA-738, Grade B). SA-516-60 may be 
used to eliminate the need for PWHT in wet H2S service. 
For cryogenic applications, the full range of materials has 
been utilized, from the low-nickel steels, stainless steels, 
and higher alloys. Spheres of aluminum have also been fab- 
ricatrcl. 

Liquified gases such as ethylene. oxygen, nitrogen, and 
hydrogen are typically stored in double-wall spheres, 
where the inner tank is suspended from the outer tank by 
straps or cables and the annular space between the tanks is 
filled with insulation. The outer tank is not subjected to the 
freezing temperatures and is thus designed as a standard 
carbon steel sphere. 

Size, Thickness, and Capacity Range 

Standard sizes range from 1000 barrels to 50,000 barrels 
in capacity. This relates in size from about 20 feet to 82 feet 
in diameter. Larger spheres have been built but are consid- 
ered special designs. In general, thicknesses are limited to 
1.5 in. to preclude the requirement for PWHT, however 
PWHT can be accomplished, even on very large spheres. 

Supports 

Above approximately 20 feet in diameter, spheres are gen- 
erally supported on legs or columns evenly spaced around 
the circumference. The legs are attached at or near the 
equator. The plates in this zone of leg attachment may be 
required to be thicker, to compensate for the additional 
loads imposed on the shell by the supports. An internal stif- 
fening ring or ring girder is often used at the junction of the 
centerline of columns and the shell to take up the loads 
imposed by the legs. 

The quantity of legs will vary. For gas-filled spheres, 
assume one leg every third plate, assuming IO-feet-wide 
plates. For liquid-filled spheres, assume one leg every 
other plate. 

Legs can be either cross-braced or sway-braced. Of the 
two bracing methods, sway-bracing is the more common. 
Sway-bracing is for tension-only members. Cross-bracing is 
used for tension and compression members. When used, 
cross-bracing is usually pinned at the center to reduce the 
sizes of the members in compression. 

Smaller spheres, less than 20 feet in diameter, can be 
supported on a skirt. The diameter of the supporting skirt 
should be 0.7 x the sphere diameter. 

Heat Treatment 

Carbon steel spheres above 1.5-in. thickness must be 
PWHT per ASME Code. Other alloys should be checked 
for thickness requirements. Spheres are often stress relieved 
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for process reasons. Spheres made of high-strength carbon 
steel in wet H2S service should be stress relieved regardless 
of thickness. When PWHT is required, the following precau- 
tions should be taken: 

a. Loosen cross-bracing to allow for expansion. 
b. Jack out columns to keep them level during heating 

c. Scaffold the entire vessel. 
d. Weld thermocouple wires to shell external surface 

e. Typically, internally fire it. 
f. Monitor heatkooling rate and differential tempera- 

and cooling. 

to monitor and record temperature. 

ture. 

Accessories 

Accessories should include a spiral stairway and a top plat- 
form to access instruments, relief valves, and vents. Manways 
should be used on both the top and bottom of the sphere. 
Nozzles should be kept as close as practical to the center of 
the sphere to minimize platforming requirements. 

Methods of Fabrication 

Field-fabricated spheres are made in one of two methods. 
Smaller spheres can be made by the expanded cube, soccer 
ball method, while larger ones are made by the orange peel 
method. The orange peel method consists of petals and cap 
plates top and bottom. 

Typically all shell pieces are pressed and trimmed in the 
shop and assembled to the maximum shipping sizes allow- 
able. Often, the top portion of the posts are fit up and 
welded in the shop to their respective petals. 

Field Hydrotests 

Typically the bracing on the support columns is not tight- 
ened fully until the hydrotest. While the sphere is full of 
water and the legs are at their maximum compression, the 

bracing is tightened so that once the sphere is emptied, all of 
the bracing goes into tension and there is the assurance that 
they remain in tension during service. 

Settlement between the legs must be monitored during 
hydrotest to detect any uneven settlement between the 
posts. Any uneven settlement of over '/2 in. between any 
pair of adjacent legs can cause distortion and damage to 
the sphere. Foundation requirements should take this 
requirement into consideration. 

Notes 

1. Spheres that operate either hot or cold will expand or 
contract differentially with respect to the support col- 
umns or posts. The moment and shear forces resulting 
from this differential expansion must be accounted for 
in the design of the legs. 

2. The minimum clearance between the bottom of the 
vessel and grade is 2 ft6 in. 

3. The weights shown in the tables include the weight of 
the sphere with an allowance for thinning (1/16 in.) and 
corrosion (1/8 in.) plus plate overtolerance. A clearance 
of 3ft was assumed between the bottom of the sphere 
and the bottom of the base plate. The weights include 
columns, base plates, and bracing, plus a spiral stairway 
and top platform. Column weights were estimated from 
the quantities and sizes listed in the table. 

4. For estimating purposes, the following percentages of 
the sphere shell weight should be added for the various 
categories: 
0 Columns and base plates: 614%.  For thicker, heav- 

ier spheres, the lower percentage should be used. 
For larger, thinner spheres, the higher percentage 
should be used. 

0 Sway rodshracing: 1-9%. Use the lower value for 
wind only and higher values where seismic governs. 
The highest value should be used for the highest 
seismic area. 

0 Stairway, platform, and nozzles: 25%. Apply the 
lower value for minimal requirements and the 
higher where the requirements are more stringent. 
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FIELD-FABRICATED SPHERES 

Notation 

A = surface area, sq ft 
d = OD of column legs, in. 
ID = diameter, ft 

D,,, = mean vessel diameter, ft 
E =joint efficiency 

E,,, = modulus of elasticity, psi 
Y = number of support columns 
11 = number of equal volumes 
P =internal pressure, psig 

I'<, = rnaximurn allowable external pressure, psi 
P,,, = MAWP, psig 

R = radius, ft 
S = allowable stress, psi 
t =thickness, new, in. 

t, =thickness, corroded, in. 
t, =thickness of pipe leg, in. 

t, =thickness required for full vacuum, in. 
V =volume, cu ft 

W =weight, Ib 
w = unit weight of plate, psf 

Conversion Factors 

7.481 gallons/cu ft 
0.1781 barreldcu ft 
5.614 cu ft/barrel 
35.31 cu ft/cu meter 
6.29 barrels/cu meter 
42 gallons/barrel 

Formulas 

A = n D 2  or A = 4 n R 2  

A,, = nDh, or A,, = 2nRh, 

r2 = JR2 - hi  

rl 
R 

sina! = - CY 

W = nDiw 

2SEt, 
p,, = 

Rj + 0.2tc 

0.0625E 
P', = 

PR, t -  
- 2SE - 0.2P 
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Typical Leg Attachment 
~~ ~~ ~ 

Dimensional Data 

"I 

Spherical segment 

Liquid Level in a Sphere 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Volume, % 
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Figure n V" 

nD3 
18 

3 

nD3 
24 

4 

nD3 
30 

5 

Table 6-24 
Dimensions for "n" Quantity of Equal Volumes 

rl r2 hi h2 h3 

0.487D - 0.3870 0.226D - 

0.469D - 0.326D 0.174D - 

0.453D 0.496D 0.287D 0.146D 0.067D 

Table 6-25 
Volumes and Surface Areas for Various Depths of Liquid 

h4 h5 dl rl v5 v4 A5 A4 

0.05D 0.45D 25.84 0.218D 0.0038D3 0.2580D3 0.1 57 1 D2 1.41 37D' 
0.10D 0.40D 36.87 0.300D 0.0147D3 0.2471 D3 0.3142D' 1 .2567D2 
0.15D 0.35D 45.57 0.357D 0.031 8D3 0.2300D3 0.4712D' 1,1000D' 
0.20D 0.30D 53.13 0.400D 0.0545D3 0.2073D3 0.6283D' 0.9425D' 
0.25D 0.25D 60.0 0.433D 0.081 8D3 0.1 800D3 0.7854D" 0.7854 D2 

0.6283D' 0.30D 0.20D 66.42 0.458D 0.1 131 D3 0.1 487D3 0.9425D' 
0.35D 0.15D 72.54 0.477D 0.1 475D3 0.1143D3 1.1 000D2 0.4712D" 
0.400 0.10D 78.46 0.490D 0.1843D3 0.0775D3 1 .2567D2 0.3141D' 
0.45D 0.05D 84.26 0.498D 0.2227D3 0.0391 D3 1 .4137D2 0.1571D' 
0.50D OD 90.0 0.500D 0.2618D3 O D ~  1 .5708D2 OD' 
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I 

Expanded Cube, Square Segment, 
or Soccer Ball Type 

0 Small spheres only 
0 Sizes less than about 20 feet in diameter 
0 Volumes less than 750 bbls 

Types of Spheres 

7 Crown or cap plate 

! I / 

.- 

I 

Meridian, Orange Peel, or Watermelon 
Type (3-Course Version) 

0 Consists of crown plates and petal plates 
0 Sizes 20 to 32 feet in diameter 
0 Volumes 750 to 3000 bbls 

Partial Soccer Ball Type 

0 Combines orange peel and soccer ball types 
0 Sizes 30 to 62 feet in diameter 
0 Volumes 2200 to 22,000 bbls 

7 Petals 
\ I 

Meridian, Orange Peel, or Watermelon 
Type (5-Course Version) 

0 Consists of crown plates and petal plates 
0 Sizes up to 62 feet in diameter 
0 Volumes to 22,000 bbls 
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22 in.-3ft 

25in.-Oft 

Table 6-26 
Data for 50-psig Sphere 

0.375 1000 1027 5767 1555 32.8 4 16 0.25 6.32 0.5625 

0.375 1500 1457 8181 1963 41 4 16 0.25 5.01 0.5625 

20in.-Oft I 0.3125 1 750 I 746 I 4188 I 1256 I 23.5 I 4 I 16 I 0.25 I 4.4 I 0.5 

25 in.-6ft 

28 in.-0 ft 

0.375 1500 1546 8682 2043 42.7 4 16 0.25 4.82 0.5625 

0.375 2000 2047 11,494 2463 52.2 5 16 0.25 4 0.625 

43 in.4 ft 

45 in.-Oft 

48in.-OR 

30in.9ft I 0.4375 I 2500 I 2581 I 14,494 I 2875 I 68.8 I 5 I 16 I 0.25 I 5.35 I 0.6875 

0.5625 7500 7676 43,099 5945 181 7 24 0.29 5.07 0.875 

0.5625 8500 8497 47,713 6362 193.6 7 24 0.29 4.74 0.9375 

0.5625 10,000 10,313 57,906 7238 222.2 8 28 0.3 4.17 1 

50in.-Oft 

51 in.-Oft 

0.625 11,500 11,656 65,450 7854 269.4 8 28 0.3 5.01 1 

0.625 12,500 12,370 69,456 8171 280.2 9 30 0.29 4.82 1 

54in.-9ft 

55in.-Oft 

0.625 15,000 15,304 85,931 9417 326.8 9 32 0.344 4.18 1.0625 

0.625 15,000 15,515 87,114 9503 330.6 9 32 0.344 4.15 1.125 

60in.-Oft 

60 in.8ft 

62in.-Oft 

0.6875 20,000 20,142 113,097 11,310 430.5 9 32 0.344 4.41 1.1875 

0.6875 20,000 20,650 115,948 1 1,500 438.2 10 34 0.38 4.34 1.1875 

0.6875 22,000 22,225 124,788 12,076 458.8 10 34 0.38 4.13 1.25 

65in.-OR 

69 in.-0 ft 

0.75 25,000 25,610 143,793 13,273 551.5 11 36 0.406 4.64 1.25 

0.75 30,000 30,634 172,007 14,957 629.2 11 40 0.438 4.12 1.375 

76in.-Oft 

81 in.-lOft 

0.8125 40,000 40,936 229,847 18,146 874.1 12 42 0.503 4.1 1 1.5 

0.875 50,000 51,104 286.939 21,038 1105 13 42 0.594 3.54 1.625 

87in.-Oft 0.9375 60,000 61,407 344,791 23,779 1460 14 48 0.75 4.38 1.75 
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0.375 0.4375 0.5 0.5625 0.625 

Table 6-27 
Weights of Spheres, kips 

0.6875 0.75 0.8125 0.875 0.9375 1 1.125 

20in.-Oft 

22in.-6ft 

26.8 30 [33.3] 36.5 39.8 43 46.3 49.5 52.7 55.9 

32.8 36.8 40.9 [451 49 53.1 57.2 61.2 65.3 69.3 

25 in.-Oft 

27in.-6ft 

30in.-Oft I 60 I 66 I 73.2 I 80.4 1 87.6 I [94.8] I 102 I 109 I 117 I 124 I 131 I 

41 46 51 [561 61 66.1 71.1 76.1 81.1 86 

~ 48 54.1 60.1 66.2 [72.3] 78.3 84.4 90.4 96.5 103 

32in.-6ft I 71.5 I 80 I 88.5 I 97 I 105 I [114] I 122 I 131 I 139 I 148 I 156 I 

42in.-6ft 

45in.-Oft 

35in.-Oft I 81.1 I 93.4 I 103 I 113 I 123 I 133 I [143] I 152 I 162 I 172 I 182 I 202 

129 143 158 172 187 201 21 6 230 [245] 259 274 303 

145 161 177 194 21 0 226 242 259 275 [291] 307 340 

37in.-6ft 1 98.3 I 110 I 121 I 132 I 143 I 155 I 166 I [177] I 189 I 200 I 211 I 234 

47 in.-6 ft 

50in.-Oft 

40in.-Oft I 105 I 122 1 138 1 151 I 164 I 177 1 189 1 [202] I 215 I 228 1-m 

161 179 197 215 233 251 269 287 305 324 [342] 378 

370 [390] 430 209 229 249 269 289 309 330 350 

52in.Bft 

55 in.-0 ft 

234 256 278 300 322 344 366 388 41 1 433 [477] 

282 306 331 355 379 403 428 452 476 [525] 

65 in.-Oft 

69 in.-Oft 

76in.-Oft 

81 in.-loft 

87in.-Oft 

57in.-6ft I I I 313 I 340 I 366 I 393 I 419 I 446 I 472 I 499 I 525 I 578 

484 518 552 585 61 9 653 687 755 

553 591 E 9  667 706 744 782 858 

782 828 874 920 967 1013 1106 

944 998 1051 ~ 1105 1159 1212 1320 

1278 1339 1400 1460 1521 1642 

60in.-Oft I I I I 373 I 402 I 431 I 459 I 488 I 517 I 546 I 575 I 633 

62in.-6ft I I I I 399 I 431 1 462 I 493 I 525 I 556 I 587 I 61- 
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Figure 6-33. Weight of Sphere. 
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7 
lransportation and Erection of 
Pressire Vessels 

PROCEDURE 7-1 

TRANSPORTATION OF PRESSURE VESSELS 

The transportation of a pressure vessel by ship, barge, 
road, or rail will subject the vessel to one-time-only stresses 
that can bend or permanently deform the vessel if it is not 
adequately supported or tied down in the right locations. 
The shipping forces must be accounted for to ensure that 
the vessel arrives at its destination without damage. 

It is very frustrating for all the parties involved to have a 
load darnaged in transit and to have to return it to the factory 
for repairs. The cost and schedule impacts can be devastat- 
ing if a vessel is damaged in transit. Certain minimal precau- 
tions can avoid the costly mistakes that often lead to 
problems. Even when all precautions are made, however, 
there is still the potential for damage due to unforseen cir- 
ciiinstances involved in the shipping and handling process. 

Care should be taken to ensure that the size and location 
of the shipping saddles, tie-downs, or lashing are adequate to 
hold the vessel but not deform the vessel. Long, thin-walled 
vessels, such as trayed columns, are especially vulnerable to 
these shipping forces. The important thing to remember is 
that someone must take the responsibility. The barge and rail 
people have their own concerns with regard to loading and 
lashing. These may or may not coincide with the concerns of 
the vessel designer. 

The shipping forces for ships, barges, trucks, and rail are 
contained in this procedure. Each method of transportation 
has its own unique load schemes and resnlting forces. Barge 
shipping forces will differ from rail due to the rocking 
motion of the seas. Rail shipments, however, go around cor- 
ners at high speed. In addition, rail forces must allow for the 
“humping” of rail cars when they are joined with the rest of 
the train. Ocean shipments have to resist storms and waves 
without breaking free of their lashings. 

Whereas horizontal vessels on saddles are designed for 
some degree of loading in that position, vertical vessels are 
not. The forcrls and inonients that are used for the design of 
a vertical vessel assume the vessel is in its operating position. 
Vertical vessels should generally be designed to be put on 

two saddles, in a horizontal position, and transported by 
various means. That is the purpose of this procedure. Too 
often the details of transportation and erection are left in the 
hands of people who, though well versed in their particular 
field, are not pressure vessel specialists. 

Often vessels are transported by multiple means. Thus 
there will be handling operations between each successive 
mode of transportation. Often a vessel must be moved by 
road to the harbor and then transferred to a barge or ship. 
Once it reaches its destination, it must be reloaded onto road 
or rail transport to the job site. There it will be offloaded and 
either stored or immediately erected. A final transport may 
be necessary to move the vessel to the location where it will 
be finally erected. At each handling and transport phase 
there are different sets of forces exerted on the vessel that 
must be accounted for. 

Shipping Saddles 

The primary concern of the vessel designer is the location 
and construction of the shipping saddles to take these forces 
without overstressing or damaging the vessel. If saddles are 
to be relocated by the transporter, it is important that the 
new locations be reviewed. Generally only two shipping sad- 
dles should be used. However, this may not always be pos- 
sible. Remember that the reason for using two saddles is that 
more than two saddles creates a statically indeterminate 
structure. You are never assured that any given saddle is 
going to take more than its apportioned load. 

Here are some circumstances that would allow for more 
than two saddles to be used or for a special location of two 
saddles: 

0 Transporter objects due to load on tires. 
0 Transporter objects due to load on barge or ship. 
0 Very thin, long vessel. 

365 
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Vessel Diameter 

0 Heavy-walled vessels for spreading load on ship or trans- 
porters. 

Minimum Saddle 
Contact Angle Width 

Shipping saddles can be constructed of wood or steel or 
combinations. The saddles should be attached to the vessel 
with straps or bolts so that the vessel can be moved without 
having to reattach the saddle. Horizontal vessels may be 
moved on their permanent saddles but should be checked 
for the loadings due to shipping forces and clearances for 
boots and nozzles. Shipping saddles should have a minimum 
contact angle of 120°, just like permanent saddles. Provisions 
for jacking can be incorporated into the design of the saddles 
to allow loadmg and handling operations without a crane(s). 

Shipping saddles should be designed with the vessel and 
not left up to the transport company. In general, transporta- 
tion and erection contractors do not have the capability to 
design shipping saddles or to check the corresponding vessel 
stresses for the various load cases. 

Whenever possible, shipping saddles should be located 
adjacent to some major stiffening element. Some common 
stiffening elements include stiffening rings, heads (both 
internal and external), or cones. If necessary, temporary 
internal spiders can be used and removed after shipment is 
complete. 

Key factors for shipping saddles to consider: 

D < 1 3 ft-0 in. 

0 Included angle. 
0 Saddle width. 
0 Type of construction. 
0 Lashing lugs. 
0 Jacking pockets. 
0 Method of attachment to the vessel. 
0 Overall shipping height allowable-check with shipper. 

120" 11 in. 

Recommended contact angle and saddle width: 

13ft-Oin. e D<24ft-Oin. I 140" 17 in. 

Vessel Stresses 

The stresses in the vessel shell should be determined by 
standard Zicks analysis. The location of shipping saddles 
should be determined such that the bending at the midspan 
and saddles is not excessive. Also, the stresses due to bending 
at the horn of the saddle is critical. If this stress is exceeded, 
the saddle angle and width of saddle should be increased. 
Also, move the saddle closer to the head or a major stiffening 
element. 

Lashing 

Vessels are lashed to the deck of ships and barges. In like 
manner they must be temporarily fixed to railcars, trailers, 
and transporters. Lashing should be restricted to the area of 
the saddle locations. Vessels are held in place with longitu- 
dinal and transverse lashings. Lashings should never be 
attached to small nozzles or ladder or platform clips. In 
some cases, lashing may be attached to lifting lugs and 
base rings. Lashings should not exceed 45" from the hori- 
zontal plane. 

Other Key Factors to Consider 
~~~ 

0 Shipping clearances. 
0 Shipping orientation-pay close attention to lift lugs and 

0 Shipping route. 
0 Lifting orientation. 
0 Type of transport. 
0 Watertight shipment for all water transportation. 
0 Escorts and permits. 
0 Abnormal loads-size and weight restrictions. 
0 Vessels shipped with a nitrogen purge. 
0 Shipping/handling plan. 

nozzles. 

Organizations That Have a Part in the 
Transportation and Handling of Pressure 

Vessels 
~ 

0 Vessel fabricator. 
0 Transport company. 
0 Engineering contractor. 
0 Railway authorities. 
0 Port authorities. 
0 Erectionkonstruction company. 
0 Trailerltransporter manufacturer. 
0 Ship or barge captain. 
0 Crane companyloperator. 

~ ~~ ~ 

Special Considerations for Rail Shipments 

1. Any shipment may be subject to advance railroad 

2. Any shipment over loft-6in. wide must have railroad 

3. A shipping arrangement drawing is required for the 

approval. 

approval . 

following: 

a. All multiple carloads (pivot bolster required). 
b. All single carloads over loft-6in. wide. 
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Rail-Types of Cars 

VTotes: 

1. Allowable vessel weight ranges and limits are subject to reductions under certain conditions and as noted herein. 
2. Dimension A=ATR, above top of rail. 

FISHBELLY FLATCAR 
Vessel wt limit-140,000 Ib 

DEPRESSEDCENTERCAR 
Vessel wt limit-140,000 Ib 

T 
PT ‘Y’ below 3’- 7” elev. 

Max otherwise 

WELL-CAR 
Vessel wt range (140,000 - 250,000 Ib) 

HEAVY-DUN CAR 
Vessel wt range (140,000 - 400,000 Ib) 
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w v  
17'-4"kmw 

Rail-Multiple Car Loading Details 

I I  I 
If more than 2", a 
follower car is req'd. Double or Single Car-Borderline Cases I 

Bolster load with overhang over fourth 
car is acceptable. A brakewheel must 
be used in at least 1 of every 3 cars. 

Avoid combination of dissimilar cars. Truck Centers for Bolster Loads 

Rail-Clearances 

min 

-A- 
Clearance of Projections 

- -  + - 
4"min 

d, - 
Offset Loads 

Note: Minimum clearance to any moving part. Ballast may be required to offset 
This includes nozzles, shippingcovers,%r clips. heavy loads. "Depressed center cars" 

are favored for these applications. 
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18 ft or over - 
I - - ,  .--, 
L J  (J‘ 

Rail-Capacity Ratios for Concentrated Loads 

100% .--, .--, 
w 

1. Flatcars with both fish belly center and fishbelly side sills and all flatcars built after January 1, 1965. 

10 ft or less - 
Over 10 ft to 24 

Over 24 f i  to truck 

Less than 18 ft . . . . . . . . . . . . . . . . . .  75% 
18 ft or over . . . . . . . . . . . . . . . . . .  100% 

66.6% 
ft - 75% 
centers - 90% 

I Less than 18 ft & 75% I 

4 TRUCKCENTERS * 

k- Truckcenters -4 
2. Flatcars not equipped with both fishbelly center and fishbelly side sills built prior to January 1,1965. 

10 ft or less . . . . . . . . . . . . . . . . . .  66.6% 
Over 10 ft to 21 ft . . . . . . . . . . . . . . . . . .  75% 
Over 21 ft to truck centers . . . . . . . . . . . . . . . . . .  90% 
Truck centers and over . . . . . . . . . . . . . . . . . .  100% 

3. Gondola cars. 

Less than 18 ft . . . . . . . . . . . . . . . . . .  75% 
18 ft or less than 24 ft . . . . . . . . . . . . . . . . . .  87% 
24 ft or over . . . . . . . . . . . . . . . . . .  100% 

I varies 

of car 

*3‘ restricted Q center of car to 50,000 Ib 
except for heavy-duty cars 

Bolster Locations 
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Rail-Details of Pivoted Bolster Loads 
Pivoted bolster 

with pin and pin hole 
Sliding pivoted bolster 

with pin and slotted pin hole 

Tension bands 

Load tie-down 

to suit carrier 

1 I 1 

b 
Longitudinal tie-clowns are required at each saddle to suit the individual carrier. Tie-downs inay consist of two brace rods, 
steel cables, arid tiirnbuckles or a brace frame against the vessel base plate to take the longitiidirial loads. The vessel 
fkbricator should provide adequate clips or like attachment to the vessel for securing this bracing to the vessel shell. It is 
imperative that any welding to the vessel be done in the shop! 

\ / 

BOLSTER SETTING & CLEARANCES 

1. Set X, Y, and Z so that clearance at points A, B, and C are adequate. 
2. Watch relationship between bolsters and car trucks and car ends. 
3.  Add a minimum of 1 in. to all lateral dimensions to allow for shipping covers and small projections. 
4. Dimension "D" shall be a maximum of 15ft-5in. of occupied space based on a 10" curve. 
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Details of Bolsters 

SLIDING PIVOTED BOLSTER 
Allows for longitudinal 
and angular movement 

Saddle plate rotates 
during turns 

Pin 
l.,.*.,rq Retaining .n base 
Apply >+,-. grease onrl 7 I 1 I I  ring 

UGlWGG 

P k Z t G a j  I 1 n( I ~ 5 base 
bolster plate 

Saddle 

plate 

11 Hole 11 Bolster 
or slot plate 

Design pin for shear 
based on load F, 

Hole or 
slot ' Notch web to 

clear pin 

Notes: 
1. Pivoting bolsters must be used for all rail shipments. 
2. Pivoting bolsters must be utilized for all vessels spanning two or more railcars. 
3. Design pin for shear based on full load of F,. 
4. Do not anchor the saddle plate to the bolster plate or the railway bed. The saddle plate must be free to rotate on thc 

bolster plate. Only the bolster plate is anchored to the railway bed. The most common means of anchoring tht 
bolster plate to the railway bed is welding. Design anchorage for a load of %Fz. 

5.  Apply grease generously between saddle base plate and bolster plate. 
6. In general all clips or welds on the railcar will have to be removed, ground, and cleaned to the satisfaction of the 

railways prior to return. 
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Table 7-1 
Barge Shipping Forces 

F = force due to barge motion, Ib 
W = shipping weight, Ib 
T = period of vibration of barge, secs 

Condition 

Gravity 

FY 

-1 .ow 

Diagram 

- 
__- 
I 

?a 
b - a  

Roll a 
- 0 . 4 ~  

?b +0.4w 

3a 
b - a  

Pitch 

1 .ow - 1 . 5 ~  

+1.5w 3b 1 .ow 

1.2w t 
Heave 

11.5w 
Collision - 

- 1 . 2 6 6 ~  

30% 0 666 w 5 w  

5a Roll + Gravity +0.95w 
+O.O5w 

5b -0.466W 

0.5 w f@ 0.666 w 

7a Pitch + Gravity - 2 . 5 ~  1 0 . 5 ~  

0.966 9 w 

+0.5w 1 0 . 5 ~  7b 
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Pitch 

I I \ I  u Pitch center J 

FY 
FP 

e, =5" max 

Cases 3a and 3b 

Forces invessel Due to Pitch 

Genera 1 : 

WRO F = 0.0214- 
T2 

41 = tan-' (k) 
0.0214WRlO1 F, = 

T? 

Case 3a: F, = -F, sin 4' 
F, = F, COS $1 

Case 3b : F, = F, sin 41 
F, = -F, COS $1 

Roll 
~~ 

Case 2a: O2 = 30" max 

Case 2b 

Forces invessel Due to Roll 

Case 2a: F, = -FR sin $2 

F, = FR COS 42 

Case 2b: F, = FR sin 42 

F, = -FR COS 42 
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Aft 

Directions of Ship Motions 

(centerline of d rudder post) 

The job of the designer is to translate the loads resulting 
from the movement of the ship into loads applied to the 
pressure vessel that is stored either at or below decks. The 
ship itself will rotate about its own center of buoyancy (C.B.) 
depending on the direction of the sea and the ship’s orienta- 
tion to that direction of sea. The vessel strapped to its deck is 

Z = surge 
X = sway 
Y = heave 
C#J = roll 
0 =pitch 
$ =yaw 

do. In fact, the best way to think of these loads is as vertical 
and horizontal seismic forces. Vertical seismic forces either 
add or subtract to the weight of the vessel. Horizontal seis- 
mic forces are either transverse or longitudinal. 

The X, Y, and Z axes translate into and are equivalent to 
the following loadings in the vessel: 

in turn affected by its location in relation G the C.B. of the 
ship. For example, if the C.G. of the vessel is located near 
the C.B. of the ship, the forces are minimized. The farther 
apart the two are in relation to each other, the more pro- 
nounced the effect on the vessel. 

The ship’s movement translates into loads on the three 

axis: transverse, 
axis: corresponds to vertical loads by either adding or 

subtracting from the weight of the vessel, 
axis: longitudinal axis of the vessel, All axis loads are 

longitudinal loadings. 

principal axes of the vessel. Saddles and lashings must be 
strong enough to resist these external forces without exceed- 
ing some allowable stress point in the vessel. The point of 
application of the load is at the C.G. of the vessel. These 
loads affect the vessel in the same manner as seismic forces 

Load Combinations for Sea Forces 

1. dead load + sway + heave + wind 
2 .  dead load + surge + heave + wind 
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Forces on Truck and Rail Shipments 

T.0.R 3 
RAIL TRUCK /TRAILER 

TRUCK /TRAILER 

RAIL 
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Examples of Road Transport 

If a vessel is too heavy for one trailer and too short to span two trailers, then a pair of outrigger beams can be used to span 
the trailers and still distribute the load to the trailers. A wide variety of trailers, self-propelled transporters, and beam 
confiprations have been utilized for these applications. Short, squat, heavy vessels are the most common. 

I 
U U 

I 
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X 

~ 

Summary of Loads/Forces on Vessels During Transportation 

Road Rail Barge Ocean 

0.5 1 .o 0.95 1 .o 

1 1 
1 1 

Y 

-2 

Loads F,, F,, F, = KW, Verify coefficients with transport contractor/shipper. 

1.5 2.0 1.3 1.5 

1 .o 1.5 1.5 1.5 

Table 7-2 
Transportation Load Coefficients, K 

Due to . . . Load per Saddle 

Fx 

Diagram 
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Shipping Saddles 
Steel round bar: 
weld one end 
to flat bar, 
thread other end 

Angle or plate 
with gussets, 
weld to channel 

Channels 

Flat bar A I I Round bar threaded 
both ends w/ (2) hvy. 
nuts, (1) hvy. washer diagonals 
each end thru each 
timber at channel, flat 
bar diag. & angle clips 

Angle clips 
Base plate 

Steel round bar: 
weld one end to 

Tension bands, 
steel flat bar 

k 4  

Not less than 
3" clearance 

(2) Hvy. hex. nuts 
(1) Hvy. washer 

each end 

TIMBER CONSTRUCTION 

Tension bands, 
steel flat bar 

4 (2) Hvy. hex. nuts 
(1) Hvy. washer 

each end 

STEEL CONSTRUCTION 
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Tension bands - 

- -  

Alternative 

sleeve 

Shipping Saddle 

Steel Construction with Jacking Pocket 

Tension I 

Lifting Lugs (optional) 
Lifting lugs should be plainly marked with 
capacity to indicate whether they are for 
lifting the saddles alone or the entire vessel 

Alternate Construction 
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I Lashing 

Reference 

0 l-in. wire rope 

I % -in. turnbuckle 

0 1 & -in. turnbuckle 

0 l-in. Shackle 

I'h-in. Shackle 
SWL = 34 kips 

Allowable load = 14 kips 

Allowable load = 15 kips 

Allowable load = 28 kips 

SW'L = 17 kips 

-I 

Transverse lashings to suit carrier. 
Lashings should only be adjacent 
to shipping saddles 

Angle of sling < 90" 

Angle of tie-down = 45" 

Steel or timber cribbing as required 
for load distribution to trailer bed or 
deck 

Two-direction lashings at base plate 
are preferable 

Longitudinal lashings 

Wire rope Jaw and jaw turnbuckle 

\- L Wire rope sling 

Padeye or recessed 
deck tie-down fitting 7 

Deck 

Detail of Lashing to Deck 

thimble 
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>' 

I 
7' 

Tension Bands on Saddles 

* 

I .  

- 

Notation 

2 A, =area required, in. 

A, = area of bolt, in. 

Ab = area of band required, in.2 

A, = allowable load on weld, lb/in. 

2 

B = saddle height, in. 

d = bolt diameter, in. 

f = load on weld, Win. 

Ft = allowable stress, tension, psi 

F,, F,, F,=shipping, external forces, lb 

N = number of bands on one saddle 

P, = equivalent external pressure, psi 

R = outside vessel radius, in. 

T =tension load in band, lb 

T1,2,3 =load cases in bolt and band, lb 

Tb =tension load in bolt, lb 

W =weight of one saddle, lb 

/? = angle of tension bands, degrees 

a, = stress in bolt, psi 

ab  = stress in band, psi 

R 

+F, 

B 

Tension 

f Fz 

T T  

T 

T T 
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0 Find tension in band, TI, due to shipping forces on saddle, 
F ,  arid F,, 

0 Area required fo r  bolt. 

0 Find bolt diameter. d .  

Select nominal bolt diameter: 

A, = 

0 Find maximum stress in bolt due to manual wrenching, C T ~ .  

Table 7-4 
Allowable Load, Weld 

Weld Size, w EGOXX* E70XX’ 

3/16 in. 
Y4 in. 
5/16 in. 
% in. 
7/16 in. 

2.39 
3.18 
3.98 
4.77 
5.56 

2.78 
3.71 
4.64 
5.57 
6.50 

*Kipdin. of weld 

0 Maximum tension load in bolts, T2. 

Load due to saddle weight, T.3. 

w 
T3 = - 

2N 

Note: Include impact factor in weight of saddle. 

0 Find maximum load, T.  

T = greater of TI ,  Te, or T3. 

0 Load on weld,$ 

T f = -  
41 

Determine size of weld from table based on load, f. 

Use w = 

0 Maximum band spacing, K .  

4& K = -  
1.285 

0 Find area required f o r  tension band, A,. 

T 
Ar = F, 

Use: 

Check shell stresses due to force T ,  P,, 
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L4 , L5 , !  
1 1 '  

~~ 

Load Diagrams for Moments and Forces 

, 

Case 1 

Q1 L1 
7' 

W1 

, L2 L1 1 L3 , 

-x2 
I 

I c-l 

x 4  :: b X 1  

Q1 Q2 

QZ 
L 

Note: W = weight of vessel plus any impact factors. 

w 
OAL O A L = L l + L z + L 3  w=-  

w(L1 + Ld2- L; 
Q1 = 2L1 

4 2  = W -  Q1 

WL; 
M I = -  

2 

Mz = Q1($ - L2) 

WLt 
M3 =- 

2 

w(Lz - X)2 
2 

Mx = 

Case 2 

w1 
L2 

w1= - 

w2 

L3 
w2 = - 
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., 1 1 1 1  .I 1 1 Y 

Case 3 

-+--+x 

I h 

WL2 WL; +-- WLI 
Q2 = 2(L1 + L2) L1 + L2 2Ll(L1 + L2) 

M, = Q ,  - W2) 
2(L1 + L2) 

Case 4 

I 1 L1 I 
1 1 

WZL3(2L1 - L3) +WILE 
2L, QB = 

Moment at any point X from Q1: 

WlX2 
M, = QlX - __ 

I 2 

Moment at any point Y from Q2: 

w2(L, - Y)' 

I 2 MY = QZ(L1- Y) - 
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Stress Type 

Check Vessel Shell Stresses 

General 

; I -  a - - 4  n;; 
W 

Longitudinal bending at midspan 
M 

SB =- Z 

- 
Tangential shear 

Circumferential stress at horn of 
saddle 
L1>8R 

L1<8R 

Circumferential compression 

At Saddle 1 

M 
SI =- 

K1 r2t 

K3Qi s,=- 
rt 

s12 = -(T) K5Q1 

Notes: 
1. Also check shell stresses at each change of thickness and diameter. 
2. See Procedure 3-10 for a detailed description of shell stresses and for values of coefficients K, through K, 
3. Values of M and Q should be determined from the previous pages at the applicable location. 
4. Allowable stresses: 

Notation 

z = nR2t 
r= radius of vessel, in. 

R = radius of vessel, ft. 
b = width of saddle, in. 
d = b + 1.56fi 

At Saddle 2 

M 
SI =- K1 r2t 

K3Q2 
s7 =T 

SI2 = -(T) K5Q2 

Tension: 0.9F 
Compression: Facto:"B from ASME Code 
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PROCEDURE 7-2 
ERECTION OF PRESSURE VESSELS 

The designer of pressure vessels and similar equipment 
will ultimately become involved in the movement, transpor- 
tation, and erection of that equipment. The degree of that 
involvement will vary due to the separation of duties and 
responsibilities of the parties concerned. It is prudent, how- 
ever, for the designer to plan for the eventuality of these 
events and to integrate these activities into the original 
design. If this planning is done properly, there is seldom a 
problem when the equipment gets to its final destination. 
Conversely there have been numerous problems encoun- 
tered when proper planning has not been done. 

There is also an economic benefit in including the lifting 
attachments in the base vessel bid and design. These lifting 
attachments are relatively inexpensive in comparison to the 
overall cost of the vessel and minuscule compared to the cost 
of the erection of the equipment. The erection alone for a 
major vessel can run into millions of dollars. If these attach- 
ments are added after PO award, they can become expensive 
extras. 

There are also the consequences to life, property, and 
schedules if this activity is not carried out to a successful 
conclusion. Compared to the fabricated cost of the lifting 
attachments, the consequences to life, property, and sche- 
dule are too important to leave the design of these compo- 
nents and their effect on the vessel to those not fully versed 
in the design and analysis of pressure vessels. 

In addition, it is important that the designer of the lifting 
attachments be in contact with the construction organization 
that will be executing the lift. This ensures that all lifting 
attachments meet the requirements imposed by the lifting 
equipment. There are so many different methods and tech- 
niques for the erection of vessels and the related costs of 
each that a coordinated effort between the designer and 
erector is mandatory. To avoid surprises, neither the 
designer nor the erector can afford to work in a vacuum. 
To this end, it is not advisable for the vessel fabricator to 
be responsible for the design if the fabricator is not the chief 
coordinator of the transport and erection of the vessel. 

Vessels and related equipment can be erected in a variety 
of ways. Vessels are erected by means of single cranes, multi- 
ple cranes, gin poles, jacking towers, and other means. The 
designer of the lifting attachments should not attempt to 
dictate the erection method by the types of attachments 
that are designed for the vessel. The selection of one type 
of attachments versus another could very well do just that. 

Not every vessel needs to be designed for erection or have 
lifting attachments. Obviously the larger the vessel, the more 
complex the vessel, the more expensive the vessel, the more 
care and concern that should be taken into account when 

designing the attachments and coordinating the lift. The fol- 
lowing listing will provide some guidelines for the provision 
of special lifting attachments and a lifting analysis to be done. 
In general, provide lifting attachments for the following 
cases: 

0 Vessels over 50,000 Ib (25 tons). 
0 Vessels with WD ratios greater than 5. 
0 Vertical vessels greater than 8 ft in diameter or 50 ft in 

0 Vessels located in a structure or supported by a structure. 
0 High-alloy or heat-treated vessels (since it would not be 

advisable for the field to be doing welding on these vessels 
after they arrive on site, and wire rope slings could con- 
taminate the vessel material) 

length. 

0 Flare stacks. 
0 Vessels with special transportation requirements. 

At the initial pick point, when the vessel is still horizontal, 
the load is shared between the lifting lugs and the tail beam 
or lug, based on their respective distances to the vessel 
center of gravity. As the lift proceeds, a greater percentage 
of the load is shifted to the top lugs or trunnions until the 
vessel is vertical and all of the load is then on the top lugs. At 
this point the tail beam or shackle can be removed. 

During each degree of rotation, the load on the lugs, 
trunnions, tailing device, base ring, and vessel shell are con- 
tinually varying. The loads on the welds attaching these 
devices will also change. The designer should evaluate 
these loadings at the various lift angles to determine the 
worst coincident case. 

The worst case is dependent on the type of vessel and the 
type of attachments. For example, there are three types of 
trunnions described in this procedure. There is the bare 
trunnion (Type 3 ) ,  where the wire rope slides around the 
trunnion itself. While the vessel is in the horizontal position 
(initial pick point), the load produces a circumferential 
moment on the shell. Once the vessel is in the upright posi- 
tion, the same load produces a longitudinal moment in the 
shell. At all the intermediate angles of lift there is a combi- 
nation of circumferential and longitudinal moments. The 
designer should check the two worst cases at 0" and 90" 
and several combinations in between. 

The same trunnion could have a lifting lug welded to the 
end of the trunnion (Type 1). This lug also produces circum- 
ferential and longitudlnal moments in the shell. However, in 
addition this type of lug will produce a torsional moment on 
the shell that is maximum of 0" and zero at 90" of angular 
rotation. The rotating lug (Type 2) eliminates any torsional 
moment. 



388 Pressure Vessel Design Manual 

There is one single lift angle that will produce the max- 
imum stress in the vessel shell but no lift angle that is the 
worst for all vessels. The worst case is dependent on the type 
of lift attachments, distances, weights, and position relative 
to the center of gravity. 

The minimum lift location is the lowest pick point that 
does not overstress the overhanging portion of the vessel. 
The maximum lift location is the highest pick point that 
does not overstress the vessel between the tail and pick 
points. These points become significant when locating the 
lift points to balance the stress at the top lug, the overhang, 
and the midspan stress. 

The use of side lugs can sometimes provide an advantage 
by reducing the buckling stress at midspan and the required 
lift height. Side lugs allow for shorter boom lengths on a two- 
crane lift or gin poles. A shorter boom length, in turn, allows 
a higher lift capacity for the cranes. The lower the lug loca- 
tion on the shell, the shorter the lift and the higher the 
allowable crane capacity. This can translate into dollars as 
crane capacity is affected. The challenge from the vessel side 
is the longitudinal bending due to the overhang and 
increased local shell stresses. All of these factors must be 
balanced to determine the lowest overall cost of an erected 
vessel. 

Steps in Design 

Given the overall weight and geometry of the vessel and 
the location of the center of gravity based on the erected 
weight, apply the following steps to either complete the 
design or analyze the design. 

Step 1: Select the type of lifting attachments as an initial 
starting point: 

Lift end (also referred to as the “pick end”): 

ical, and produces the least stress. 

conical transition section of the vessel. 

a. Head lug: Usually the simplest and most econom- 

b. Cone lug: Similar to a head lug but located at a 

c. Side lug: Complex and expensive. 
d. Top flange lug: The choice for high-pressure vessels 

where the top center flange and head are very rigid. 
This method is uneconomical for average applica- 
tions. 

e. Side flange lug: Rarely used because it requires a 
very heavy nozzle and shell reinforcement. 

f. Trunnions: Simple and economical. Used on a wide 
variety of vessels. 

g. Other. 

Tail end: 
a. Tail beam. 
b. Tail lug. 
c. Choker (cinch); see later commentary. 

Tailing a column during erection with a wire rope choker 
on the skirt above the base ring is a fairly common proce- 
dure. Most experienced erectors are qualified to perform 
this procedure safely. There are several advantages to 
using a tailing choker: 

0 Saves material, design, detailing, and fabrication. 
0 Simplifies concerns with lug and shipping orientations. 
0 May reduce overall height during transportation. 

There are situations and conditions that could make the 
use of a tailing choker impractical, costly, and possibly 
unsafe. Provide tailing lugs or a tailing beam if: 

0 The column is more than about 10 ft in diameter. The 
larger the diameter, the more difficult it is for the wire 
rope to cinch down and form a good choke on the column. 

0 The tail load is so great that it requires the use of slings 
greater than about 1% in. in diameter. The larger the 
diameter of the rope, the less flexible it is and the more 
likely that it could slip up unexpectedly during erection. 

Step 2: Determine the forces T and P for all angles of erec- 

Step 3: Desigdcheck the lifting attachments for the tailing 

Step 4: Desigdcheck the base ring assembly for stresses due 

Step 5: Determine the base ring stiffening configuration, if 

Step 6: Check shell stresses due to bending during lift. This 

Step 7:  Analyze local loads in vessel shell and shrt  due to 

tion. 

force, T, and pick force, P. 

to tailing force, T. 

required, and design struts. 

would include midspan as well as any overhang. 

loads from attachments. 

Allowable Stresses 
~~ 

Per AISC: 

Tension 

Ft = 0.6FY on gross area 

= 0.5FY on effective net area 

= 0.45F, for pin-connected members 
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Compression 

(for short members only) 

F, = for strnctural attachments: 0.6F, 

= for vessel shell: 1.33 x ASME Factor “B” 

Shear 

F, = Net area of pin hole: 0.45F, 

= other than pin-connected members: 0.4F, 

= fillet welds in shear: 
E6OXX: 9600 lb/in. or 13,600 psi 

E70XX. 11,200 Ib/in. or 15,800psi 

Bending 

F1,=0.66F, to 0.75F,, depending on the shape of the 
rneinber 

Bearing 

F, = 0.9FY 

Combined 

Shear and tension: 

ffa 5 
- - + - < I  
Fa Fs 

Tension and bending: 

Note: Custom-designed lifting devices that support lifted 
loads are generally governed by ASME B30.20 “Below the 
hook lifting devices.” Under this specification, design 
stresses are limited to F,/3. The use of AISC allowables 
with a load factor of 1.8 or greater will generally meet this 
requirement. 



390 Pressure Vessel Design Manual 

Notation 
2 A =area, in. 

A, = area, available, in. 
Ab = area, bolt, in. 
A,, =net cross-sectional area of lug, in. 
Ap =area, pin hole, in.' 
A, = area, required, in. 
A, = area, strut, i n 2  or shear area of bolts 
C = lug dimension, see sketch 

Do = diameter, vessel OD, in. 
D1 =diameter, lift hole, in. 
D2 = diameter, pin, in. 
D3 = diameter, pad eye, in. 

Dsk =diameter, skirt, in. 
D, = mean vessel diameter, in. 

E = modulus of elasticity, psi 
f, =tail end radial force, Ib 

fL =tail end longitudinal force, Ib 
f, =shear load, Ib or Ib/in. 

F, = allowable stress, combined loading, psi 
Fb = allowable stress, bending, psi 
F, =allowable stress, compression, psi 
Fp = allowable stress, bearing pressure, psi 
F, = allowable stress, shear, psi 
F, = allowable stress, tension, psi 
Fy = minimum specified yield stress, psi 

I = moment of inertia, in.4 
Jw =polar moment of inertia of weld, in.4 
K = end connection coefficient 

KL = overall load factor combining impact and safety 

Ki =impact factor, 0.25-0.5 
K, = internal moment coefficient in circular ring due to 

radial load, in.-lb 
K, = safety factor 
KT = internal moment coefficient in circular ring due to 

L, = length of skirthase stiffener/strut, in. 
M =moment, in.-lb 

2 

2 

2 

2 

factors, 1.5-2.0 

tangential load, in.-lb 

Mb =bending moment, in.-lb 
M c  = circumferential moment, in.-lb 
M L  =longitudinal moment, in.-lb 
MT =torsional moment, in.-lb 

Nb =number of bolts used in tail beam or flange lug 
N =width of flange of tail beam with a web stiffener 

nL = number of head or side lugs 
P =pick end load, lb 

P, = equivalent load, lb 
P L  = longitudinal load per lug, lb 
P, = radial load, lb 
PT =transverse load per lug, Ib 
Rb =radius of base ring to neutral axis, in. 

R, = radius of bolt circle of flange, in. 
S, = minimum specified tensile stress of bolts, psi 
tb  =thickness of base plate, in. 
t, = thickness of gusset, in. 
tL =thickness of lug, in. 
tp =thickness of pad eye, in. 
t, =thickness of shell, in. 
T =tail end load, Ib 

T b  =bolt pretension load, lbs 
Tt =tangential force, lb 
w1 = fillet weld size, shell to re-pad 
w2 = fillet weld size, re-pad to shell 
w3 = fillet weld size, pad eye to lug 
w4 =fillet weld size, base plate to skirt 
w5 = uniform load on vessel, Ib/in. 

( N  = 1.0 without web stiffener) 

r = radius of gyration of strut, in. 

WE = design erection weight, Ib 
WL = erection weight, Ib 

Z = section modulus, in.3 
a! =angular position for moment coefficients in base 

B = angle between parallel beams, degrees 
CT = stress, combined, psi 

ring, clockwise from 0" 

b b  = stress, bending, psi 
up = stress, bearing, psi 
CT, = stress, compression, psi 
ucr =critical buckhg stress, psi 
CTT = stress, tension, psi 
t = shear stress, psi 

t T  = torsional shear stress, psi 
0 = lift angle, degrees 

0 B  = minimum bearing contact angle, degrees 
= sling angle to lift line, horizontal, degrees 

8, = sling angle to lift line, vertical, degrees 
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PROCEDURE 7-3 

LIFTING ATTACHMENTS AND TERMINOLOGY 

Types of Lifting Attachments 

C.G. of column 

Tail LiR End Lift or Pick End 

LIFT END OPTIONS 

1. Shell flange lug 
2 .  Top head lug 
3.  Top flange lug 
4. Trunnion 
5. Side lug 
6. Cone lug 

Flared skirt 

- 

Tail beams rotated 

4 

TAIL LIFT OPTIONS 

7. Tail beam 
8. Tail lug 
9. Choker (sling) 

10. Base ring stiffener 
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Miscellaneous Lifting Attachments 

TOP 
nozzle 

Link 

ShellOD I 

TOP FLANGE LUG 
WITH SPREADER 

TRUNNION WITH FIXED LUG 
TYPE 1 

Retaining 

clips ’L 

/ 
L 

SHEAVE ASSEMBLY DIRECT 
MOUNT-200 TON 

J 

‘t Retainer 

/ 

-pad 

Sheave 

Rotating 
lifting assembly- 
remove after 
erection 

’ kLStudding outlet 

STIFFENER PIPE THROUGH 
STUDDING OUTLETS- 

BLIND AFTER ERECTION 

TRUNNION WITH ROTATING LUG TRUNNION WITHOUT LUG 
TYPE 2 TYPE 3 

CTop head 

TEMPORARY TOP HEAD 
FLANGE LUG OVER TOP NOZZLE 
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Tailing Devices for Vessels with Chambers Projecting through Skirt 

Utilize Projection with Base Extension 

I 

rings 
-0 

Frame-Type Tailing Device 

3ase with Parallel Tailing Beams 

Parallel Tailing Beams Without Skirt Stiffener5 

Bolted on Ring Beam Extension 

\ 

\ 
\ 

Tailing lug Y 'I Ring 13 beam 
extension 

or tailing beams, 
optional 

Base with Internal Base Stiffeners and Dual Tailing Lugs 
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Tailing Trunnion 

Utilizes reinforced openings in skirt with through pipe. Pipe 
is removed after erection and the openings used as skirt 
manways. 

Shell Flange Lug 

P 

LIFTING DEVICE UTILIZING TOP BODY FLANGES 

4 pL (L 

Removable pin 6 
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Rigging Terminology 

(hook block) 

Spreader 
beam 

Shackle 

I 

Pin 

Lifting lug 

- 

' 2  +Wire rope 

Spreader 
beam 

Stiffener piate 

1. Boom 13. Jacks 25. Guy streamers 
2. Mast 
3. Gin pole 15. Pins 27. Tensioning blocks 
4. Crane mats 
5. Dead men 17. Equalizer beams 29. Pin extractor 
6. Outriggers 18. Links 30. Choker 
7. Load block 
8. Whip line 20. Wire rope 32. Tail sled 
9. Cranes 21. Counterweight 

14. Slings 26. Bail 

16. Spreader beams 28. Hitch plate 

19. Shackles 31. Tail crane 

10. Derricks 22. Trailing counterweight 
11. Hoist 23. Struts 
12. Hooks 24. Lashings 
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WL kips 

4 

6 

Miscellaneous Lugs, WL < 60 kips 

A Di B C fL w1 WL kips A D1 B C fL w1 

3 0.88 1.5 2 0.5 0.25 20 7 1.75 3 3 1 0.38 

3.5 1 1.63 2 0.63 0.25 25 7 2.38 4 4 1 0.44 

Table 7-5 
Lug Dimensions 

8 

10 

12 

14 

4 1.13 1.75 2 0.63 0.25 35 8 2.38 4 4 1.125 0.5 

4.5 1.25 2 2 0.75 0.25 40 8 2.38 4 4 1.125 0.63 

5 1.38 2.13 3 0.88 0.25 45 8 2.88 4 4 1.125 0.63 

5.5 1.5 2.38 3 1 0.38 50 10 2.88 4 4 1.25 0.75 

1.63 

1.75 

2.5 3 1 0.38 55 10 2.88 4 4 1.25 0.75 

2.75 3 1 0.38 60 10 2.88 4 4 1.25 0.88 

D, = hole D, = hole 
R, =hole R, =hole 
R, = pin R, = pin 

B 
Type 2 

7 I 
I I I I I I I I I I I I I I I I I I I I  c Top of 

tank 0 1  

stack 

B 

I 

Sides 

Figure 7-1. Dimensions and forces. 

Calculations 

Due to bending: 

Due to shear: 

Due to tension: 

PI, t -  
- (A - D1)Ft 

Notes 

1. 'Table 7-4 is based on an allowable stress of 13.7ksi. 
2. Design each lug for a 21 safety factor. 
3.  Design each lug for u minimum 10% side force. 

Hertzian Stress, Bearing 

Shear Load in  Weld 

Type 1: greater of following: 

P L  
tw = - 

2A 

Type 2: Use design for top head lug. 
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PROCEDURE 7-4 

LIFTING LOADS AND FORCES 

Effect of Lift Line Orientation to Lug 

Initial Pick Point 

Multipoint Lift 

Single-Point Lift 

'tP 

Pr 

Without spreader With spreader 
beam beam 

Erected Position 

Multipoint Lift 

\ 

Single-Point Lift 

Without spreader 
beam 

With spreader 
beam 
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Force and Loading Diagrams 

Free-Body Diagram 

f, = T COS 0 
f, = T sin 9 

L, sin 0 

Top Flange Lug 

P, = P cos 0 4 

L, cos 0 + L, cos 0 

P,=P sin 0 7 

3 

-2 cos 0 

Top Head Lug 

Side or Cone Lugs 

Trunnions 
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Loads 

e Overall load factor, K L .  

e Design lift weight, WL. 

e Tailing load, T 

wL cos e L~ 
T =  

cos BL1 +sin 0 L4 

At e = 0, initial pick point, vessel horizontal: 

At 8 =go", vessel vertical: 

T = O  and P=WL 

e Calculate the loads f o r  various liji angles, 8. 

T 

Loads T and P 

)I 

I30 

I40  

I50 

90 

Lift angles shown are suggested only to help find the worst 
case for loads T and P. 

e Maximum transverse load per lug, PT.  

P case 
PT = - 

nL 

e Maximum longitudinal load per lug, PL. 

e Radial loads in shell due to sling angles, Bo or 0,. 

P, = PT tan& Vessel in horizontal 

P, = PL tan& Vessel in vertical 

e Tailing loads, f L  and f p  

f L  = Tcos8 

f, = TsinQ 

e Longitudinal bending stress in vessel shell, ob. 

Maximum moment occurs at initial pick, when 8=0. See 
cases 1 through 4 for maximum moment, M. 

Note 

If the tailing point is below the C.G., as is the case when a 
tailing frame or sled is used, the tail support could see the 
entire weight of the vessel as erection approaches 90". 

Second pivot point 

P 
4 

Critical point: 
When the pick point is 
immediately above the 
tail pivot point 

P sine 
P L  = - 

nL 
L S e c o n d  

pivot point 
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Dimensions and Moments for Various Vessel 
Configurations 

Case 1: Top Head Lug, Top Head Trunnion, or Top 
Head Flange 

I 

C.G. 

7 I I 

Case 2: Side Lug or Side Trunnion 

WL 
wg =L5 
M~ = -+L~ + L ~ ) ~ ( L ~  - L ~ ) *  w.5 

8L, 

Case 3: Cone Lug or Trunnion 

Case 4: Cone Lug or Trunnion with Intermediate 
Skirt Tail 

1 1  LA 1 1  1 1 1 wr w6 
c. 
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Find Lifting Loads at Any Lift Angle for a Symmetrical Horizontal Drum 

Dimensions and Forces Free-Body Diagram 

Example 

Steam drum: 

WL = 600 kips 
L1 = 80 ft 
L4 = 5 ft 

90 

75 

30 

15 

I Curve is based on the following equation: 

p L4 - = -(tan 0) + 0.5 
WL L1 

Results from curve 
@ e = 150= 51.6% 
@ e = 3oo= 53.6% 
@ e=45”=56.3% 
@ e = 6oo= 60.8% 
@ 0=75”=73.3% 

0 
50 60 70 80 90 100 

% of Weight Carried by Line to Higher Lug 
Reprinted by permission of The Babcock and Wicox Company, a McDermott Company. 
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e 

Sample Problem 

T P 

Distillation column: 
18ft in diameter x 280ft OAL 
260 ft tangent-to-tangent 
Wc, = 200 tons (400 kips) 

r r  

1 Ll 1 
1 

T P 

Case 1: L3 > L2 

10 

20 

L1 = 280 + 2.833 + 1 = 283.83 ft 
L2 = 283.83 - 162 = 121.83ft 
L-, = 161 + 1 = 162ft 
L4 = l o f t  

170.6 229.4 

169.6 230.4 

30 

40 

I I 228.3 0 171.7 

168.3 231.7 

166.8 233.2 

50 

60 

164.8 235.2 

161.9 238.1 

50 

60 

70 I 156.6 I 243.4 

219.1 180.9 

215.1 184.9 

80 

90 

Case 2: L3 < L2 

143.2 256.8 

0 400 

L1 = 283.83ft 
Lz = 162ft 
L3 = 121.83ft 
L4 = lof t  

0 228.3 171.7 I I I 
10 I 226.9 I 173.1 I 

225.4 174.6 1 I 20 I 
30 I 223.7 I 176.3 I 
40 221.7 178.3 I I I 

70 I 208.1 I 191.9 I 
80 I 190.1 I 209.8 I 
90 I 0 I 400 
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PROCEDURE 7-5 
DESIGN OF TAIL BEAMS, LUGS, AND BASE RING DETAILS 

Design of Base Plate, Skirt, and Tail Beam 
Base Ring-Stiffening Configuration 

t '  t T  t '  t '  

1 Point 2 Point 3 Point 4 Point 

Loadings in Skirt and Base 

~T Parallel 

'IT Base 
Pad eye k%-d 

L 
1 Y 

Filler plate, optional 

Tall Beam Connection Details 
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2 I 
I 

I 
I 
I 
I 

Skirt Crippling Criteria with Tailing Beam 

, \ / ,  
I I  

b A  
I 
I 
I 
I 

I m 3 

w+ 
A h  

f c 

Base Type 1: Base Ring Only 

P 
/ 

t I 
\ 

\ * Shearflow 
\ 
\ 

I ,  = N + 21, 
1, = Ifit& 

Base Type 3: w/Anchor Chairs 

Base Type 2: Gussets Only 

\ 
,- I / 

Base Type 4: w/Continuous Top Ring 

I / 

I 
fc 

Note: N = 1 in. if a web stiffener is not used 
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Skirt/Tail Beam Calculations 

Tail Beam 

0 Tailing load.s, 5, arid f r .  

f~~ = T COS 0 

f ,  = TsinB 

0 Mariiritini bending stress, a]). 

Tail Beam Bolts 

e S h e w  load, A. 

0 Shew struss, s 

Note: yl = mean skirt diameter or centerline of bolt group if 
a filler plate is used. 

Skirt 

0 Tension stress in bolts, oT, 

0 Compressive force in skirt, f c .  

f, = f1, + f t  

0 Skirt crippling is dependent on the base configuration and 
lengths l I  through 14. 

N = 1 in. if web stiffeners are not used 
N =width of top flange of tail beam if web stiffeners 

are used 

0 Compressive stress in .skirt, ac. 

0 Check shear stress, s, in base to skirt weld 

f r  
t =  

nDsk . 0.707~4 

Base Plate 

0 Bending moment in base plate, MI,. 

0 Find tangential force, Tt. 

Tt = KTT 

0 Total combined stress, a. 
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Size Base Ring Stiffeners 

F1 = force in strut or tailing beam, Ib 
F1 is (+) for tension and (-) for compression 

0 Tension stress, OT. 

0 Critical buckling stress per AISC, ocr. 

cc= r F,. 

0 Actual compressive stress, D ~ .  

Note: Evaluate all struts as tension and compression mem- 
bers regardless of sign, because when the vessel is sitting on 
the ground, the loads are the reverse of the signs shown. 

Two Point 

T A  

F1 = (+)0.5T 

Three Point 

F1 = (+)0.453T 
Fz = (-)0.329T 

Parallel Beams/Struts 

F1 = (+)0.25T 

Four Point 

F1 = (+)0.5T 
Fz = (-)0.273T 
F3 = (+)0.273T 
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Angle a 

0 

Table 7-6 
Internal Moment Coefficients for Base Ring 

One Point Two Point Three Point Four Point 

K, KT K, KT Kr KT Kr KT 

0.2387 -0.2387 0.0795 -0.2387 - 0.0229 0.1651 0.0093 -0.1156 

15 

20 

5 I 0.1961 I -0.2802 1 0.0587 I -0.2584 1 -0.0148 I 0.1708 I 0.0048 I -0.1188 I 

0.1174 -0.3492 0.0229 -0.2845 -0.0055 0.1747 -0.001 5 -0.1 155 

0.0819 -0.3763 0.0043 -0.2908 -0.0042 0.1729 -0.0033 -0.1089 

10 I 0.1555 I -0.3171 I 0.0398 I -0.2736 I -0.0067 I 0.1764 1 0.0012 I -0.1188 I 

25 

30 

0.0493 -0.3983 -0.0042 -0.2926 0.0028 0.1640 -0.0043 -0.0993 

0.0197 -0.4151 -0.0145 -0.2900 0.0098 0.1 551 - 0.0045 -0.0867 

35 

40 

45 

-0.0067 -0.4266 -0.0225 -0.2831 0.0103 0.1397 -0.0041 -0.071 3 

-0.0299 -0.4328 -0.0284 -0.2721 0.0107 0.1242 -0.0031 -0.0534 

-0.0497 - 0.4340 -0.0321 -0.2571 0.0093 0.1032 -0.0017 -0.0333 

50 

55 

160 I -0.0897 1 -0.4080 I -0.0324 I -0.1915 I 0.0025 I 0.0313 I 0.0033 1 0.0376 I 

-0.0663 -0.4301 -0.0335 -0.2385 0.0078 0.0821 -0.0001 -0.01 12 

-0.0796 -0.4214 -0.0340 -0.2165 0.0052 0.0567 0.001 7 0.0126 

r65 ~ I -0.0967 I -0.3904 I -0.0293 I -0.1638 I 0.0031 I 0.0031 1 0.0046 I 0.0636 1 
-0.1008 

-0.1020 

-0.3688 -0.0250 -0.1338 0.0037 -0.0252 0.0055 0.0901 

-0.3435 -0.0197 -0.1020 -0.0028 -0.0548 0.0056 0.1167 

80 

85 

90 

95 

100 

105 

110 

-0.1006 -0.3150 -0.01 36 -0.0688 -0.0092 -0.0843 0.0049 0.1431 

-0.0968 -0.2837 -0.0069 -0.0346 -0.0107 -0.1134 0.0031 0.1688 

-0.0908 -0.2500 0 0 -0.0121 -0.1425 0 0.1935 

-0.0830 -0.2144 0.0069 0.041 6 -0.01 14 -0.1694 -0.0031 -0.1688 

-0.0735 -0.1774 0.0135 0.0688 -0.0107 -0.1963 -0.0049 -0.1431 

-0.0627 -0.1 394 0.0198 0.1020 -0.0074 -0.2194 -0.0057 -0.1 167 

-0.0508 -0.1 01 1 0.0250 0.1338 -0.0033 -0.2425 -0.0055 -0.0901 

115 

120 

-0.0381 -0.0627 0.0293 0.1638 0.0041 -0.2603 -0.0046 -0.0636 

-0.0250 - 0.0250 0.0324 0.1915 0.01 14 -0.2781 -0.0033 -0.0376 

125 

130 

-0.0016 0.01 18 0.0340 0.2165 0.0107 -0.1060 -0.0017 -0.0126 

0.01 16 0.0471 0.0335 0.2385 0.0100 0.0661 0.0001 0.01 12 
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Notes: 

1. Based on R. J. Roark, Formulasfor Stress and Strain, 
3rd Edition, Case 25. 

Values of Moment Coefficient, K,, for Base Ring With Two Parallel Tail Beams 
or Internal Struts 

4. The signs of coefficients are for hanging loads. For 
point support loads underneath the vessel, the signs 
of the coefficients should be reversed. 

0 10 20 30 
Angle p 

40 50 60 70 80 90 

M =0.5KrTR 

Tail beams or 
internal struts 

2. The curve shows moment coefficients at points C and 
D. The moment coefficients at point A and B are equal 
and opposite. 

3. Positive moments put the inside of the vessel in cir- 
cumferential tension. 
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Design of Vessel for Choker (Cinch) Lift at Base 

0 Unij&n load, p .  

T 
I' = E 

0 Moments in ring at point,s A and C .  

M i  = -0.1271TR 

M,. = -0.0723TR 

e Tension/compre.ssion forces in ring at points A and C .  

T, = -1.2232T 

0 Combined stress at point A, inside .f ring. 

0 Conihined stress at point A, outside of ring. 

0 Combined strew at point C ,  inside .f ring. 

T, M,. 
rJ, = - 

A +z 
0 Chnibined stress at point C ,  outside of ring. 

Note: Assume that the choker is attached immec-ately at the 
base ring even though this may be impossible to achieve. 
Then use the properties of the base ring for A and Z. 

From R. J. Roark, Formulas f o r  Stress and Strain, 5th 
Edition, McGraw-Hill Book Co., Table 17, Cases 12 and 
18 combined. 

8=30' 

T 

Point 'C' 
\ 
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Design of Tailing Lugs 

7 Optional ring inside -7 Base ring skirt stiffener 

1 
Table 7-7 

Dimensions for Tailing Lugs 
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Formulas 

The tailing lug is designed like all other lugs. The forces are 
determined from the tailing load, T, calculated per this pro- 
cedure. The ideal position for the tailing lug is to be as close 
as possible to the base plate for stiffness and transmitting 
these loads through the base to the skirt. The option of using 
a tailing ~~ lug versus a tailing beam is the designer's choice. 
Either can accommodate internal skirt rings, stiffeners, and 
struts . 

Design as follows: 

0 Areti required at  pin hole, A,. 

T 
A - -'- 

I - F, 

0 Arm nvtiilnble tit pin hdr,  A,. 

0 Bending niotnrnt in lug, MI,. 

0 Section mc)~luli~s of lug, Z. 

0 Bending stress in lug ,  q). 

MI, 
Z 

ut, = - 

0 Area required at pin hole fiw hmring, A,. 

T 

Ar=F, 

0 Area available at pin holr for hrtiring, A ,  

Note: Substitute tL + 2tp for tL, in the preceding eqiiations if 
pad eyes are used. 
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PROCEDURE 7-6 

DESIGN OF TOP HEAD AND CONE LIFTING LUGS 

Design of Top Head/Cone Lug 

Dimensions 

B2 
NT =- 

A+2B 
= E + B - NT 

2L1 81 = arctan - 
A 

L1 L2 = - 
sin O1 

R3 
92  = arcsin - 

LZ 

e3 = el + oZ 
R3 L3 = - 

sin 83 

L4 = 0.5A - L1 - 0.5D3 

L1 - c 
L5 = 0.5A - ___ 

tan 83 

tan 83 
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0 Maximum bending moment in lug, MI , .  

MI, = PE 

0 Section modulus, lug, Z .  

0 Bending stress, lug, 01,. 

M L 

Z 
01, = - 

0 Thickness ($lug required, tl, 

0 Tension at edge of pad, OT. 

0 Net .section at pin hole, AT). 

0 Shear stress at pin hole, 7 

0 Net section at top of lug, A,,. 

A,, = tl,(R:; - a) + 2 t p ( v )  

0 Shear stress at top of lug,  t. 

P T  

An 
r = -  

0 Pin hearing stress, o~,. 

Check Welds 

rpT E+0.5b 

U I  / 

++ 
Re-pad 

0 Polar moment of inertia, Jtl: 

(A1 + Ld3 
6 

Re-pad: J, = 

(A + 2 ~ ) ~  - B"A + B)' 
12 (A + 2B)  Lug: J, = 

0 Moment, M I  

Lug Weld 

0 Find loads on welds. 

0 Transverse shear clue to PT, f1. 

PT 
A + 2 B  

f l  =- 

0 Transverse shear due to M I ,  f2. 

0 Longitudinal shear due to M I ,  t 3 .  

M1B 
f3  = - 

J, 

0 Combined shear load, fr. 
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e Size of weld required, w1. 

f r  w1= ____ 
0.707FS 

Note: If w1 exceeds the shell plate thickness, then a re-pad 
must be used. 

Re-pad Weld 

e Moment, M z .  

Mz = PT(E + 0.5Ls) 

e Transverse shear due to PT, fi. 

e Transverse shear due to M 2 , f i .  

e Longitudinal shear due to Mz, f3. 

M z b  
f 3  = ___ 

J W  

e Combined shear load, fr. 

f r  = J(f1 + fd2 + f; 

e Size of weld required, w1. 

Pad Eye Weld 

e Unit .shear load on pad, f4. 

Size of weld required, w3. 

f4  w3 = ~ 

0.707FS 

Top Head Lug for Large Loads 

additional 
welding 

r Re-pad 
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A 

Table 7-8 
Dimensions for Top Head or Cone Lugs 

Lug 
Matl. 

Lift Min. 
Hole Yield 

Dia D1 (psi) 

Gusset 
Thickness 

B C E R s W 1  t, Type 

Total 
Erection 
Weight 
(tons) Note 

Shackle 
Size 

(tons) 

4 0-30 35 1 1 1 2 1 1 2 1  7 1 1 3 1  3 1 %  I ’h 

Lug 
Thickness 

fL 

I 2% I 30,000 

1 -B 

1-C 

31-65 50 1% 14 12 8 14 4 % % 7 % y4 3 30,000 

1 66-100 50 1% 16 14 9 15 4% 1 % 8 1/, ‘/4 3 30,000 

2-C 

2-D 

54-in. to 72-in. Inside Diameter 

2-A 0-30 35 1 1 1 2 1 1 2 1 7 1 1 5 1 3 / 3 / , 1  % 

1 66-100 50 1% 18 14 9 18 4% ’/8 % ’ 8 % 3 30,000 

2 101-150 75 2 20 16 11 20 5 1% % 9 y4 % 3’/2 38,000 

3-A 0-30 35 1 14 10 6 18 3 ‘/2 1/, 2% 

3-B 31-65 50 1 20 12 7 19 4 78 % 7 78 2% 

3-C 1 66-100 50 lk 22 14 9 21 4% ”/, % 8 ”/, ’/2 2% 

30,000 

30,000 

30,000 

3-D 

3-E 

2 101-150 75 1% 22 16 10 23 5 1% 1 9 1 ”/, 3% 38,000 

3 151-200 130 2 25 18 12 25 6% 1% 1 12 1 % 4% 38,000 

4-A 0-30 35 1 1 1 4 1 1 0 1  5 1 2 0 1  3 1 %  I % I 2y8 I 30,000 

4-B 

4-C 

4-D 

4-E 

31-65 50 1 22 14 7 22 4 % % 7 ”/, 278 30,000 

1 66-100 50 1 k  26 14 9 25 4% % % 8 74 % 2% 30,000 

2 101-150 75 1% 26 16 12 27 5 1% 1 9 1 % 3% 38,000 

3 151-200 130 2 28 18 12 27 6% 1% 1 12 1 ’/2 4% 38,000 

5-A 

5-B 

5-C ’ 1 

5-D 2 

0-30 35 1 14 10 5 21 3 ’/2 % 2% 30,000 

31-65 50 1 22 14 6 23 4 78 % 7 % y4 2% 30,000 

66-100 50 1% 26 14 10 28 4% % % 8 % y4 2% 30,000 

101-150 75 1% 26 16 12 30 5 1% 1 9 1 % 3y8 38,000 
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PROCEDURE 7-7 

DESIGN OF FLANGE LUGS 

Y 
A 1 

N=nurnber of bolts in lug 

4 

tL 

g 
L 

.- s .  
L 

2 
5 

Watch 
H=flange OD clearance 

G 

B 
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0.625-1 1 

0.75-10 

0.875-9 

Table 7-10 
Bolt Properties 

0.307 0.199 19 2.25-8 3.976 3.557 31 1 

0.442 0.309 28 2.5-8 4.909 4.442 389 

0.601 0.446 39 2.75-8 5.94 5.43 41 8 

I I Ab I AS i Tb Bolt Size I Ab AS Tb I Bolt Size I 

1-8 

1.125-8 

0.5-13 I 0.196 I 0.112 I 12 I 2-8 I 3.142 I 2.771 i 243 

0.785 0.605 51 3-8 7.069 6.506 501 

0.994 0.79 56 3.25-8 8.3 7.686 592 

1.227 

1.375-8 1.485 

1 71 3.5-8 9.62 8.96 690 

1.233 85 3.75-8 11.04 10.34 796 

1.5-8 

1.75-8 

1.767 1.492 103 4-8 12.57 11.81 91 0 

2.405 2.082 182 

Table 7-1 1 
Values of S, 

Bolt Dia, db 

<1 

Material S,(ksi) 

A-325 120 

1.125-1.5 

1.625-2.5 

A-325 105 

A-1 93-B7 125 

2.625-4 A-1 93-87 110 I 
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Top Flange Lug 

P 

PL = P sin 6’ 

pT = P cos e 

PL 3 P ~ e  
P E  =-+- 

A A2 

x, = Rh coscr, 

y, = Rt) sincr, 

Side Flange Lug 

P 

/3\ 

Ma 
XI, Nh 

PT f -- 
\ -  N 

F I I  

AS 

F,, = __ 

(TT = - 

F, = 15 ksi( 1 - F) 
As = 0.7854(d - 0.1218)2 

t = - < F ,  f, 
A, 

Ti) = 0.7S,,A, 

0.6F, < FT < 40 ksi 
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W 

Design Process 

T I  

~ ~~~~ 

1. Determine loads 

2. Check of lug: 

a. Shear at pin hole. 
b. Bending of lug. 
c'. Bearing at pin hole. 

-3. (:heck of base plate. 

4. Check of nozzle flange. 

.3. Check of flange bolting. 

6. Check of local load at nozzle to head or shell junction 

Step 1: Determine loads. 

Determine loads PT and PL, for various lift angles, 8. 
Determine uniform loads W L  and wz for various angles, 8. 
Using w1 and w2, solve for worst case of combined load, PE. 
Determine worst-case bending moment in lug, Ms. 

Step 2: Check of lug. 

a. Shear at pin hole: 

A r m  required, A,. 

&=F,  P E  

h.  Rending of' lug due to M3: 

Section modiilus, Z. 

Brnding strms, lug ,  (TI, 

c. Bearing at pin hole: 

Betiring required at pin hole A,. 

Beari,ig nuailnhlr, A,,. 

Maximum Tension in Lug 

P 

Tension load 
due to moment 

w = w1 +wz Tension 
load PE = WA 

1.1 
Check of Nozzle Flange 

Unit load 

PE 
nB, 

w = ~ 

Bending moment, A t .  

Bending stress, ql. 

6M 
q> = - tf 
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Bolt Loads for Rectangular Lugs Design of Full Circular Base Plate for Lug 

0 If a full circular plate is used in lieu of a rectangular plate, 
the following evaluation may be used. 

0 Unit load on bolt circle, w .  

0 Edge distance from point of load, h,. 

0 Bending moment, M .  

M = Wh, 

0 Bending stress, a h ,  

0 Check bolting same as rectangularflange. 



Design of Lug Base Plate 

(From R. J. Roark, Formulas fo r  Stress and Strain, McGraw- 
Hill Book Co, 4th Edition, Table 111, Case 34.) 

’I 

c Ma 

Transportation and Erection of Pressure Vessels 425 

Unform load, w 

PE 
A 

W I -  

e End reaction, R1. 

e Edge moment, M,. 

1 WA 24R: 6(b+A)A2 3A’ 
M d -  --[-- 24B, B, B,. 

+ ~ B, + 4A’ - 24R: 

e Moment at midspan, M,  

M, Ma + RlR, - - 
2 

e Thickness required, tl,. 
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Check of Bolts 

Case 1: Bolts on Centerline 

-t--- L- -  

Case 2: Bolts Straddle Centerline 
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Sample Problem: Top Flange Lug 

'I 

Given 

L1 = 90ft 

L.7 = 50 ft 

L:3 = 40 ft 

L* = 9.5ft 

F,, bolting = 75 ksi 

F, lug = 36 ksi 

F, flange = 36 ksi 

F', = 0.4(36) = 14.4 ksi 

FT = 0.6(36) = 21.6 ksi 

Fk, = 0.66(36) = 23.76 ksi 

W'L = 1200kips 

B,. = 54in. 

R, = 27in. 

B = 22in. 

tl, = 6 in. 

t1, = 6in. 

tc = l l i n .  

D1 = gin. 

D2 = Bin. 

Bolt size = 3-1/4-8 UNC 

Ab = 8.3in. 2 

A, = 7 . 6 8 6 i r ~ ~  

Tb = 592kips 

S,, = 110 ksi 

e = 16in. 

G = 40in. 

A = 24 in. 

hI, = 9.5in. 

B , - A  b=- 
2 

Results 

PT inax = 537 kips @ t' = 10" 

PL rnax = 1200 kips @ 8 = 90" 
PE rnax = 1277 kips @ 8 = 40 

cT bolt, rnax = 20.11 ksi < 40 ksi 

5 bolt, rnax = 6.98 ksi < 10.77 k5i 
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1.0 Check Lug 

a. Shrar at pin hole: 

0 Areu required, A,. 

e Area available at pin hole, A,. 

b. Bending of lug due to Mi: 

0 Maximum moment, M3. 

M:i = P T ~  = 537(16) = 8592 in. - K 

e Section modulus. Z. 

e Bending .stress, lug, ‘TI,. 

M3 8592 
01, = - = __ = 14.91 ksi 

Z 576 

0 Thickness required, t L  

= 3.76in. 
6M ‘6.8592 

t[, = - 
F,,A‘ = 23.76(24’) 

c. Bearing at pin hole: 

e Bearing required at p i n  hole, A,. 

PE 1277 
- F p  32.4 

A --=-- - 39.41 in.’ 

0 Bearing available, A,.  

A, = DztI, = 8 . 6 = 48in.’ 

2.0 Check Lug Base Plate 

0 U n i j h n  loud, w. 

PE 1277 k 
w = - = -  = 5 3 . 2 F  

A 24 in. 

e End reaction, R1. 

PE 1277 
2 2  

R 1 x - z -  = 638.5 laps 

0 Edge moment, hl,. 

M ,  = 0.985(8748 - 2496 + 768 + 2304 - 17,496) 
= -8049 in.-kips 

e Moment ut midspan, M,. 

M, = M, + R,R,. - - 2 

M, = -8049 + 17,240 - 3831 = 5360in.-kips 

e Section modulus, Z. 

(tiG) - (6’ . 40) -- Z = -  - - 240 in.” 
6 6 

0 Bending stress, q,. 

M, 5360 
Z 240 

0,) = - = __ = 22.33 ksi 

0 Allowable bending stress, Flj .  

F h  = 0.66F, = 0.66(36) = 23.76 ksi 

3.0 Check of Vessel Flange 

0 Unit load. w. 

e Bending moment, Mr,. 

MI, = whD = 7.52(9.2) = 69.25in.-kips 

0 Bending stress, Q. 

= 3.28 ksi 
6M1, - [6(69.25)] 

- 01) = __ 
t: 11.25’ 
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~ 

Top Flange Lugs-Alternate Construction 

30" 

200-Ton Capacity 

46" 

400-Ton Capacity 

34" 

/ I  

40" 

600-Ton Capacity 

41" 

5 8  



Transportation and Erection of Pressure Vessels 431 

PROCEDURE 7-8 
DESIGN OF TRUNNIONS 

Lug Dimensions 

4 pL 

Dimensions for Trunnion 

End plate or lug 

Cable retaining 
ring or guide 

Type 1: Trunnion and Fixed Lug 

Type 2: Trunnion and Rotating Lug 

Type 3: Trunnion Only 

plate 

__* PT 
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Type 1: Trunnion and Fixed Lug 
~ 

There are four checks to be performed: 

1. Check lug. 
2. Check trunnion. 
3. Check welds. 
4. Check vessel shell. 

Check Lug 

Transverse (vessel horizontal). 

4 R 3 ~  
M =PTE and Z = -  

6 

Therefore, 

Longitudinal (vessel vertical). 

0 Cross-sectional area at pin hole, A,. 

Ap = 213t~  + 2tp(D3 - D1) 

0 Cross-sectional area at top of lug, A,,. 

A, = tL(RI  -%) "') 
a Shear stress, t. 

0 Pin bearing stress, up. 

Check Trunnion 

0 Longitudinal moment, M L  (vessel vertical). 

ML = PLe 

0 Torsional moment, MT (vessel horizontal). 

MT = PTE 

0 Bending stress, Ob. 

0 Torsional shear stress, TT. 

Check Welds 

0 Section modulus of weld, S,. 

0 Polar moment of inertia, J,. 

3 J, = 2nRn 

0 Shear stress in weld due to bending m m e n t , f , .  

ML 
fs =s, 

0 Torsional shear stress in weld, tT. 

0 Size of welds required, w1 and w2. 

w1 > thickness of end plate 
wz = width of combined groove and fillet welds 

3 .  > -in. f, 
FS 8 

w2 = - 

Type 2: Trunnion and Rotating Lug 

0 Net section at Section A-A, A,. 

A, = 213 t~  + 2tp(D3 - Di) 
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0 Shear r t m r  ut pin hole, T 

0 Nc>t .section at  Section B-B, AT,. 

e Shear stresy at trunnion, T. 

PL 
A,, 

r = -  

e Miiziiniim hearing contact angle for lug ut trunnion, Qg. 

e Pin hole hearing stress, a,,. 

P L  

D d t L  + 2 tp )  
01, = 

Check Welds 

0 Longitudinal moment, M L  (wsse l  vertical). 

MI, = P1.e 

0 Section modti1ic.s of weld, .S,r. 

S,\. = jrR: 

0 Shear stress in weld due to bending nioinent, A. 
ML 

t', =s,, 

e Size of welds required, zc1 and w2. 

\VI  > thickness of end plate 

we = width of combined groove and fillet welds 

Type 3: Trunnion Only 

Vessel Vertical 

0 Longitudinal moment, Mr, ,  

0 Bending stresr in trunnion, a!, 

Vessel Horizontal 

0 Circtinzferential moment, M ,  . 

M, = PTe 

e Bending stre,v!ss in trunnion, a!, 

Check Welds 

0 Longitudinal ~ruiinent, M I ,  (cessel curtical). 

ML = Pl>e 

0 Section modulus of weld, S,, . 

S,,, = J C R ~  

e Shear .stress in weld due to hending moinent, f,. 

e Size of we1d.r required, w1 and Z G ~ .  

w1 > thickness of end plate 
wz = width of combined groove and fillet welds 

3 
> - in. f, 

F, 8 
w2 = - 
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PROCEDURE 7-9 

LOCAL LOADS IN SHELL DUE TO ERECTION FORCES 
~ 

Trunnions 

Fixed Lug Trunnion 

pT t 1 

0 Maximum longitudinal moment, M,. 

M, = PLe 

0 Maximum circumferential moment, M,. 

M, = PTe 

0 Maximum torsional moment, M T .  

MT = PTE 

0 Loads for any given liji angle, e. 

PL = 0.5P sin 8 
PT = 0.5P COS 6' 

Rotating Trunnion 

0 Maximum longitudinal nwment, M,. 

M, = PLe 

Maximum circumferential moment, M,. 

M, = PTe 

0 Loads for any given liji angle, e. 
PL = 0.5P sin 0 
PT = 0.5P COS 0 

Trunnion-No Lug 

Cable 
guide 

Trunnion + 
0 Maximum longitudinal moment, M,. 

M, = PLe 

0 Maximum circumferential moment, M,. 

M, = PTe 

0 Loads for any given lifi angle, 8. 

PL = 0.5P sin 0 
PT = 0.5P COS 8 



Transportation and Erection of Pressure Vessels 435 

Side Lugs 

PT 
A 

I I I I I I I I I  

I l l 1  I I - -  

a' n /f C.G. of E LT 

pT t I t pT 

Notes: 

1. Optional internal pipe. Remove after erection. 
2 .  Radial load, Pr, is the axial load in the internal pipe 

3. Circumferential ring stiffeners are optional at these 
stiffener if used in lieu of radial load in shell. 

elevations. 

0 Circunlferential mmtient, M, 

0 Longitudinal moment, A I , .  

M, = P1,e 

Load on weld group, f .  

, PTE f =- 
LT 

0 Radial loads, P ,  and P,, 

P, = PLe 

P, = PI, sin 4 

Top Flange Lug 

x P 

0 Loa& PT and PI.. 

PT = P cos e 
PL = P sin 0 
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a Moment onpange, M.  

M = PTB 

0 Moment on head, M.  

M = PT(B + J) 

0 Moment on vessel, M .  

M = PTG 

0 Radial load on head and nozzle = PL. 

Side Flange Lug 

Loads, PT and PL. 

PL = P COS 6 
PT = P sin 8 

Moment on flange, M.  

M = P1,B 

0 Longitudinal moment on shell, M,. 

M = PT(B + J) 

0 Radial load on shell and nozzle = PT. 
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PROCEDURE 7-10 

MISCELLANEOUS 

Upend within a vertical plane 

Rotate about a vertical axis 

Raise or lower within 
a vertical plane 

Move laterally within 
a horizontal plane 

Swing or change direction within 
a horizontal plane 

4 

Move laterally within 
a vertical plane 

t 
I 
I 
I 

Figure 7-2. Fundamental handling operations. Reprinted by permission of the Babcock and Wicox Company, a McDermott Company. 
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One-Part Line Two-Part Line Three-Part Line 

Load on rope is Load on rope is 
same as supported load one-half supported load one-third supported load 

Load on rope is 

Four-Part Line Five-Part Line 

Load on rope is 
one-foutth supported load 

Load on rope is 
one-fifth supported load 

Figure 7-3. Loads on wire rope for various sheave configurations. 
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Size 
D (in.) 

% 
76 
7/16 

Table 7-1 2 
Forged Steel Shackles 

Safe Load Tolerance Tolerance C 
(W D (min) A A Dim. B B (min) C G and G Dim. E F 

475 732 9 3 2  51/16 5/16 9/32 1% % 51/18 % ”6 

1,050 ’ 732 h2 *1/16 7/16 2YW l%6 1% f% 1 31/32 
21 

&% 1% 11/16 
29 454 1”6 1$6 1,450 k4 *1/16 % 23 42 25 

D 

% 
% 

D 

1 

1,900 44 f % 6  % 9/16 1% 1% 5% 1% l5/16 46 

2,950 9/16 11/16 f1/16 % k4 2732 2 fk 1% l9/16 

13 29 

43 

Q 

1% 

2 

Anchor Shackle Screw Pin 

21,500 1 35/4 278 f% 2 1 25/32 7 5% f% 4% 4% 

28,100 1‘732 3% *k 2% 2 %4 7% 6% =t ’/4 5% 5 

I 4  
Chain Shackle Screw Pin 

2% 

2% 

3 

36,000 21/64 3% f% 2% 2’5/64 9% 7% *% 5% 5% 

45,100 2’X4 478 5% 2% 2’732 10% 8 f% 6% 6 

64,700 2”6 5 *23 3% 2% 13 11% *% 6% 6 ’/2 
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J Clevis 

;I I 
Button-Stop 

@ Rod Eye 

Hoist-Hook 

Threaded Stud 

Swaged Closed Socket 

Figure 7-4. 
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Table 7-12 
Material Transportation and Lifting 

Material-Handling 
System Description Capacity t (tm) 

Site Transport: 
Flatbed trailers 

Extendable trailers 

Lowboy and dropdeck 

Crawler transporter 

Straddle carrier 

Rail 

Roller and track 

Plate and slide 

Air bearings or air pallets 

High line 

Chain hoist 

Hydraulic rough terrain 
cranes 

Hydraulic truck cranes 

Lattice boom truck 
cranes 

Lattice boom crawler 
cranes 

Fixed position crawler 
cranes 

Tower gantry cranes 

Guy derrick 

Lifting: 

Chicago boom 

Stiff leg derrick 

Monorail 

Jacking systems 

Bed dimension 8 x 40ft (2.4 x 72.2m)-deck height 60 in. (7524mm) used to transport materi- 
als from storage to staging area. 

Bed dimension up to 8 x 60ft ( 2 . 4 ~  78.3m)-deck height 60in. (7524mm) used to transport 
materials from storage to staging area. 

Bed dimension up to 8 X 40ft ( 2 . 4 ~  72.2m)-deck height of 24in. (670mm) used to transport 
materials from storage to staging area. 

Specially designed mechanism for handling heavy loads; Lampson crawler transporter, for an 
example of the Lampson design. 

Mobile design to transport structural steel, piping, and other assorted items; straddle carrier, for 
an example of this design. 

Track utilized to transport materials to installed location. Continuous track allows material in- 
stallation directly from delivery car. 

Steel machinery rollers located relative to component center of gravity handle the load. Rollers 
traverse the web of a channel welded to top flange of structural member below. 

Sliding steel plates. Coefficient of friction-0.4 steel on steel, 0.09 greased steel on steel, 0.04 
Teflon on steel. Sliding plate transport for movement of 1200 t (7089 fm) vessel. 

Utilizes film of air between flexible diaphragm and flat horizontal surface. Air flow 3 to 200ft3/min 
(0.007 fo 0.09m3/s). 1 Ib (4.5N) lateral force per lOOOlb (454kg) vertical load. 

Taut cable guideway anchored between two points and fitted with inverted sheave and hook. 

Chain operated geared hoist for manual load handling capability. Standard lift heights 8 to 12 ft 
(2.4 to 3.7m). 

Telescopic boom mounted on rubber tired self-propelled carrier. 

Telescopic boom mounted on rubber tired independent carrier. 

Lattice boom mounted on rubber tired independent carrier. 

Lattice boom mounted on self-propelled crawlers 

Lattice boom mounted on self-propelled crawlers and equipped with specifically designed attach- 
ments and counterweights. 

Tower mounted lattice boom gantty for operation above work site. 

Boom mounted to a mast supported by wire rope guys. Attached to existing building steel with 
load lines operated from independent hoist. Swing angle 360 deg (6.28rad). 

Boom mounted to existing structure which acts as mast, and to which is attached boom topping 
lift and pivoting boom support bracket. Load lines operated from independent hoist. Swing angle 
from 180 to 270 deg (3.74 to 4.77 rad). 

Boom attached to mast supported by two rigid diagonal legs and horizontal sills. Horizontal angle 
between each leg and sill combination ranges from 60 to 9Odeg (7.05 to 1.57rad); swing angle 
from 270 to 300deg (4.77 to 5.24 rad). 

High capacity load blocks suspended from trolleys which traverse monorail beams suspended 
from boiler support steel. Provides capability to lift and move loads within boiler cavity. 

Custom designed hydraulic or mechanical system for high capacity special lifts. 

20 (18) 

15 (74) 

60 (54) 

700 (635) 

30 (27) 

as designed 

2000 (7814) 

as designed 

75 (68) 

5 (4.5) 

25 (23) 

90 (82) 

450 (408) 

800 (726) 

2200 (7996) 

750 (680) 

230 (209) 

600 (544) 

function of 
support structure 

700 (635) 

400 (363) 

as specified 

Reprinted by permission of the Babcock and Wicox Company, a McDermott Company. 
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Notes 

1. This procedure is for the design of the vessel and the 
lifting attachments only. It is not intended to define 
rigging or crane requirements. 

2. Lifting attachments may remain on the vessel after 
erection unless there is some process- or interfer- 
ence-related issue that would necessitate their 
removal. 

3. Load and impact factors must be used for moving 
loads. It is recommended that a 25% impact factor 
and a minimum load factor of 1.5 be used. The com- 
bined load and impact factor should be 1.5-2.0. 

4. Allowable stress compression should be 0.6FY for 
structural attachments and ASME Factor “B” times 
1.33 for the vessel shell. 

5. Vessel shipping orientation should be established such 
that a line through the lifting lugs is parallel to grade if 
possible. This prevents the vessel from having to be 
“rolled” to the correct orientation for loading and off- 
loading operations. 

6. If a spreader beam is not used, the minimum sling 
angle shall be 30” from the horizontal position. At 
30”, the tension in each sling is equal to the total 
design load. Thus a load factor of 2 is mandatory for 
these cases. This requires that each lug be designed 
for the full load. 

7. Vessels should never be lifted by a nozzle or other 
small attachments unless specifically designed to do so. 

8. All local loads in vessel shell or head resulting from 
loadings imposed during erection of the vessel shall be 
analyzed using a suitable local load procedure. 

9. Tailing attachment shall be designed such that they 
may be unbolted without having to get under the load 
while it is suspended. As an alternative, the vessel 
must be set down at grade before a person can get 
under the base ring to unbolt the tailing beam. Be 

advised that the base and skirt may not be designed 
for point support if cribbing is used to build up the 
base for access. 

10. A tailing lug, as opposed to a tailing beam, allows the 
load to be disconnected from the vessel without a 
person’s getting under a suspended load to unhook. 

11. This procedure assumes that the pin diameter is no 
less than 1/16 in. less than the hole diameter. If the pin 
diameter is greater than %6 in. smaller than the hole 
diameter, then the bearing stresses in the lug at the 
contact point are increased dramatically due to the 
stress concentration effect. 

12. Internal struts in the skirt or base plate are required 
only if the basehkirt configuration is overstressed. 

13. If bearing or shear stresses are exceeded in the lug, 
add pad eyes. 

14. Trunnions may be used as tailing devices as long as 
the resulting local loads in the skirt are analyzed. 

15. Do not use less than Schedule 40 pipe for 
trunnions. 

16. Specific notes for trunnions: 

a. Type 1, futed lug: Normal use but generally for 
small to medium vessels (less than I00 tons). 

b. Type 2, rotating lug: Best use is when multiple 
vessels are to be lifted with the same lug. The 
lug may be removed by removing the end plate 
and sliding the lug off. Then the lug is reinstalled 
on the next vessel. For heavier loads, an internal 
sleeve should be attached to the lug to increase 
the bearing area on the trunnion. 

c. Type 3, trunnion only: No size limitation or weight 
limitation. The cable and trunnions should be 
lubricated prior to lifting to prevent the cables 
from binding. The bend radius of the cables may 
govern the diameter of the trunnion. Check with 
erection contractor. 
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APPENDIX A 

GUIDE TO ASME SECTION VIII. DIVISION 1 

ections UG-44. A m  2 and Y 

Spherically dished covers, UG.ll.35. UCI-35 UCD.35. Appx. Id 

Protective devices. UG-125 10 136 mcl.. Appx 11, Appx. M - 1. "C'weldediomt, UW-2.3.11.16. UNF-19. UHT-17. ULW-17. ULT-17 

Lap joint (L loose type Range. UG-11, 44, Apw. 2, Mpx.  S. Y- ..... 

Nozzle neck, UG-11.16 43.45. UW-13.15. UHT-18. ULW-18. ULT.18 -. type node.  cat, D'. 
3. 11. 16. UHT-17. 18 Non-pressure parls, UG.4.22. 54, 55.82 UW-27, 

26.29. UHT-85, ULW-22, ULT-30 Ellipsoidal heads, UG-16,61, UCS-79 
Internal pres.. UG-32, UHT-32, Appx 1, Appx kl__ 
Externai pres, UG-33, UHT.33, Appx L-6 

,"Hemispherical head, UG.16.81. UCS-79, UHT-34 
' , / Internal pres., UG-32, UHT-32. Appx 1 

External pres., UG-33. UHA-31. UHT-33. Appx. L 
Head skirt, UG-32.33, UW-13. UHT-19 

Unequal thickness. UW-9.13.33.42, Urn-34 

Nuts &washers, UG-13. UCS-11, UNF-13. UHA-13. Appx 2-2 

tiffenlng rings, UG-29,30, UCS-29. UNFBO, 

Side plates. renangularvessels. UW-13. Appx. 13 
Cwrosion, UG-16. UG-25. UFPS, UGS-25, NF-13. UHA-6. UCL-25, 

-Opening in flat heads, UG-39 

Junction weld, UW-9 Cornerloinls. UG.93. UW-9.13. 18 

Bellows-type expansion joints, Appx 26 .. . 
type attachment (ioggle Iotnl) 

Ining a long seam. UW-l3(bI 

Welded stayed construclion, UG-47, UW-19.3 

Stayed surfaces. UG-27 47 

Telltale h o b  lor corrosion. UG-25. UCL-25. ULW-76 

Suppolt Sktrt. UG-5.22.54. UHT-85, ULW-22, ULT-30. Appx. G - 

'Conical heads, UHT-19 
'-- Internal prs.. UG-32. UHT-32. Appx. 1-4.5 

External pres, UG-33. UHT-33. ADPX L-6 

Conical shell reducer UG-32.33.36, UHT-19. Appx. 1-5 

**, 

Studded COnneCtions UG-12. UG-43.44, UW- '\Small weldedllnlngs, UG-43, UW.15, 16 

Optional type llanoe, UG-14.44. UW-13. Appx 2, S. Y, 

Boned fbnge, rl!lQ gasket. AppX. 2, Y 

Threaded Openings, UG-36.43.46 

Head attachment. UW-12.13, UHT-34, ULW-17 

Filletwelds. UW-9,12.13,18,36. UCL46 

Inspeclion openings, UG-46 

Figure continued on next page 

443 
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- _r 

6 Vesse(Name 
7 EquipmentfltemNumber 
8 D9S@Code6Addenda 
0 De6lgnPressure6T~rature 

10 operetlng Pressure 6 Temperature 
11 VessdDlatlmter 
12 Wume 
13 D-dgnLiquMLevel 
14 Contents 6 specific Gravity 

16 MAW (Cmosion at Design Tempemturn) 
17 MAP(N6C) 
18 mpcessures 
19 Heattrentment 
20 Jointefficiencies 

15 % N h  

Organization of Section VIII, Div. 1 
Introduction-Scope and Applicability 
Subsection A-part UG-General requirements 

Subsection B-Requirements for method of fabrication 
for ail construction and all materials. 

Part UW-Welding 
Part UF-Forging 
Part UB4razing 

Pall U C S 4 r b o n  and low alloy steels 
Pall UNF4onferrous materials 
Part UHA-High alloy steels 
Part UCI-Cast iron 
Part U C L X l a d  plate and corrosion resistant liners 
Part U C M a s t  ductile iron 
Part UHT-Ferritic steels with tensile properties 

Part ULW-Layered construction 

Part ULT-Low Temperature Materials 
Mandatory appendices-lthrough 29 
Nonmandatory appendices-A through Y, AA, CC, 
DD. EE 

Subsection &Requirements for classes of material. 

enhanced by heat treatment 

I 

Internal External I 

Limited by I 

shop Field 

Shell 

Quality Control System U-2, Appx. 10 
Material-General UG-4, 10, 11, 15, Appx. B 

(a) Plate 
(b) Forgings 
(c) Castings 
(d) Pipe 8 Tubes 
(e) Welding 
(9 Bolts & Studs 
(g) Nuts &Washes 
(h) Rods & Bars 
(i) Standard Parts 

Design Temperature 
Design Pressure 
Loadings 
Stress-Max. Allowable 
Manufacturer's Responsibility 
Inspector's Responsibility 
User's Responsibility 

UG-5 
UG-6 
UG-7 
UG-6 
UG-9 

UG-12 
UG-13 
UG-14 

UG-1 t , 44 
UG-20 

UG-21, UG-98 
UG-22, Appx. G 

UG-23 
U-2, UG-90 
U-2, UG-90 

u-2 

General Notes  
Pressure Tests 
Low Temperature Service 
Quick Actuating Closures 
Service Restrictions 
Nameplates. Stamping & Reports 

UG-99, 100, 101, UW-50, UCI-99, UCD-99 
UW-2, Part ULT 

U-1, UG-35, ULT-2 
UW-2, UB-3, UCLB, UCD-2 

UG-115 to 120 
UHT-115, ULW-115, ULT-115, Appx. W 

Non-Destructive Examination 
(a) Radigraphy 
(b) Ultrasonic 
(c) Magnetic Particle 
(d) Liquid Penetrant 

Porosity Charts 
Code Jurisdiction Over Piping 
Material Tolerances 

Material Identification, Marking 

Dimpled or Embossed Assemblies 
and Certification 

UW-51, 52 
Appx. 12 
Appx. 6 
Appx. 8 
Appx. 4 

u-I 
UG-16 

UG-77, 93, 94 

Appx. 17 

Courtesy OF HarVord Seam Boiler Inspection and Insumme Company 

APPENDIX B 

DESIGN DATA SHEET FOR VESSELS 

1 Cwtomerlclient 
2 cwtomerordecNo. 
3 ShopOrderNo. 
4 DeaignDrawing 
5 SDedftCatbna 
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APPENDIX C 

JOINT EFFICIENCIES (ASME CODE) [3] 

Category D-butt 
Category 0-corner joint 
or groove joint 

Category 6-butt weld, Category C Joints 
?e I ~~ ~~ r, 

Butt Fillet Groove 

Figure C-1. Categories of welded joints in a pressure vessel. 

Table Gl 
Types of Joints and Joint Efficiencies 

X-Ray 
vpes of Joints Full Spot None 

X-Ray 
-pes of Joints Full Spot None 

~~ ~~~ ~~ ~~ 

Single- and Double full ’ double-butt 1.0 0.85 0.7 fillet lap - - 0.55 
joint 

Single full 

with plugs 

Single full 

joint 

0.5 - fillet lap - 

joints 

Sing le -b u tt 

ing strip 5 - %  
2 jointwith back- 0.9 0.8 0.65 

- fillet lap - - 0.45 0.6 3 $;Zt - 
backing strip 
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Table C-2 
Application of Joint Efficiencies 

Full 1 Cat. A and E 

Cat. A only 

spot IT 

E-p- Cat. A and F 

Case 1 

Seamless Head 
Seamless Shell 

Shell + 
0.85 0.85 

Case 2 

Seamless Head 
Welded Shell 

Shell 

0.85 

Notes 

1. In Table C-2 joint efficiencies and allowable stresses 
for shells are for longitudinal seams only and all joints 
are assumed as Type 1 only. 

2. “Part” radiography: Applies to vessels not fully radio- 
graphed where the designer wishes to apply a joint 
efficiency of 1.0 per ASME Code, Table UW-12, for 
only a specific part of a vessel. Specifically for any 
part to meet this requirement, you must perform 
the following: 

(ASME Code, Section UW(5)): Fully X-ray any 
Category A or D butt welds. 

Welded Head Welded Head 

Head Shell Head Shell 

1 .o 1 .o 1 .o 1 .o 
0.85 0.85 0.85 0.85 

0.85 1 .o 
1 .o 1 .o 1 .o 1 .o 

- - 

0.7 0.85 0.7 0.7 

e (ASME Code, Section vW-ll(S)(b)): Spot x-ray any 

e (ASME Code, Section UW-l1(5)(a)): All butt joints 

3. Any Category B or C butt weld in a nozzle or com- 
municating chamber of a vessel or vessel part which is 
to have a joint efficiency of 1.0 and exceeds either 
1O-in. nominal pipe size or 1% in. in wall thickness 
shall be fully radiographed. See ASME Code, Sections 
UW- 11( a)(4). 

4. In order to have a joint efficiency of 1.0 for a seamless 
part, the Category B seam attaching the part must, as 
a minimum, be spot examined. 

Category B or C butt welds attaching the part. 

must be Type 1 or 2. 
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APPENDIX D 

PROPERTIES OF HEADS 

Figure D-1. Dimensions of heads. 

Formulas 

D - 2r 
2 

a=- 

B = 9 0 - a  
b = c o s a r  
c = L - cos CY L 
e = sincrL 
6 p = -  B 

e 

Volume 
_______~ 

V1 = (frustum) = 0.333blr(e2 + ea + a2) 
2 c  Vz = (spherical segment) = r c  (L - -) 

3 

173 = (solid of revolution) = 
1201-3~~ sin 4 cos c j  + a4212 

90 
TOTAL VOLUME: l7 = VI + Vz + V, 

Depth of Head 

A = L - r  
B = R - r  

d = L - d n  

Table D-1 
Partial Volumes 

TYPE Volume to Ht Volume to Hb Volume to h 

rrh'(1 .5D - h) 
HEMI 

4 6 

Table D-2 
General Data 

C.G.-m Points on heads 

Surf. Area Volume Empty Full Depth of head4 X =  Y =  Type 

HEM! JrO'I2 2 0.2878D 0.375D 0.5D m m x  
2:l S.E. 1.084D' rrD3/24 0.14390 0.1875D 0.25D 0 . 5 d m  0.25- 
100%-6% F & D 0.9286D' 0.0847D3 0.100D 0.162D 
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APPENDIX E 

VOLUMES AND SURFACE AREAS OF VESSEL SECTIONS 

~ ~ 

Notation 

e= height of cone, depth of head, or length of cylinder 
a= one-half apex angle of cone 
D= large diameter of cone, diameter of head or cylin- 

der 
R= radius 
r= knuckle radius of F & D head 
L=crown radius of F & D head 
h= partial depth of horizontal cylinder 

K, C= coefficients 
d= small diameter of truncated cone 
V= volume 

. = / I - -  e2 

R2 

R - h  
R 

8 = arccos - 

1 
or 

V = nR2Cc (See Table E-3 for values of c.) 

Figure E-1. Formulas for partial volumes of a horizontal cylinder. 

Table E-1 
Volumes and Surface Areas of Vessel Sections 

Section Volume Surface Area 

Sphere 

Hemi-head 

2 1  S.E. head 

Ellipsoidal head 

1 O W O %  
F & D head 

F & D head 

Cone 

Truncated cone 

30" Truncated cone 

Cylinder 

nD3 
6 
- irD2 

nD3 
12 
- 

nD3 
24 
- 

nD'e __ 
6 

0.06467D3 

2 r r ~ 3 ~  __ 
3 

rr l(D2 + Dd + d2) 
12 

0.227(D3 - d3) 

XD2 - 
2 

1 .084D2 

ne2 1 + e  
2xR2 + - In - 

e 1 - e  

0.9286D' 

7rDt 
2 cos a 

1 .57(D2 - d2) 

nDe 
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20,000 
19,000 
18,000 
17,000 
16,000 
15,000 
14,000 
13,000 

12,000 
11,000 
10,000 

9,000 

8,000 

7,000 

6,000 

5,000 

4,000 

3,000 

2,000 

1,000 

0 
m b m c u 7 0  m m L (D ~n m 
7 7 7 7  T- 7 

0 cu o m 0  M 0 LD m - t v  m m r\l 

Vessel Length, ft (Tangent to Tangent) 

Figure E-2. Volume of vessels (includes shell plus (2) 2:l S.E. Heads). 



450 Pressure Vessel Design Manual 

2000 

1500 

1000 
900 

800 

700 

600 

500 

200 

150 

1 00 
90 
80 

70 

60 

50 

40 
30 25 20 15 1 0 9 8  7 6 5 4 3 

Vessel Length, ft (Tangent to Tangent) 

Figure E-3. Surface area of vessels (includes shell plus (2) 2:l S.E. Heads). 
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7 VA 

T. L. 

Dimensions 

D =  
a =  
R =  
r =  
X =  

C Y =  

Le = s i n a R  = 

L3 = tan- (r) = 
2 

L, = x - L z - L 3 =  
DI = D - 2(R - RCOSCX) = 

Dz = D - 2 R  = 

CY 

Figure E-4. Volume of a Toriconical Transition 

Volumes 

- - 
120R3n sin(a/2) cos(a/2) + .25D2R2(a/2) 

90 
v3 = 
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Full Volume, V 

~ D * L  
Cylinder 

- 
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Figure E-5. Partial volumes of horizontal vessels. 

Table E-2 
Formulas for Full and Partial Volumes 
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Table E-3 
Partial Volumes in Horizontal Cylinders 

HID 

0.00 
0.01 
0.02 
0.03 
0.04 

0.05 
0.06 
0.07 
0.08 
0.09 

0.10 
0.1 1 
0.12 
0.13 
0.14 

0.15 
0.16 
0.17 
0.18 
0.19 

0.20 
0.21 
0.22 
0.23 
0.24 

0.25 
0.26 
0.27 
0.28 
0.29 

0.30 
0.31 
0.32 
0.33 
0.34 

0.35 
0.36 
0.37 
0.38 
0.39 

0.40 
0.41 
0.42 
0.43 
0.44 

Partial volume in height (H)=cylindrical coefficient for H/D x total volume 

~ L D ~  Total volume = - 
4 

COEFFICIENTS FOR PARTIAL VOLUMES OF HORIZONTAL CYLINDERS, C 

0 

0.000000 
0.001 692 
0.004773 
0.008742 
0.013417 

0.018692 
0.024496 
0.030772 
0.37478 
0.044579 

0.052044 
0.059850 
0.067972 
0.076393 
0.085094 

0.09406 1 
0.103275 
0.1 12728 
0.122403 
0.132290 

0.142378 
0.152659 
0.163120 
0.1 73753 
0.184550 

0.195501 
0.206600 
0.217839 
0.229209 
0.240703 

0.252315 
0.264039 
0.275869 
0.287795 
0.299814 

0.311918 
0.324104 
0.336363 
0.348690 
0.361 082 

0.373530 
0.386030 
0.398577 
0.41 1165 
0.423788 

1 

0.000053 
0.001952 
0.0051 34 
0.009179 
0.013919 

0.01 9250 
0.025103 
0.031424 
0.0381 71 
0.045310 

0.05281 0 
0.060648 
0.068802 
0.077251 
0.085979 

0.094971 
0.104211 
0.1 13686 
0.123382 
0.1 33291 

0.143308 
0.153697 
0.164176 
0.174825 
0.1 85639 

0.196604 
0.207718 
0.218970 
0.230352 
0.241859 

0.253483 
0.265218 
0.277058 
0.288992 
0.301021 

0.31 31 34 
0.325326 
0.337593 
0.349920 
0.362325 

0.374778 
0.387283 
0.399834 
0.412426 
0.425052 

2 

0.000151 
0.002223 
0.005503 
0.009625 
0.014427 

0.01 981 3 
0.02571 5 
0.032081 
0.038867 
0.046043 

0.053579 
0.061449 
0.069633 
0.0781 12 
0.086866 

0.095884 
0.1051 47 
0.1 14646 
0.124364 
0.134292 

0.14441 9 
0.154737 
0.165233 
0.175900 
0.180729 

0.1 97709 
0.208837 
0.220102 
0.231408 
0.243016 

0.254652 
0.266397 
0.278247 
0.200191 
0.302228 

0.314350 
0.326550 
0.338823 
0.351 164 
0.363568 

0.376026 
0.388537 
0.401 092 
0.413687 
0.426316 

3 

0.000279 
0.002507 
0.005881 
0.01 0076 
0.01 4940 

0.020382 
0.026331 
0.032740 
0.039569 
0.046782 

0.054351 
0.062253 
0.070469 
0.078975 
0.087756 

0.096799 
0.106087 
0.1 15607 
0.125347 
0.135296 

0.145443 
0.155779 
0.166292 
0.176976 
0.187820 

0.198814 
0.209957 
0.221235 
0.232644 
0.244173 

0.255822 
0.267578 
0.279437 
0.291 300 
0.303438 

0.31 5566 
0.327774 
0.340054 
0.352402 
0.36481 1 

0.377275 
0.389790 
0.402350 
0.414949 
0.427582 

4 

0.000429 
0.002800 
0.006267 
0.010534 
0.015459 

0.020955 
0.026952 
0.033405 
0.040273 
0.047523 

0.055126 
0.063062 
0.071 307 
0.079841 
0.088650 

0.09771 7 
0.107029 
0.1 16572 
0.126333 
0.1 36302 

0.146468 
0.156822 
0.167353 
0.178053 
0.1 8891 2 

0.199922 
0.21 1079 
0.222371 
0.233791 
0.245333 

0.256992 
0.268760 
0.280627 
0.292591 
0.304646 

0.316783 
0.328999 
0.341286 
0.353640 
0.366056 

0.378524 
0.391044 
0.403608 
0.41621 1 
0.428846 

5 

0.000600 
0.003104 
0.006660 
0.01 0999 
0.015985 

0.021533 
0.027578 
0.034073 
0.04098 1 
0.048268 

0.055905 
0.063872 
0.0721 47 
0.080709 
0.089545 

0.098638 
0.107973 
0.1 17538 
0.127321 
0.1 3731 0 

0.147494 
0.157867 
0.1 6841 6 
0.179131 
0.190007 

0.201031 
0.212202 
0.223507 
0.234941 
0.246494 

0.2581 65 
0.269942 
0.281 820 
0.293793 
0.305857 

0.318001 
0.330225 
0.342519 
0.354879 
0.367300 

0.379774 
0.392298 
0.404866 
0.417473 
0.4301 12 

6 

0.000788 
0.00341 9 
0.007061 
0.01 1470 
0.016515 

0.0221 15 
0.028208 
0.034747 
0.041 694 
0.0490 1 7 

0.56688 
0.064687 
0.72991 
0.081 581 
0.090443 

0.099560 
0.108920 
0.1 18506 
0.12831 0 
0.138320 

0.148524 
0.1 5891 5 
0.169480 
0.18021 2 
0.191102 

0.202141 
0.213326 
0.224645 
0.236091 
0.247655 

0.259338 
0.271 126 
0.283013 
0.294995 
0.307068 

0.319219 
0.331451 
0.343751 
0.3561 19 
0.368545 

0.381 024 
0.393553 
0.4061 25 
0.418736 
0.431 378 

7 

0.000992 
0.003743 
0.007470 
0.01 1947 
0.017052 

0.022703 
0.028842 
0.035423 
0.042410 
0.049768 

0.057474 
0.065503 
0.073836 
0.082456 
0.091343 

0.100486 
0.109869 
0.1 1 9477 
0.129302 
0.1 39332 

0.149554 
0.159963 
0.170546 
0.1 81 294 
0.192200 

0.203253 
0.214453 
0.225783 
0.237242 
0.248819 

0.260512 
0.27231 0 
0.284207 
0.296198 
0.308280 

0.320439 
0.332678 
0.344985 
0.357359 
0.369790 

0.382274 
0.394808 
0.407384 
0.41 9998 
0.432645 

8 

0.001212 
0.004077 
0.007886 
0.012432 
0.017593 

0.023296 
0.029481 
0.0361 04 
0.0431 29 
0.050524 

0.058262 
0.066323 
0.074686 
0.083332 
0.092246 

0.101414 
0.1 10820 
0.120450 
0.130296 
0.140345 

0.150587 
0.1 61 01 3 
0.1 71613 
0.1 82378 
0.193299 

0.204368 
0.215580 
0.226924 
0.238395 
0.249983 

0.261 687 
0.273495 
0.285401 
0.297403 
0.309492 

0.321660 
0.333905 
0.346220 
0.358599 
0.371036 

0.383526 
0.396063 
0.408645 
0.421 261 
0.43391 1 

9 

0.001445 
0.00442 1 
0.00831 0 
0.012920 
0.018141 

0.023894 
0.030124 
0.036789 
0.043852 
0.051283 

0.059054 
0.067147 
0.075539 
0.084212 
0.093153 

0.1 02343 
0.1 11 773 
0.121425 
0.1 31 292 
0.141361 

0.1 51 622 
0.162066 
0.172682 
0.183463 
0.194400 

0.205483 
0.216708 
0.228065 
0.239548 
0.251 148 

0.262863 
0.274682 
0.286598 
0.298605 
0.310705 

0.322881 
0.335134 
0.347455 
0.359840 
0.372282 

0.384778 
0.397320 
0.409904 
0.422525 
0.435178 

Continued 
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H/D 

0.45 
0.46 
0.47 
0.48 
0.49 
0.50 
0.51 
0.52 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.61 
0.62 
0.63 
0.64 
0.65 
0.66 
0.67 
0.68 
0.69 
0.70 
0.71 
0.72 
0.73 
0.74 
0.75 
0.76 
0.77 
0.78 
0.79 
0.80 
0.81 
0.82 
0.83 
0.84 
0.85 
0.86 
0.87 
0.88 
0.89 
0.90 
0.91 
0.92 
0.93 
0.94 
0.95 
0.96 
0.97 
0.98 
0.99 
1 .oo 

0 

0.436445 
0.449125 
0.461 825 
0.47454 1 
0.487269 
0.500000 
0.512731 
0.525459 
0.538175 
0.550875 
0.563555 
0.57621 2 
0.588835 
0.601 423 
0.61 3970 
0.626470 
0.638918 
0.651310 
0.663637 
0.675896 
0.688082 
0.7001 86 
0.712205 
0.724131 
0.73596 1 
0.747685 
0.759297 
0.770791 
0.782161 
0.793400 
0.804499 
0.815450 
0.826247 
0.836880 
0.847341 
0.857622 
0.86771 0 
0.877597 
0.887272 
0.896725 
0.905939 
0.914906 
0.923607 
0.932028 
0.9401 50 
0.947956 
0.95542 1 
0.962522 
0.969228 
0.975504 
0.981308 
0.986583 
0.991 258 
0.995227 
0.998308 
1 .oooooo 

Table E-3 
Continued 

COEFFICIENTS FOR PARTIAL VOLUMES OF HORIZONTAL CYLINDERS, C 

1 

0.43771 2 
0.450394 
0.463096 
0.475814 
0.488542 
0.501 274 
0.51 4005 
0.526731 
0.539446 
0.5521 43 
0.564822 
0.577475 
0.590096 
0.602680 
0.61 5222 
0.62771 8 
0.640160 
0.652545 
0.664866 
0.6771 19 
0.689295 
0.701 392 
0.713402 
0.72531 8 
0.737137 
0.748852 
0.760452 
0.77 1 935 
0.783292 
0.794517 
0.805600 
0.81 6537 
0.827318 
0.837934 
0.848378 
0.858639 
0.868708 
0.878575 
0.888227 
0.897657 
0.906847 
0.915788 
0.92446 1 
0.932853 
0.940946 
0.94871 7 
0.9561 48 
0.96321 1 
0.969876 
0.976106 
0.981859 
0.987080 
0.991690 
0.995579 
0.998555 

2 

0.438979 
0.451 663 
0.464367 
0.477086 
0.489814 
0.502548 
0.515278 
0.528003 
0.540717 
0.55341 3 
0.566089 
0.578739 
0.591 355 
0.603937 
0.61 6474 
0.628964 
0.641401 
0.653780 
0.666095 
0.678340 
0.690508 
0.702597 
0.714599 
0.726505 
0.738313 
0.75001 7 
0.761 605 
0.773076 
0.784420 
0.795632 
0.806701 
0.817622 
0.828387 
0.838987 
0.84941 3 
0.859655 
0.869704 
0.879550 
0.889180 
0.808586 
0.907754 
0.91 6668 
0.925314 
0.933677 

0.949476 
0.956871 
0.963896 
0.970519 
0.976704 
0.982407 
0.987568 
0.9921 14 
0.995923 
0.998788 

0.941 738 

3 

0.440246 
0.452932 
0.465638 
0.478358 
0.491087 
0.50382 1 
0.516551 
0.529275 
0.541 988 
0.554682 
0.567355 
0.580002 
0.592616 
0.605192 
0.617726 
0.630210 
0.64264 1 
0.65501 5 
0.667322 
0.679561 
0.691720 
0.703802 
0.715793 
0.727690 
0.739488 
0.751 181 
0.762758 
0.77421 7 
0.785547 
0.796747 
0.807800 
0.81 8706 
0.829454 
0.840037 
0.850446 
0.860668 
0.870698 
0.880523 
0.8901 31 
0.899514 
0.908657 
0.91 7544 
0.926164 
0.934497 
0.942526 
0.950232 
0.957590 
0.964577 
0.971 158 
0.977297 
0.982948 
0.988053 
0.992530 
0.996257 
0.999008 

4 

0.441514 
0.454201 
0.466910 
0.47963 1 
0.492360 
0.505094 
0.517824 
0.530547 
0.543259 
0.555950 
0.568622 
0.581 264 
0.593875 
0.606447 
0.61 8976 
0.631 455 
0.64388 1 
0.656249 
0.668549 
0.680781 
0.692932 
0.705005 
0.71 6987 
0.728874 
0.740662 
0.752345 
0.763909 
0.775355 
0.786674 
0.797859 
0.808898 
0.819788 
0.830520 
0.841085 
0.851 476 
0.861680 
0.871690 
0.881 494 
0.891 080 
0.900440 
0.909557 
0.918410 
0.927000 
0.93531 3 
0.943312 
0.950983 
0.958306 
0.9665253 
0.971792 
0.977885 
0.983485 
0.988530 
0.992939 
0.996581 
0.999212 

5 

0.442782 
0.455472 
0.468 1 82 
0.480903 
0.493633 
0.506367 
0.519097 
0.531818 
0.544528 
0.55721 8 
0.569888 
0.582527 
0.595134 
0.607702 
0.620226 
0.632700 
0.645121 
0.657481 
0.669775 
0.681999 
0.694143 
0.706207 
0.71 81 80 
0.730058 
0.741835 
0.753506 
0.765059 
0.776493 
0.787798 
0.798969 
0.809993 
0.820869 
0.831 584 
0.842133 
0.852506 
0.862690 
0.872679 
0.882462 
0.892027 
0.901 362 
0.910455 
0.91 9291 
0.927853 
0.936128 
0.044095 
0.951 732 
0.959019 
0.965927 
0.972422 
0.978467 
0.98401 5 
0.989001 
0.993340 
0.996896 
0.999400 

6 

0.444050 
0.456741 
0.469453 
0.4821 76 
0.494906 
0.507640 
0.520369 
0.533090 
0.545799 
0.558486 
0.571 154 
0.583789 
0.596392 
0.608956 
0.621 476 
0.633944 
0.646360 
0.65871 4 
0.671 001 
0.683217 
0.695354 
0.707409 
0.719373 
0.731 240 
0.743008 
0.754667 
0.766209 
0.777629 
0.78892 1 
0.800078 
0.81 1088 
0.821947 
0.832647 
0.8431 78 
0.853532 
0.863698 
0.873667 
0.883428 
0.892971 
0.902283 
0.91 1350 
0.9201 59 
0.928693 
0.936938 
0.944874 
0.952477 
0.959757 
0.966595 
0.973048 
0.979045 
0.984541 
0.989466 
0.993733 
0.997200 
0.999571 

7 

0.445318 
0.45801 2 
0.470725 
0.483449 
0.4961 79 
0.508913 
0.521 642 
0.534362 
0.547008 
0.559754 
0.57241 8 
0.585051 
0.597650 
0.610210 
0.622725 
0.635189 
0.647598 
0.659946 
0.672226 
0.684434 
0.696562 
0.708610 
0.720563 
0.732422 
0.744178 
0.755827 
0.767356 
0.778765 
0.790043 
0.801 186 
0.812180 
0.823024 
0.833708 
0.844221 
0.854557 
0.864704 
0.874653 
0.884393 
0.89391 3 
0.903201 
0.91 2244 
0.921025 
0.929531 
0.937747 
0.945649 
0.95321 8 
0.960431 
0.967260 
0.973669 
0.9796 1 8 
0.985060 
0.989924 
0.9941 19 
0.997493 
0.999721 

8 

0.446587 
0.459283 
0.471997 
0.484722 
0.497452 
0.510186 
0.52291 4 
0.535633 
0.548337 
0.561021 
0.573684 
0.58631 3 
0.598908 
0.61 1463 
0.623974 
0.636432 
0.648836 
0.661 177 
0.673450 
0.685650 
0.697772 
0.709809 
0.721 753 
0.733603 
0.745348 
0.756984 
0.768502 
0.779898 
0.791 163 
0.802291 
0.813271 
0.824100 
0.834767 
0.845263 
0.85558 1 
0.865708 
0.875636 
0.885354 
0.894853 
0.9041 16 
0.913134 
0.921888 
0.930367 
0.93855 1 
0.946421 
0.953957 
0.961 133 
0.967919 
0.974285 
0.9801 87 
0.985573 
0.990375 
0.994497 
0.997777 
0.999849 

9 

0.447857 
0.460554 
0.473269 
0.485995 
0.498726 
0.51 1458 
0.524186 
0.536904 
0.549606 
0.562288 
0.574948 
0.587574 
0.6001 66 
0.61 271 7 
0.625222 
0.637675 
0.650074 
0.662407 
0.674674 
0.686866 
0.698979 
0.71 1008 
0.722942 
0.734782 
0.746517 
0.758141 
0.769648 
0.781030 
0.792282 
0.803396 
0.81 4361 
0.8251 75 
0.835824 
0.846303 
0.856602 
0.866709 
0.87661 8 
0.886314 
0.895789 
0.905029 
0.91 4021 
0.922749 
0.931 198 
0.939352 
0.947190 
0.954690 
0.961829 
0.968579 
0.974897 
0.980750 
0.986081 
0.990821 
0.994866 
0.998048 
0.999047 

Reprinted by permission of AISI, Committee of Steel Plate Producers and Steel Plate Fabricators Association, Inc. from Steel Plate Engineering Data, Volume 2 
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APPENDIX F 

VESSEL NOMENCLATURE 

Types of Vessels 

Shop-Fabricated Pressure Vessels 

1. Process vessels 
a. Trayed columns 
b. Reactors 
c. Packed columns 

a. Horizontal 
b. Vertical 

3. Storage vessels 
a. Bullets 
b. Spheres 

2.  Drums and miscellaneous vessels 

Field-Fabricated Pressure Vessels 

0 Any of the above listed vessels can be field fabricated; 
however, normally only those vessels that are too large 
to transport in one piece are field fabricated. 

0 Although it is significantly more expensive to field fabri- 
cate a vessel, the total installed cost may be cheaper than a 
shop fab that is erected in a single piece due to the cost of 
transportation and erection. 

0 There are always portions of field fab vessels that are shop 
fabricated. These can be as small as nozzle assemblies or 
as large as major vessel portions. 

Classification of Vessels 

Function: Type of vessel, i.e., reactor, accumulator, 
column, or drum 
Material: Steel, cast iron, aluminum, etc. 
Fabrication Method: Fielashop fabricated, welded, cast 
forged, multi-layered, etc. 
Geometry: Cylindrical, spherical, conical, etc. 
Pressure: Internal, external, atmospheric 
Heating Method: Fired or unfired 
Orientation: Vertical, horizontal, sloped 
Installation: Fixed, portable, temporary 
Wall Thickness: Thidthick walled 
Example: Vertical, unfired, cylindrical, stainless steel, 
heavy-walled, welded reactor for internal pressure 

Vessel Parts 

Vessel Heads (End Closures) 

1. Types 
a. Hemi 
b. Elliptical 
c. Torispherical (flanged and dished) 
d. Conical, toriconical 
e. Flat (bolted or welded) 
f. Misc. (flanged and flued) 
g. Spherically dished covers 
h. 

a. Pressed 
b. Spun 
c. Bumped 
d. Forged 
e. Hot or cold formed 

a. Knuckle radius 
b. Crown radius 
c. Dished portion 
d. Straight flange 

Closures (T-bolt, finger pin, quick opening) 
2. Types of manufacture 

3.  Terminology 

Vessel Supports 

1. Types 
a. Skirt (straight or conicaI) 
b. Legs (braced or unbraced) 
c. Saddles (attached or loose) 
d. Rings 
e. Lugs 
f. Combination (lugs and legs, rings and legs, rings 

and skirt) 

Nozzles 

1. Types 
a. Integrally reinforced 
b. Built-up construction 
c. Pad type (studding outlet) 
d. Sight glasses 
e. Elliptical manways 
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2. Types of service 
a. Manways 
b. Inspection openings 
c. PSV 
e. Instrument connections 
d. Vents 
f. Drains 
g. Process connections 

Flanges 

1. Types 
a. Slip on 
b. 
c. Lap joint 
d. Blind 
e. Screwed 
f. Plate flanges 
g. Studding outlets 
h. Reverse-type flange 
i. Reducing flange 
j .  Graylock hub connector 
k. Socket weld 

a. Flat face 
b. Raised face 
c. Finish (smooth, standard, serrated) 
d. Ring joint 
e. Tongue and groove 
f. Male and female 

Weld neck, long weld neck 

2. Flange Facing 

Gaskets 

1. Types 
a. Ring, nonasbestos sheet 
b. Flat metal 
c. Spiral wound 
d. Metal jacketed 
e. Corrugated metal 
f. Rings (hexagonal or oval) 
g. 

h. Elastomeric (rubber, cork, etc.) 

Yielding metal gaskets (lens ring, delta ring, rec- 
tangular ring) 

Internals 

1. Types 
a. Trays, seal pans 
b. Piping distributors 
c. Baffles 
d. Demisters 
e. Packing 
f. Liquid distributors 
g. Vortex breakers 
h. Bed supports 
i. Coils 

Skirt 
Bolt Chair 

Figure F-1. Typical trayed column. 
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Glossary of Vessels Parts 

Anchor Bolt Chairs: Gussets and plates welded to base 
plate and skirt to provide for anchor bolt attachment. 

Anchor Bolts: Bolts embedded in concrete foundation and 
bolted to vessel anchor bolt chairs. 

Base Plate: Flat plate welded to the bottom of vessel sup- 
ports and bearing on the foundation. 

Chimney Tray: A tray composed of chimneys extending 
above the liquid level of the tray, permitting passage of 
the vapors upward. The tray collects and removes all 
liquid product from a specific portion of the vessel. 

Column Davit: A hoisting device attached by means of 
a socket to the top of fractionation columns. Used for 
handling relief valves, bubble trays, bubble caps, etc. 

Conical Head: Head formed in the shape of a cone. 
Coupling: A fitting welded into the vessel to which the 

piping is connected either by screwing or welding. This 
type of fitting is generally used for pipe sizes 1% in. and 
smaller. 

Distributor Tray: A perforated tray that provides equal 
distribution of liquid over the vessel area. Risers on the 
tray extend above the liquid level to permit passage of 
vapors rising upward. 

Downcomers: Rectangular flat plates bolted, welded or 
clamped to shell and trays inside of fractionation columns. 
Used to direct process liquid and to prevent bypassing of 
vapor. 

Flanged and Dished (Torispherical) Head: Head formed 
using two radii, one radius called crown radius, and 
another called knuckle radius, which is tangent to both 
the crown radius and the shell. 

Flanges (or Pipe Flanges): Fittings used to connect pipes 
by bolting flanges together. 

Flat Head (or Cover Plate): Flat plate welded or bolted to 
the end of a shell. 

Fractionating Trays: Circular flat plates bolted, welded or 
clamped to rings on the inside of fractionation columns. 
Used to obtain vapor liquid contact, which results in frac- 
tionation. 

Head: The end closure of a vessel. 
Hemispherical Head: Head formed in the shape of a half 

sphere. 
Insulation Rings: Rings made of flat bar or angle attached 

around the girth (circumference) of vertical vessels. Used 
to support the weight of the vessel insulation. 

Ladders and Cages: Rung-type ladders with cages built of 
structural shapes to prevent a man from falling when 
climbing the ladder. Bolted to and supported by clips on 
the outside of the vessel. Used for vertical access to the 
platforms. 

Manhole Hinges or Davits: Hinges or davits attached to 
manhole flange and cover plate which allow cover plate to 
swing aside from the manhole opening. 

Mist Eliminator (or Demister): A wire mesh pad held in 
place between two light grids. The mist eliminator dis- 
engages liquids contained in the vapor. 

Nozzle: Generally consists of a short piece of pipe welded in 
the shell or head with a flange at the end for bolting to the 
piping . 

Pipe Supports and Guides: Supports and guides for 
attached piping that is bolted to clips, which are welded 
to the vessel. 

Platforms: Platforms bolted to and supported by clips on 
the outside of the vessel. Generally located just below a 
manhole, at relief valves, and other valves or connections 
that need frequent service. 

Reinforcing Pad: Plate formed to the contour of shell or 
head, welded to nozzle and shell or head. 

Saddles: Steel supports for horizontal vessels. 
Seal Pans: Flat plates bolted, welded, or clamped to rings 

inside of fractionation column shell below downcomer of 
lowest tray. Used to prevent vapor from bypassing up 
through the downcomer by creating a liquid seal. 

Shell: The cylindrical portion of a vessel. 
Skirt: Cylinder similar to shell, which is used for supporting 

vertical vessels. 
Skirt Access Opening: Circular holes in the skirt to allow 

workers to clean, inspect, etc., inside of skirt. 
Skirt Fireproofing: Brick or concrete applied inside and 

outside of slart to prevent damage to skirt in case of fire. 
Skirt Vents: Small circular holes in the skirt to prevent 

collection of dangerous gases within the skirt. 
Stub-end: A short piece of pipe or rolled plate welded into 

the vessel to which the piping is connected by welding. 
Support Grid: Grating or some other type of support 

through which vapor or liquid can pass. Used to support 
tower packing (catalyst, raschig rings, etc.). 

Support Legs: Legs made of pipe or structural shapes that 
are used to support vertical vessels. 

Toriconical Head: Head formed in the shape of a cone and 
with a knuckle radius tangent to the cone and shell. 

2:l Semielliptical Head: Head formed in the shape of a 
half ellipse with major to minor axis ratio of 21. 

Vacuum Stiffener Rings: Rings made of flat bar or plate, or 
structural shapes welded around the circumference of the 
vessel. These rings are installed on vessels operating under 
external pressure to prevent collapse of the vessel. Also 
used as insulation support rings. 

Vessel Manhole: Identical to a nozzle except it does not bolt 
to piping and it has a cover plate (or blind flange), which is 
bolted to the flange. When unbolted it allows access to the 
inside of the vessel. Generally 18 in. or larger in size. 

Vortex Breaker: A device located inside a vessel at the 
outlet connection. Generally consisting of plates welded 
together to form the shape of a cross. The vortex breaker 
prevents cavitation in the liquid passing through the outlet 
connection. 
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3.  Radial displacements due to internal pressure. 

e Cylinder. 

PR2 
Et 

6 = -(1 - 0 . 5 ~ )  

a Cone. 

(1 - 0.5~)  
PR2 a=------ 

Et cos a 

e Spherehemisphere. 

PR2 
2Et 

6 = -(1 - u) 

a Torispherical/ellipsoidal. 

R 
= - uax) 

where P =internal pressure, psi 
R = inside radius, in. 
t =thickness, in. 
u = Poisson's ration (0.3 for steel) 

E = modulus of elasticity, psi 
a = '/z apex angle of cone, degrees 

D~ = circumferential stress, psi 
0, = meridional stress, psi 

4. Longitudinal stress in a cylinder due to longitudinal 
bending moment, ML. 

e Tension 

ML a, = ~ 

nR2tE 

e Compression 

ML a, = (-)- 
nR2t 

where E = joint efficiency 
R= inside radius, in. 

ML= bending moment, in.-lb 
t=  thickness, in. 

5. Thickness required heads due to external pressure 

where L =crown radius, in. 
P, = external pressure, psi 
E = modulus of elasticity, psi 

6. Equivalent pressure of flanged connection under exter- 
nal loads. 

16M 4F 
P,=rrc"+rrG"+P 

where P = internal pressure, psi 
F = radial load, lb 
M =bending moment, in.-lb 
G = gasket reaction diameter, in. 

7. Bending ratio of formed plates. 

%=-(I-:) loot 

Rf 

where Rf=  finished radius, in. 
R,, = starting radius, in. (00 for flat plates) 

t = thickness, in. 

8. Stress in nozzle neck subjected to external loads. 

PR,, F MR, 
c r x = - + - + -  

2t, A I 

where R,, = nozzle mean radius, in. 
t,,= nozzle neck thickness, in. 
A= metal cross-sectional, area, in. 
I = moment of inertia, in.4 
F=radial load, lb 

M = moment, in.& 
P= internal pressure, psi 

2 

9. Circumferential bending stress for out of round shells 
[21. 

D i + D z  t +- R, E ~ 

4 2 
1.5PRit(Dl - D2) 

t3 + 3(:)RlR: 
a h  = 

where D1 = maximum inside diameter, in. 
D2= minimum inside diameter, in. 

P= internal presure, psi 
E =  modulus of elasticity, psi 
t=  thickness, in. 
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Figure G-2. Typical nozzle configuration with internal baffle. 

1 0 .  Equivalent static force from dynamic flow. 

where F = equivalent static force, lb 
\'= velocity, ft/sec 
A= cross-sectional area of nozzle, ft2 
d= density, lb/ft3 
g= acceleration due to gravity, 32.2 ft/sec2 

11. Allowable compressive stress in cylinders [ 11 

t 
R -  

If - < 0.015, X = 

t 
R 

If - > 0.015, X = 15,000 

L 
R -  

If- < 60, Y = 1 

L 21,600 
R 2 If - > 60, Y = 

18,000 + (k) 

where t =thickness, in. 
R =  outside radius, in. 
L= length of column, in. 
Q = allowable load, lb 
A= metal cross-sectional area, in.2 

Fa= allowable compressive stress, psi 

12. Unit stress on a gasket, S,. 

A b s a  s -  
- .785[(d, - .125)2 - dz] 

where Ab = area of bolt, in.2 
do= O.D. of gasket, in. 
di= I.D. of gasket, in. 
Sa= bolt allow. stress, psi 

13. Determine fundamental frequency of a vertical vessel on 
skirt, f. 

nD:nt I=----- 
8 

.560 

where I=moment of inertia, 
D,,,= mean vessel dia, in. 

t = vessel thickness, in. 
d= density of steel 
= 0.2833 lbs/in.3 

g= acceleration due to gravity, 386 in./sece 
E = modulus of elasticity, psi 
H=vessel height, ft 
m =  mass of vessel per unit length, Ib-sec2/in.2 
f= fundamental frequency, Hertz (cycles/second) 
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6 

7 

8 

14. Maximum quantity of holes in a perforated circular 
plate. 

56.4 74.65 NA 0.5534 0.2647 NA 

53.2 69.6 83.55 0.599 0.3485 0.1123 

50.63 66.18 78.6 0.6343 0.4038 0.1977 

A = area of circular plate, in.’ 
D = dameter of circular plate, in. 
d = diameter of holes, in. 
p = pitch, in. 
Q = quantity of holes 

K = constant (0.86 for triangular pitch) 

R = practical physical radius to fully contain all holes 

D - d  R=-  
2 

A 
Kp’ 

Q = -  

15. Divide a circle into “N” equal number of parallel areas. 

A 

d l  i”i- d2 

Multiply d, times R to get actual distances. 

Table G-1 Dimensions for Equal Areas 7 1 a1 1 a2 1 as 1 dl 1 d2 1 :d 
74.65 NA NA 0.2647 NA 

66.18 NA NA 0.4038 NA NA 

60.55 80.9 NA 0.4917 0.1582 NA 

16. Divide a circle into “N” equal number of circular 
areas. 

2 AT = total area, in. 

A, = area of equal part, in. 
R = radius to circle, in. 
R,, = radius to equal part, in. 
N = number of equal parts 

Example: Divide a circle into (10) equal areas. 

Answer: 

R1 = 0.3163R 
Rz =z 0.4472R 
R3 0.5477R 
R4 = 0.6325R 
R5 = 0.7071R 
R6 = 0.7746R 
R7 = 0.8367R 
R8 = 0.8944R 
Rg = 0.9487R 

Rlo = R 
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17. Maximum allowable beam-to-span ratios for beams. 

L = unsupported length, in. 
d = depth of beam, in. 

b = width of beam, in. 

t = thickness of compression flange, in. 

Ld 
bt - 

If - < 600, then the allowable stress = 15,OOOpsi 

Ld 9,000,000 
Ld/bt If - > 600, then the allowable stress = 

bt 

18. 

Z 

I 

Properties of a built-up 
“I” beam. 

td 
6 

= -(6b + d) 

t 33 I I 

19. Volume required for gas storage. 

3 V = volume, in. 
m = mole weight of contents 

R = gas constant 

T = temperature, Rankine 
P = pressure, psi 

mRT V = -  
P 
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APPENDIX H 

Stainless steel 

MATERIAL SELECTION GUIDE 

SA-240-304, 
304L, 347, 
31 6, 31 6L 

Design 
Temperature, OF Material I Plate Forgings Pipe Fittings Bolting 

-425 to -321 SA-312-304, 
304L, 347, 
316, 316L 

SA-1 82-304, 
304L, 347, 
316, 316L 

SA-403-304, 
304L, 347, 
316, 316L SA-320-B8 with 

SA-1 94-8 
-320 to -151 9 nickel I SA-353 SA-333-8 SA-522-1 SA-420-WPL8 

-150 to -76 

-75 to -51 
SA-333-3 SA-350-LF63 SA-420-WPL3 

SA-320-L7 with 
SA-1 94-4 

2% nickel SA-203-A 

-50 to -21 SA-333-6 SA-516-55, 60 to 

SA-51 6-All 
SA-350-LF2 SA-420-W PL6 

-20 to 4 SA-333-1 or 6 

5 to 32 SA-285-C 
Carbon 

steel 
SA-53-B 

SA-106-B 
SA-1 05 

SA-181 -60,70 
SA-516-All 
SA-515-All 
SA-455-1 I 

SA-234-W PB 33 to 60 
61 to 775 SA-193-B7 with 

SA-1 94-2H 

E a 

n 

+ 

c 

f 
E 
P c 
m > 
Q iz 

C-%Mo SA-204-B + 1 Cr-%Mo SA-387-12-1 

SA-182-F1 SA-234-WP1 776 to 875 

876 to 1000 

SA-335-P 1 

SA-335-Pl2 SA-1 82-F12 SA-234-WP12 

1 Cr-%Mo SA-387-1 1-2 + 22Cr-1 Mo SA-387-22-1 

SA-335-P11 SA-182-F11 SA-234-WP11 

1001 to 1100 SA-335-P22 SA-1 82-F22 SA-234-WP22 with SA-1 93-85 
SA-1 94-3 

1101 to 1500 Stainless steel I SA-240-347H SA-312-347H SA-182-347H SA-403-347H 

SA-193-BE? with 
SA-194-B 

lncoloy 88-424 + lnconel 88-443 

88-425 SB-366 SB-423 

SB-444 Above 1500 SB-446 SB-366 

From Bednar, H.H., Pressure Vessel Design Handbook, Van Nostrand Reinhold Co., 1981 



Appendices 465 

APPENDIX I 

SUMMARY OF REQUIREMENTS FOR 100% X-RAY AND PWHT" 

P GRP. 
No. No. Material Description 

Temperature 
PWHT "F 100% R.T. 

1 1 Carbon steel: SA-36, SA-285-C, SA-51 51-51 6 
Grades 55, 60, 65 

Carbon steel: SA-51 5/-516 Grade 70, 

Low alloy: C-%Mo (SA-204-13) 

Low alloy: %Cr-%Mo (SA-387-2-2) 

Low alloy: Mn-Mo (SA-302-B) 

Low alloy: 1Cr-%Mo (SA-387-1 2-2) 
1 Cr-YiMo (SA-387-1 1-2) 

Low alloy: 2Cr-1 Mo (SA-387-22-2) 

3Cr-1 Mo (SA-387-21-2) 

Low alloy: 5,7,9Cr-%Mo 

13Cr (410) Martensitic SST 

13Cr (405, 410s) Martensitic SST 
17Cr (430) Ferritic SST 

(304,316,321,347) Austenitic SST 

(309,310) Austenitic SST 

Low alloy: 2%Ni (SA-203-A,B) 

Low alloy: 3YiNi (SA-203-D,E) 

Nickel 200 

Monel400 

lnconel600, 625 

lncoloy 800, 825 

SA-455-1 or II 

>1.5 in. 1 100" >1.25 in. 

2 ~ 1 . 5  in. 1100 >1.25 in. 

>.625 in. 

>.625 in. 

All 

(1 1 

1100 

1100 

1100 

1100 

>.75 in. 

2.75 in. 

>.75 in. 

>.625 in. 

3 

4 

5 AH 1250 All 1 

1250 

1 250d 

1350 

1350 

1950 

1950' 

1100 

1100 
- 

All 

(2) 

(2) 

(2) 
>1.5 in. 

>I  .5 in. 

>.625 

>.625 

>1.5 in. 

>I .5 in. 

>.375 in. 

>.375 in. 

6 

7 

8 

1.625 in. 

>.625 in. 
- 
- 

9A 

9B 

41 

42 

43 

45 

'Per ASME Code, Section VIII, Div. 1 for commonly used materials. 
Notes: 
1. See ASME Code, Section VIII, Div. 1 Table UCS-56, for concessionslrestrictions. 
2. PWHT or radiography depends upon carbon content, grade of material, type of welding, thickness, preheat and interpass temperatures, and types of electrodes. See 
ASME Code, Section VIII, Div. 1 Table UHA-32, and paragraphs UHA 32 and 33 for concessions/restrictions. 
3. Radiography shall be performed after PWHT when required. 100% R.T. is required for all vessels in lethal service (ASME Code UW-2(a)). Materials requiring impact 
testing for low temperature service shall be PWHT (ASME Code, UCS-67(c)). 
4. Radiography applies to category A and B, type 1 or 2 joints only. Thicknesses refer to thinner of two materials being joined. 
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Chrome moly through 2% chrome 

Chrome moly <3% chrome 

APPENDIX .I 

E 29.5 29 28.5 27.9 27.5 26.9 26.3 25.5 24.8 23.9 23.0 21.5 
u 5.53 5.89 6.26 6.61 6.91 7.17 7.41 7.59 
F, 45.0 41.5 39.5 37.9 36.5 35.3 34 32.4 30.6 28.2 

E 30.4 29.8 29.4 28.8 28.2 27.7 27.1 26.3 25.6 24.6 23.7 22.5 
u 6.5 6.7 6.9 7.07 7.23 7.38 7.50 7.62 7.9 8.0 8.1 8.2 
F, 30 27.8 27.1 26.9 26.9 26.9 26.9 26.7 25.7 23.7 

MATERIAL PROPERTIES 

Chrome moly 5-9% chrome 

High chrome 12-17% chrome 

Table J-1 
Material Properties 

E 30.7 30.1 29.7 29.0 28.6 28.0 27.3 26.1 24.7 22.7 20.4 16.2 
u 5.9 6.0 6.2 6.3 6.5 6.7 6.8 7.0 7.1 7.2 7.3 7.4 
F, 45 40.7 39.2 38.7 38.4 37.8 36.7 34.7 31.7 27.7 

E 29.0 28.5 27.9 27.3 26.7 26.1 25.6 24.7 22.2 21.5 19.1 16.6 
u 5.4 5.5 5.7 5.8 6.0 6.1 6.3 6.4 6.5 6.6 6.7 6.8 
F, 30 27.6 26.6 26.1 25.8 25.3 24.2 22.7 20.3 17.2 

Material 

Inconel600 

Austenitic stainless steel 

Temp 

~~ 

E 31.7 30.9 30.5 30 29.6 29.2 28.6 27.9 
u 6.9 7.2 7.4 7.57 7.7 7.82 7.94 8.04 
F, 35 32.7 31 29.9 28.8 27.9 27 26.1 

E 28.1 27.6 27.0 26.5 25.8 25.3 24.8 24.1 23.5 22.6 22.1 21.2 
u 9.2 9.3 9.5 9.6 9.7 9.8 10.0 10.1 10.2 10.3 
F, 30 25.1 22.5 20.8 19.4 18.3 17.7 16.9 16.3 15.6 

1 0 0  2 0 0  300 4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  1000 1100 1200 

Carbon steel C 5 0.3% 
E 29.3 28.8 28.3 27.7 27.3 26.7 25.5 24.2 22.4 20.1 17.8 15.3 
u 6.5 6.67 6.87 7.07 7.25 7.42 7.59 7.76 
F, 36 32.9 31.9 30.9 29.2 26.6 26 24 22.9 20.1 

lncoloy 800 
E 28.5 27.8 27.3 26.8 26.2 25.7 25.2 24.6 
(Y 7.95 8.34 8.6 8.78 8.92 9.00 9.11 9.2 
F, 30 27.6 26.0 25 24.1 23.9 23.5 23 

Notes: 

1. Units are as follows: 
E = 1 O6 psi 
a=in./in./"F x from 70°F 
F, = ksi 

2. F, is for following grades: 

CrMo < 2% = SA-387-1 1-2 
CS 5.3% = SA-516-70 

c 3% = SA-387-22-2 
AUST SST = T-304 

59% Cr = SA-387-5-2 
3. @=mean coefficient of thermal expansion from 70". 

E = modulus of elasticity 
F, = minimum specified yield strength 

Source: TEMA, Tables D-10, D-11; ASME Section VIII, Div. 2, Table AMG-1 and AMG-2 
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Material 

SA-285~, SA-51 6-55 

Table J-2 
Values of Yield Strength, ksi 

100" 200" 300" 4 0 0  5 0 0  600" 7 0 0  800  900; 1000 

30 27.4 26.6 25.7 24.3 22.2 21.6 20.0 19.1 16.7 

SA-51 6-60 

SA-516-65 

32 29.2 28.4 27.5 26 23.7 23.1 21.3 20.3 17.8 

35 31.9 31 30 28.3 25.9 25.2 23.3 22.2 19.5 

SA-1 05 

SA-51 6-70 

SA-204-6 (C - %MO) I 40 37.6 36.1 34.8 33.8 32.7 31.5 30.0 27.9 25.2 

36 32.9 31.9 30.9 29.2 26.6 26 24.0 22.9 20.1 

38 34.7 33.7 32.6 30.8 28.1 27.4 25.3 24.1 21.2 

SA-302-6 (Mn - Mo) I 50 47.2 45.3 44.5 43.2 42.0 40.6 38.8 34.9 28.4 

SA-387-1 2-2 (1 Cr - %Mo) 

SA-387-1 1-2 (lk,Cr - %Mo) 

40 36.9 35.1 33.7 32.5 31.4 30.2 28.8 27.2 25.0 

45 41.5 39.5 37.9 36.5 35.3 34.0 32.4 30.6 28.2 

SA-387-22-2 (2k,Cr - 1 Mo) 

T-405 (1 3Cr) 

T-410TT-430 (13/17Cr) I 30 27.6 26.6 26.1 25.8 25.3 24.2 22.7 20.3 17.2 

45 41.3 39.2 38.3 37.2 36.5 35.6 34.3 32.5 29.7 

25 23.0 22.2 21.8 21.5 21.1 20.2 18.9 16.9 14.4 

T-304 SST I 30 25.1 22.5 20.8 19.4 18.3 17.7 16.9 16.3 15.6 

T-347 SST 

21.4 19.2 17.5 16.4 15.5 14.9 14.5 14.0 13.3 I 25 T-304L SST 

30 27.6 25.7 24.0 22.5 21.5 20.7 20.4 20.2 20.1 

T-316 SST I 30 25.9 23.4 21.4 20.0 18.9 18.1 17.6 17.3 17.0 

Inconel600 

lncoloy 800 

T-321 SST 

- - 35 32.7 31 .O 29.9 28.8 27.9 27 26.1 

30 27.6 26.0 25.0 24.1 23.9 23.5 23.0 - - 

1 30 25.5 22.7 20.7 19.2 18.2 17.6 17.2 17.0 16.8 

- - - - - - - - - SA-203-D (3% Ni) I 37 

- - - - Nickel 200 I 15 15 15 15 15 15 

Monel 400 - - T-- 28 24.7 22.4 22.2 22.2 22.2 22.2 21.4 
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Table 5-3 
Material Specs 

Mat1 Plate Pipe Tube Bar Figs Fittings 

Nick 200 
Monel400 
lnco 600 
lncoloy 825 
Hast C-4 

Carp 20 
SST 

SB-162 
SB-127 
SB-443 
88-424 
SB-575 

SB-463 
SA-240 

SB-161 
SB-165 
SB-444 
SB-423 
SB-619 

SB-464 
SA-31 2 

SB-163 SB-160 
SB-163 SB-164 
SB-163 SB-446 
SB-163 SB-425 
SB-622 88-574 

SB-468 88-473 
SA-21 3 SA-276 
SA-269 SA-479 
SA-1 79 SA-306 

88-338 SB-348 
SB-210 SB-211 

SA-21 3 SA-739 
Use SST Designations 
Use SST Designations 
Use SST Designations 
SA-334-3 

SB-622 SB-581 
SA-213-XM19 SA-479-XM19 

SB-160 
SB-164 
SB-166 
SB-408 
SB-622 

SB-462 
SA-1 82 

B-366-WPN 
B-366-WPNC 
B-366-WPNCI 
- 
- 
- 
SA-403 

cs 
Titanium 
Alum 6061 

Chrome 
T-405 12 Cr 
T-410 13 Cr 
T-430 17 Cr 
3% Ni 

Hast G-30 
Nitronic 50 
(UNS) 20910 

lnco 800 

SA-51 6 

SB-265 
SB-209 

SA-387 

SA-106-B 

88-337 
SB-241 

SA-335 

SA-1 05 

SB-381 
SB-247 

SA-1 82 

SA-234-WPB 

SB-363 

SA-234 

SA-203-D 

SB-582 
SA-240-XM19 

SA-333-3 

SB-622 
SA-31 2-XM19 

SA-350-LF3 

SB-581 
SA-182-XM19 

SA-420-W p13 

SA-403-XM19 

SB-409 SB-407 SB-407 SB-408 88-408 8-366 

Table J-4 
Properties of Commonly Used Pressure Vessel Materials 

Mat e r i a I 
Designation 

Mechanical Properties 
UTS YS Elong 

Chemical Properties % 
C max Si Mn P max S max Ni Cr Mo 

SA-36 
SA-285-C 
SA-51 5-55 
SA-51 5-60 
SA-51 5-70 
SA-51 6-55 
SA-51 6-60 
SA-51 6-70 
SA-204-B 
SA-302-B 
SA-387-1 1-2 
SA-203-A 
SA-203-D 
SA-240-304 
SA-240-31 6 

SA-53 
SA-106-B 
SA-333-3 
SA-333-6 
SA-335-P1 
SA-335-P11 
SA-312-304 
SA-312.31 6 

58-80 
55-75 
55-75 
60-80 
70-90 
55-75 
60-80 
70-90 
70-90 

80-1 00 
75-1 00 
65-85 
65-85 

75 
75 

60 
60 
65 
60 
55 
60 
75 
75 

36 
30 
30 
32 
38 
30 
32 
38 
40 
50 
45 
37 
37 
30 
30 

35 
35 
35 
35 
30 
30 
30 
30 

- 

23 
27 
27 
25 
21 
27 
23 
21 
21 
18 
22 
19 
19 
40 
40 

0.25 0.04 0.05 
0.28 0.9 0.035 0.04 
0.20 0.15-0.40 0.9 0.035 0.04 
0.24 0.15-0.40 0.9 0.035 0.04 
0.31 0.15-0.40 1.2 0.035 0.04 
0.18 0.15-0.40 0.6-0.9 0.035 0.04 
0.21 0.15-0.40 0.6-0.9 0.035 0.04 
0.27 0.15-0.40 0.85-1.2 0.035 0.04 
0.2 0.15-0.40 0.9 0.035 0.04 0.45-0.60 

0.45-0.60 0.2 0.15-0.40 1.15-1.5 0.035 0.04 
0.17 0.5-0.8 0.40-0.65 0.035 0.04 

0.17 0.15-0.40 0.7 0.035 0.04 3.25-3.75 
0.17 0.15-0.40 0.7 0.035 0.04 2.1-2.5 

0.08 1 .o 2.0 0.045 0.03 6-10.5 18-20 
0.08 1 .o 2.0 0.045 0.03 10-14 16-1 8 2-3 

0.3 1.2 0.05 0.06 
0.3 0.1 0.29-1.06 0.048 0.058 
0.19 0.18-0.37 0.31-0.64 0.05 0.05 3.18-3.82 
0.3 0.1 0.29-1.06 0.048 0.058 

0.1-02 0.1-0.5 0.3-0.8 0.045 0.045 0.44-0.65 
0.15 0.50-1.0 0.3-0.6 0.03 0.03 1-1.5 0.44-0.65 
0.08 0.75 2 0.04 0.03 8-1 1 18-20 
0.08 0.75 2 0.04 0.03 11-14 16-1 8 2-3 

0.35 0.35 0.60-1.05 0.04 0.05 
0.3 0.15-0.30 1.35 0.035 0.04 
0.2 0.20-0.35 0.9 0.035 0.04 3.25-3.75 
0.28 0.15-0.35 0.6-0.9 0.045 0.045 0.44-0.65 

0.1-0.2 0.50-1.0 0.3-0.8 0.04 0.04 1 .O-1.5 0.44-0.65 
0.08 1 .o 2 0.04 0.03 6-1 1 18-20 
0.08 1 .o 2 0.04 0.03 10-14 16-18 

30 
30 
30 
30 
30 
35 
35 

SA-1 05 
SA-350-LF2 
SA-350-LF3 
SA-1 82-F1 
SA-182-F11 
SA-1 82-304 
SA-182-316 

70 36 22 
70-95 36 22 
70-95 37.5 22 

70 40 25 
70 40 20 
75 30 30 
75 30 30 

~ 

SA-234-WPB 
SA-193-87 
SA-193-Bl6 
SA-320-L7 

60 35 
125 105 16 
125 105 18 
125 105 16 

0.3 0.1 0.29-1.06 0.05 0.058 
0.37-0.49 0.15-0.35 0.65-1.1 0.04 0.04 
0.36-0.44 0.15-0.35 0.45-0.70 0.04 0.04 
0.38-0.48 0.15-0.35 0.75-1.0 0.035 0.04 

0.75-1.2 0.15-0.25 
0.80-1.15 0.50-0.65 
0.80-1.1 0.15-0.25 
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Copper alloy, CDA 630 

Hastelloy C 

Hastelloy X 

AIS1 T-4140. 4142. 4145 

cu CDA 630 to SB-150 CDA 630 to SB-150 

HC SB-336 annealed SB-336 annealed 

HX SA-1 93 to B-435 SA-1 93 to 8-435 

L7 SA-320-L7 SA-1 94-4 

I Monel400 I M4 I SA-193 to 6-164 I SA-193 to B-164 I 

lncoloy 800 

19 Cr - 9 Ni 

321 SS 

I lnconel 600 I N6 I SA-193 to 6-166 I SA-193 to B-166 I 
L8 SA-1 93 to B-408 SA-1 93 to 6-408 

ss 
ET SA-1 93-BET SA-1 94-ET 

SA-453 GR 651, CL A SA-453 GR 651, CL A 

Low 
alloy 

321 SS 

316 SS 

1316 SS I EM I SA-1 93-68M I SA-1 94-EM I 

87 

ET 

EM 

INitronic 60 I 8s I SA-1 93-BES I SA-1 94-85 I 

Corro- 
sion 

Corro- 
sion 

Table J-6 
Bolting Application 

M4 

I I Temperature Range, "F I 
400 to 
649 

cu 

67 

B7 

67 

ET 

EM 

M4 

650 to 
849 

67 

87 

ET 

EM 

M4 
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Table J-7 
Bolting Specifications, Applicable ASTM Specifications'' 

High Strength 
[Note (31 

Spec. No. Grade Notes 

A 193 
A 193 

A 320 
A 320 
A 320 
A 320 
A 320 

A 354 
A 354 

A 540 
A 540 
A 540 
A 540 

87 
B16 

L7 
L7A 
L7B 
L7C 
L43 

BC 
BD 

82 1 
622 
823 
624 

Bolting Materials [Note (l)] 

Intermediate Strength 

Spec. No. Grade Notes 

vote  (311 

A 193 
A 193 
A 193 
A 193 
A 193 
A 193 
A 193 
A 193 

A 320 
A 320 
A 320 
A 320 
A 320 

A 449 

A 453 
A 453 

B5 
66 
B6X 
B7M 
B8 C1.2 
B8C C1.2 
B8M C1.2 
B8T C1.2 

68 C1.2 
B8C C1.2 
B8F C1.2 
B8M C1.2 
B8T (21.2 

- 

651 
660 

Low Strength 
[Note (411 

Spec. No. Grade Notes 

A 193 
A 193 
A 193 
A 193 
A 193 
A 193 
A 193 
A 193 

A 307 

A 320 
A 320 
A 320 
A 320 

88 CI.l 
B8C CI.l 
B8M CI.1 
B8T CI.1 
B8A 
B8CA 
B8MA 
B8TA 

B 

88 CI.l 
B8C CI.1 
B8M CI.1 
B8T CI.l 

Nickel and Special Alloy 
[Note (511 

Spec. No. Grade Notes 

B 164 - 

B 166 - 

B 335 N 10665 

B 408 - 

B 473 - 

B 574 N10276 

General Note: Bolting material shall not be used beyond temperature limits specified in the governing code. 
Notes: 
(1) Repair welding of bolting material is prohibited. 
(2) These bolting materials may be used with all listed materials and gaskets. 
(3) These bolting materials may be used with all listed materials and gaskets, provided it has been verified that a sealed joint can be maintained under rated working 

(4) These bolting materials may be used with all listed materials but are limited to Classes 150 and 300 joints. See para. 5.4.1 for required gasket practices. 
(5) These materials may be used as bolting with comparable nickel and special alloy parts. 
(6) This austenitic stainless material has been carbide solution treated but not strain hardened. Use A 194 nuts of corresponding material. 
(7) Nuts may be machined from the same material or may be of a compatible grade of ASTM A 194. 
(8) Maximum operating temperature is arbitrarily set at 500"F, unless material has been annealed, solution annealed, or hot finished because hard temper adversely 

(9) Forging quality not permitted unless the producer last heating or working these parts tests them as required for other permitted conditions in the same specification and 

pressure and temperature. 

affects design stress in the creep rupture range. 

certifies their final tensile, yield, and elongation properties to equal or exceed the requirements for one of the other permitted conditions. 
(IO) This ferritic material is intended for low temperature service. Use A 194 Grade 4 or Grade 7 nuts. 
(11) This austenitic stainless material has been carbide solution treated and strain hardened. Use A 194 nuts of corresponding material. 
(12) This carbon steel fastener shall not be used above 400°F or below -20°F. See also Note (4). Bolts with drilled or undersized heads shall not be used. 
(13) Acceptable nuts for use with quenched and tempered bolts are A 194 Grades 2 and 2H. Mechanical property requirements for studs shall be the same as those for 

(14) This special alloy is intended for high-temperature service with austenitic stainless steel. 
(15) ASME Boiler and Pressure Vessel Code, Section I1 materials, which also meet the requirements of the listed ASTM specifications, may also be used. 
Source: Reprinted by permission by ASME from ASME 81651996 

bolts. 



Table J-8 
Allowable Stress For Bolts 

Min. 

lCr-‘/,Mo SA-1 93-67 125 105 c2.5 25.00 25.00 25.00 25.00 25.00 

115 95 2.5-4 23.00 23.00 23.00 23.00 23.00 

18Cr-8Ni 

100 75 4-7 18.70 18.70 18.70 18.70 18.70 

SA-193-68 2 125 100 <.75 25.00 25.00 25.00 25.00 25.00 

105 

100 

65 1-1.25 16.30 16.30 16.30 16.30 16.30 

50 1.25- 12.50 12.50 12.50 12.50 12.50 
1.5 

lCr-%Mn-l/ 
4MO 

SA-540-622 1 165 150 c1.5 33.00 33.00 33.00 33.00 33.00 

2 155 140 c 3  31.00 31.00 31.00 31.00 31.00 

1 Cr-’/,Mo 

5 115 100 2-4 23.00 23.00 23.00 23.00 23.00 

SA-320-L7 125 105 c2.5 25.00 25.00 25.00 25.00 25.00 

1 C-‘/,Mo SA-320-L7A 125 105 c2.5 25.00 25.00 25.00 25.00 25.00 

800 1 900 1 1000 1100 1200 4- Min. 
Spec. 

Material 

Carbon steel 

Carbon steel I SA-325 I I 105 I 81 I I 20.20 I 20.20 I 20.20 I 20.20 I 20.20 20.20 I 
5Cr-%Mo I SA-193-65 I I 100 I 80 I c 4  I 20.00 I 20.00 I 20.00 I 20.00 I 20.00 20.00 20.00 -+ 21.20 21.20 

18.50 1 10.40 1 5.60 

19.50 12.00 13Cr I SA-193-66 I I 110 I 85 I < 4  I 21.20 I 21.20 I 21.20 I 21.20 I 21.20 

I 
18.00 

25.00 25.00 24.10 

20.00 20.00 20.00 1 I I 115 I 80 I , 7 5 1  I 20.00 I 20.00 I 20.00 I 20.00 I 20.00 20.00 I 20.00 

16.30 16.30 16.30 i-+ 12.50 12.50 12.50 

1 Cr-%Mo-V I SA-1 93-61 6 I I 125 I 105 1 c2.5 I 25.00 I 25.00 I 25.00 I 25.00 I 25.00 

I I 1 110 1 95 1 2.5-4 I 23.00 1 23.00 1 23.00 1 23.00 1 23.00 23.00 23.00 

20.00 20.00 I I I 100 I 85 1 4-7 I 20.00 I 20.00 I 20.00 I 20.00 I 20.00 

‘c I 1 3 1 145 I 130 1 e 4  1 29.00 I 29.00 I 29.00 I 29.00 I 29.00 29.00 I 29.00 

I I 4 I 135 I 120 I < 4  I 27.00 I 27.00 I 27.00 1 27.00 I 27.00 27.00 27.00 

24.00 24.00 I I 5 I 120 I 105 I e 2  I 24.00 I 24.00 I 24.00 I 24.00 I 24.00 

lC-‘/,Mo I 1 100 I 80 I c2.5 1 20.00 I 20.00 1 20.00 I 20.00 I 20.00 

13/4Ni-?&r-’/,Mo I SA-320-L43 I I 125 I 105 I e 4  I 25.00 I 25.00 I 25.00 I 25.00 I 25.00 25.00 I 25.00 

Notes: 
1. All values are in ksi. 
2. Values per ASME, Section 11, Part 0. 
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lCr-’/,Mo 

lCr-’/,Mo 

Table J-9 
Material Designation and Strength 

B7 4 to 7 100 75 2H 

B7M <2.5 100 80 2H 

Material I Bolts SA-193- 1 Size (dia, in.) I UTS (ksi) I Min Spec Yield (ksi) 1 Nuts SA-194- 

1Cr-%Mo-V 

1Cr-MMo-V 

5Cr-%Mo I 85 I <4 I 100 I 80 I 3 

B16 <2.5 125 105 2H 

B16 2.5 to 4 110 95 2H 

12Cr (T-410 SS) I B6 I <4 I 110 I 85 I 6 

304 SS I 88-2 I 1.25 to 1.5 I 100 1 50 

lCr-’/,Mo I 87 I <2.5 I 125 I 105 I 2H 

8 

1 Cr-’/,Mo I B7 I 2.5 to 4 I 115 I 95 I 2H 

316SS 

316SS 

B8M-2 <0.75 110 95 8M 

B8M-2 0.75 to 1 100 80 8M 

31 6 SS 

316SS 

I B16 I 4 to 7 I 100 I 85 I 2H 1 Cr-%Mo-V 

B8M-2 1 to 1.25 95 65 8M 

B8M-2 1.25 to 1.5 90 50 8M 

304 SS I 88-2 I <0.75 I 125 I 100 I 8 

304 SS 

316SS 

321 SS 

347 ss 

304 SS I B8-2 I 75 to 1 I 115 I 80 I 8 

75 30 8 

75 30 8M 

75 30 8T 

75 30 8C 

B8A - 

B8MA - 

B8TA - 

B8CA - 

304 SS I 88-2 I 1 to 1.25 I 105 I 65 I 8 
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0  
- ? t I n c o m m  z z 2 z : z z  

Temperature, O F  

Figure J-1. Allowable stresses per ASME, Section VIII, Division 1 and Section II, Part D 

Materials: 

1. SA-516-70, SA-,515-70 
9. SA-285-C 
33. SA-387- 11 -2 
4. SA-387-22-2 
5 .  SA-240-316L, High Stress 
6. SA-240-304L, High Stress 

7. SB-409-800 
8. SB-443-625-1, High Stress 
9. SB-443-625-1, Low Stress 

10. SB-443-625-2, High Stress 
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APPENDIX K 

METRIC CONVERSIONS 

Unit Multiply By: To Obtain: 

bar 1.01 97 
bar 14.50377 
bar 100 
Wlb 0.1 36 
Wlb 1.358 
ft 0.3048 
ft 304.8 
ft2 0.0929 
ft3 28,317 
ft3 0.028317 
ft3 28.31 6 
gallons 3785.43 
gallons 3.7856 
in.3 16.387 
in.-lb 0.01 15 
in.-lb 0.113 
kg/rn2 0.2048 
kg/rn2 0.001422 
kg/rn2 9.80665 
kg/m 0.671969 
kg/m 0.055997 
kg/m3 0.06243 
kg/m3 0.00003613 
kg/crn2 98.066875 
kg/cm2 14.22334 
kglmrn' 9806.65 
kg/rnrn2 141 9.35 
kPa 20.885 
kPa 0.145 
liters/kg 0.01 602 
liters 61.03 
liters 0.2642 
Ibs 0.45359 
Ibs/ft3 16.0183 
mrn2 0.00155 
m3 35.314 
m 3.2808 
newton 4.448222 
newton 9.786 
newton/rn2 0.0207 
psi 6894.76 
psi 6.894757 
psi 0.006894 
psi 0.07045 
psi 0.0007045 
psi 0.06897 
PSf 4.8826 
pascals 6894.76 
cu yards 0.7646 
weight of water = 1001 kg/rn3 
temperature: O F  = 1.8% + 32 
"C=O.555 ("F-32) 

kg/crn2 
psi 

kg-rn 
N-rn 
m 

rnrn 
m2 

crn3 
m3 

liters 
crn3 
liters 
crn3 
kg-rn 
N-rn 
PSf 
psi 

pas c a I s 
I b/ft 
Ib/in. 
PCf 
pci 
kPa 
psi 
kPa 
psi 
PSf 
psi 

ft3/lb 
in.3 

gallons 
kg 

kg/rn3 
in.2 
ft3 
ft 
Ib 
kg 

Ibs/ft2 
pascals 

kPa 
m Pa 

kg/crn2 
kg/mrn' 

bars 
kg/m2 

psi 
rn3 

kPa 
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Buckled shape of column 
is shown by dashed line 

Theoretical K value 

APPENDIX L 

(a) (b) (c) (d) 

0.5 0.7 1.0 1.0 

ALLOWABLE COMPRESSIVE STRESS FOR COLUMNS, FA 

Recommended design 
value when ideal conditions 
are approximated 

Above = 130, use Table L-3 
which is for steel of 36,000 psi 

0.65 0.80 1.2 1 .O 

20 40 60 80 100 120 140 160 180 200 
Slenderness Ratio (L/r) 

Reprinted by permission of the James F. Lincoln Arc Welding Foundation 

"t" 

7 
p 

End condition code 

Rotation fixed and translation fixed 

Rotation free and translation fixed 
Rotation fixed and translation free 

Rotation free and translation free 

- 
(e) i' t 2.0 

2.10 

- 
2.0 

- 
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Table L-2 
33,000-psi-Yield Steel 

Above Ur of 130, the higher-strength steels offer no advantage as to allowable compressive stress (fa). Above this point, use Table L-3 for the more economical steel of 
36,000-psi-yield strength. 

Table L-3 
36,000-psi-Yield Steel 

Above Ur  of 130, the higher-strength steels offer no advantage as to allowable compressive stress (fa). Above this point, use this table. 
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Table L-4 
42,000-psi-Yield Steel 

Above Ur of 130, the higher-strength steels offer no advantage as to allowable compressive stress (fa). Above this point, use Table L-3 for the more economical steel of 
36,000-psi-yield strength. 

Table L-5 
46,000-psi-Yield Steel 

Above Ur of 130, the higher-strength steels offer no advantage as to allowable compressive stress (fa). Above this point, use Table L-3 for the more economical steel of 
36,000-psi-yield strength. 

Table L-6 
50,000-psi-Yield Steel 

Above Ur of 130, the higher-strength steels offer no advantage as to allowable compressive stress (fa). Above this point, use Table L-3 for the more economical steel of 
36,000-psi-yield strength. 
Reprinted by permission of the James F. Lincoln Arc Welding Foundation 
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Shape 

Zircle radius R 

APPENDIX M 

Loading 

Uniform p 

Central 
concentrated P on r 

DESIGN OF FLAT PLATES 

Edge Flxatlon 

Fixed 

Supported 

Fixed 

Maximum Fiber Stress. 1, psl Center Deflection, A, in. Remarks 

0.75~- 0.17(;) $ f max. at edge 

1 .24~ - 0.695(:) R' f max. at center 

R2 

t2 

R2 

t2 t3 

P uniform over circle, radius r 
Center stress 1.43[1o!JlO(;) + o . l l ( g ] ;  0.22 (; j ; 

0.55(;)$ As above Center stress 

Supported n =a, approximate fits n = o 

andn= l  

3 a2 
0.42n4 + n2 + 1 '9 (1) A 
-~ 

Fixed 

Supported 

b2 
B1PF 

B2PF 
b2 

Fixed 
4.00 P b 

1 + 2 n 2 f  (3) E = n, approximate 

Fi tsn=l  andn=O 

___ 

Fixed 
1.365 p a4 

3n4 + 2n2 + (E) t" I n =a, exact solution A 

Uniform p 

Central 
concentrated p 

Ellipse 2A x 2a 
a<A 

Fixed 
(2) 

50 p 
3n4 +2n2 + 12.5t2 n = i, approximate 

Fits n=O and n= 1 
Load over 0.01% of area 

n =i, approximate 
13.1 P 

0.42n4 + n2 + 2.5? (2) 
supported 

Fits n = 1 
Load over 0.01% of area 

B dl and B, depend on ~ 

See Table M-2. b' I Uniform p 
B qb and B2 depend on ~ 

See Table M-2. b' 

aectangle B x b 

Central concentrated p 

Supported (3) 
5.3 P 

1 + 2.4n2 t2 
~- = n, approximate 

Fi tsn=l  andn=O 

f max. at center of side 
8 2  

t2 
Fixed 0.308~- 

Uniform p I--- Supported 1 f max. of center 
0.0443(;) $ 

Square B x B 

Fixed P 1.32 - 
t2 

As above Deflection nearly exact 

Central Concentrated F 
P 1.58- 
12 0.125(!) E t 3  B' Approximate for f 

Area of contact not too small 

If plate as a whole deforms, 
superimpose the stresses and 

deflections on those for flat plate 
when loaded 

$ varies with shell and joint 
stiffness from 0.33 to 0.38 

knuckle radius, < 

supported 

itaybolts spacec 
at corners of 

;quare of side S 
S2 

0.228p- f 0 . 0 2 6 4 ( ~ ) ;  Flat Stayed Plate Uniform p 

Circular Flanged Uniform p I :astened to she1 

1) Formula of proper form to fit circle and infinite rectangle as n varies from 1 to IO. 
2) Formulas for load distributed over 0.0001 plate area to match circle when n = 1. They give reasonable values for stress when n = 0. Stress is lower for larger area subject 
to load. 
3) Formulas of empirical form to fit Hutte values for square when n = 1. They give reasonable values when n = 0. Assume load on 0.01 of area. 
4) Only apparent stresses considered. 
5) These formulas are not to be used in determining failure. 
Reprinted by permission of AISI, Committee of Steel Plate Producers and Steel Plate Fabricators Association, Inc. from Steel Plate Engineering Data, Volume 2 
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r/R 

Fixed' 

Supported' 

Table M-2 
Flat Plate Coefficients 

1 .o 0.10 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 

0.157 1.43 1.50 1.57 1.65 1.75 1.86 2.00 2.18 2.43 

0.563 1.91 1.97 2.05 2.13 2.23 2.34 2.48 2.66 2.91 

I Stress Coefficients-Circle with Concentrated Center Load I 

3.0 4.0 

0.01 

2.86 

3.34 

00 

2.00 

0.455 

3.00 

4.00 

5.24 

00 

0.500 

0.750 

4.00 

5.30 

0.0284 

0.1422 

0.1849 

0.713 

3.27 

Stress and Deflection Coefficients-Ellipse 

0.741 

3.56 

2.97 3.31 4.18 4.61 

0.0264 

0.1017 

0.0277 

0.1106 

0.1802 

0.1336 

0.1843 

0.1400 

0.1848 

:-1- 0.234 1.284 

Ala 

Uniform Load 

Fixed 

Stress3 

Deflection4 

Uniform Load 

Supported5 

Central Load 

Fixed' 

Supported7 

1 .o 

0.75 

0.171 

1.24 

2.86 

3.34 

1.6 

1.42 

0.322 

2.06 

3.64 

4.43 

5.0 

1.95 

0.442 

2.88 

3.97 

5.16 

0.419 0.435 

1.58 1.85 

4.60 4.72 4.90 

Stress and Deflection Coefficients-Rectangle 

I B/b 1 .o 1.25 1.5 1.6 2.5 5.0 

0.308 

0.287 

1.33 

1.56 

0.0138 

0.0443 

0.1261 

0.399 

0.376 

1.75 

2.09 

0.01 99 

0.0616 

0.454 

0.452 

2.12 

2.56 

0.0240 

0.0770 

0.1671 

0.51 7 

2.25 

2.74 

0.0906 

0.650 

3.03 

3.83 

0.125 

0.748 

3.70 

4.84 

0.1416 

1 + 2.4n' 

Deflection 4, 
Deflection 4' 
Deflection b3 

'Values of 1.43 [logloWr+O.ll (r/R)'] 
'Values of 1.43 [log,,Wr + 0.334 + 0.06(r/R)'] 
3Values of 6/(3n4 + 2n2 + 32 
4Values of 1 .365/(3n4 + 2n + 3) 
'Values of 3/(0.42n4 + n' + 1) 
'Values of 50/(3n4 + 2n' + 12.5) 
'Values of 13.1/(0.42n4+n2+2.5) 
Reprinted by permission of AISI, Committee of Steel Plate Producers and Steel Plate Fabricators Association, Inc. from Steel Plate Engineering Data, Volume 2 



480 Pressure Vessel Design Manual 

APPENDIX N 

EXTERNAL INSULATION FOR VERTICAL VESSELS 

7- 

1 

6- 
I 

8- 
9- 

10- 

11- 

11- 

8, 

h 15 

Hot Cold U 
I 

Terminology 

1. Blanket insulation with metal weatherproofing 
2. Block insulation with mastic weatherproofing 
3. Steel ring 
4. Metal weatherproofing 
5. Lap sealer 
6. Circumferential band 
7. Corrugated metaI weatherproofing 
8. Blanket insulation 
9. Wire lacing 

10. Hog rings 
11. Angle ring support 
12. Loose mineral fiber 

19 

22 

13. Air space 
14. Clip 
15. Mastic weatherproofing coating 
16. Wire mesh or glass fabric 
17. Insulating or finishing cement 
18. Block insulation 
19. Expansion joint 
20. Vessel wall 
21. Self-tapping screws 
22. Expansion joint for block insulation with mastic 

weatherproofing 
23. Resin-sized paper 
24. Hardware cloth 
25. Clearance for expansion 
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I Dia. in. I A I B I Dia, in. I A 

Skirt, Fireproofing, and Insulation Details 

B 

Notes: 

When “C” is: 

Greater than 12’ - 0 ”/,” but less than 1 8  - 
03/,,, 

Greater than 18-03””  

No Insulation, 
No Fireproofing 

“D” shall be: 

Ci2 increased to nearest multiple of 3 - O’, 
then add %” 

12.0%’’ 

Cold Insulation, 
with Fireproofing 

No Insulation, 
with Fireproofing 

Hot Insulation, 
with Fireproofing 

1. Use hot box if design temperature exceeds 500°F. 
2 .  “X’  = 12” if design temperature is hetween 500°F and 

749°F. 
3.  “X’  = 18” if design temperature is between 750°F and 

1000” F. 
4. Use segmental insulation support rings if the design 

temperature > 600°F or insulation thickness > 3 ” .  
a. If there is no shrt ,  weld nuts to the underside of the 

head @ 16” C-C to support the insulation. 
6. Bottom insulation support ring width is If0.5’. 

All other insulation rings shall be Yz the insulation 
thickness. 

7. Insulation support ring spacing shall be as follows: 

a 

Cold Insulation, 
No Fireproofing 

Hot Insulation with 
Fireoroofina and Hot Box 

a 

Hot Insulation, 
No Fireproofing 

Hot Box Exceeds One- 
Half the Skirt Radius 

I I I I I 

24 10 7 108 18 11 

30 I 10 I 8 18 I 12 
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APPENDIX 0 

FLOW OVER WEIRS 

Notation 

b = width, ft 
H = static head of liquid, ft 
Q = discharge rate, cu ft/sec 
V = velocity of approach, ft/sec 

H’ = head correction per Table 0-1 

Table 0-1 
Head Correction for Velocity of Approach 

0.002 0.005 0.01 0.015 0.023 0.03 0.04 0.05 0.062 

2.2 2.4 2.6 2.8 3.0 3.2 3.6 3.8 

0.075 0.089 0.105 0.122 0.14 0.15 0.179 0.201 0.213 

~ ~ ~~~~~~~ 

Calculations 

Discharge, Q 

0 For a full-length weir (Case 1) 

Q = 3.33b( 1.5 H) 

0 For a contracted weir (Case 2) 

Q = 3.33b(1.5 H) 

0 For a V-notch weir (Case 3) 

Q = 6.33 H 

0 For a Cippoletti weir (Case 4) 

Q = 3.36%(1.5 H) 

~ ~~ 

Notes 

1. Assumes troughs are level 

Case 1: Full-Width Weir 

V = 1-2 ft/sec at 4 H upstream 

Case 2: Contracted Weir 

V = 1-2 ft/sec at 3 H upstream 

Case 3: V-Notch Weir 

V = .5 ft/sec at 5 H upstream 

Sharp Edge 
A 

Case 4: Cippoletti Weir 

V = 1-2 ft/sec at 4 H upstream 
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APPENDIX P 
TIME REQUIRED TO DRAIN VESSELS 

Notation 

q = discharge rate, cu ft/sec 

g = acceleration due to gravity, ft/sec 
D = diameter of vessel, ft 
R = radius of sphere, ft 

L = length of horizontal vessel, ft 
H = height of liquid in vessel, ft 

d = diameter of drain, in. 
c = coefficient of discharge 

T = time to drain. min 

Notes 
~~ ~ 

1. It is assumed that the flow has a Reynolds number 
greater than 1000. 

General Equation 

q = d c m  

a For sphere. 

a For horizontal vessel. 

a For vertical vessels. 

T = D g  

1000 

800 

600 

400 

300 

200 

C ._ 
E 

E- 100 
i= 
g 80 
m c 
'2 60 

40 

30 

0 

20 

10 
1 2 3 4 5 7 910  20 30 40 60 80100 

Sphere Radius, f l  
Spherical Vessel 

Source: Ray Elshout, Union Oil Co, Brea, CA. Reprinted by permission of Gulf Publishing Co. 
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8 .- 
E 

a, 
P) 
Kf c .- 

E 

1000 
800 

600 

400 

300 

200 

100 
80 

60 

40 
30 

20 

10 

100 

80 

60 

40 

30 

20 

C .- 
E 

3 

2 

1 

1 2 3 4 5  7 9 1  2 3 4 5  7 10 20 30 40 60 80100 

Vessel Radius, ft Vessel Length, ft 

Horizontal Cylinder 

Reprinted by permission of Gulf Publishing Co. 

10 20 30 40 60 80 1 2 3 4 5 6  8 1 0  20 30 

Vertical Cylinder 

Height of Liquid in Vessel, ft Vessel Diameter, ft 

Reprinted by permission of Gulf Publishing Co. 
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+ BLENDGRIND 

APPENDIX R 

. 

MINOR DEFECT EVALUATION PROCEDURE 

. WELDREPAIR 

START 0 

. A A 

. HEATING/ . 
JACKING 

+ GRIND OR WELD 

YES 

YES 

I.\ r\ 

v 

LOCAL PWHT 

ACCEPTABLE 
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Index 
A 

Agitation, defined, 328 
Agitators, helical pipe coils with, 341 
AISC Steel Construction Manual, 109, 110 
Anchor bolts, base details and 

equivalent x e a  method, 195-196 
force. 201 
number of, 194, 200 

Anchoring of saddle supports, 111 
Anchor-type impellers, 329, 332 

Angle a, calculating, 34 
ASCE, wind design per, 112-117 

ASME (American Society of Mechanical Engineers) 
Division 1 versus Division 2, 7 
Section VIII, Division 1, 443444 
STS-1 method, 251 

Attachments, converting, 267-269 

Axial stress, 67 
AWWA D-100, 86, 87, 88, 89 

Baffles 
applications, 227 
configurations, typev of, 236 
curved, 227 
dimensions, 228-229 
do’s and don’ts for attaching stiffeners, 230 
equations, 229 
flexible design for full cross-section, 235 
helical pipe coils with, 341 
for mixers/agitators, 328, 331 
notation, 228 
sample problem, 232-234 
stiffened versus unstiffened, 227 
stiffener design, 230-231 
thermal check, 230 
iinstiffened, check, 230 
weld sizes, 231-232 
widths and wall clearances, 328 

Barge transportation. See Transportation, 
liarge 

Bar stiffeners, moment of inertia of, 26 
Base details for vertical vessels, design of 

anchor bolts, equivalent area method, 

anchor bolts, force, 201 
anchor bolts, number of, 194, 200 
base plate, 197, 201 
bending moment, 194 
bolt chair data, 194 
bolt stress, allowable, 194 
concrete properties, 194 
constants, 194 
gussets, 198 
notation, 192, 200 
skirt thickness, I99 
skirt types, 193 
stresses, allowable, 200-201 
top plate or ring, 198 

for legs, 184-188 
for lugs, 190, 425 
for saddles, 181 
weights of, 104 

195-196 

Base plate designs, 406407 

Base support damping, 244 
Beam on elastic foundation methods, 2.5s 
Beams 

See also Support of internal beds 
multiple loads, 308 
tail, 4 0 M 0 7  

Bending moment, 67 
Bending stress 

primary general, 8, 67 
secondary, 9 

Biaxial states of stress, 3 
Bijlaard, P. P., 111 

analysis, 255, 269-290 
Bins 

compression ring design, 323 
deep, granularlpowder, 322 
deep versus shallow, 320 
dimensional data, 319 
material properties, 326 
notation, 318-319 
purging techniques, effectv of, 327 

489 
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Bins (Continued) 
Rankine factors, 326-327 
roofs, 327 
shallow, granular/powder, 321 
small internal pressures, 323 
solids versus liquids in, 318 
struts, 324 
support arrangements, 324-325 
surcharge, 327 
weights, 319 

Blind flanges, with openings, 58 
Bolster loads, 371-372 
Bolted connections, shear loads in, 317-318 
Bolts 

check of, 426 
flange, 52, 53, 54-55, 421, 424, 426 
loads for rectangular, 424 
properties, 421 
weights of alloy stud, 103 

Bolt torque, for sealing flanges, 59-62 
Braces, leg, 110 

Brackets 
See also Legs, seismic design for braced 

cantilever-type, 313 
circular platforms and 

spacing of, 303 
high-temperature, 312 
types of, 309 

Brittle fractures, 5 
Buckling 

defined, 85 
elastic, 85 
general, 85 
local, 85 

Buckling of thin-walled cylindrical shells 
allowable, 87-89 
critical length, load, and stress, 85 
internal or external pressure, effects of, 85, 87 
local buckling equations, comparison of, 86 
safety factor, 87 
stiffening rings, 87 

C 

Carbon steel plate, weights of, 97 
Center of gravity, finding or revising, 80 
Choker (cinch) lift at base, 413 
Circular platforms 

bracket spacing, 303 
dead loads, 303 
dimensions, 296297 

Circular platforms (Continued) 
formulas, 297 
kneebrace design, 298, 303 
live loads, 300-301, 303 
moment at shell graph, 299 
notation, 296 

Circular rings, stress in 
allowable stress, 258 
coefficient graphs, 264 
coefficient values, 260-263 
moment diagrams, 256 
moments and forces, determining, 259-265 
notation, 25G257 
radial load, determining, 257 
shell stress due to loadings, 258 

CircumferentiaMatitudinal stress, 2 
formula, 16 

Circumferential ring stiffeners, stress and, 216-219 
Clips, 308 
Coils. See Helical pipe coils 
Coil wrapped thick-walled pressure vessel, 11 
Collapse, use of term, 85 
Columns. See Leg supports 
Composite stiffeners 

baffles and, 227 
moment of inertia of, 27 

Compression plate, 190-191 
Compression ring design, bins and elevated tanks and, 323 
Cone-cylinder intersections 

dimensions and forces, 209 
example, 211 
forces and stresses, computing, 210, 212 
notation, 208 
reinforcement at large end with external pressure, 

214-215 
reinforcement at large end with internal pressure, 213 
reinforcement at small end with external pressure, 

reinforcement at small end with internal 
215-216 

pressure, 213-214 
Cone lifting lugs, 416-419 

Cones, formula, 16 
Corrosion 

fatigue, 5 
stress, 5 

Creep deformation, 5 
Critical force, 85 
Critical length, 85 
Critical load, 85 
Critical stress, 85 
Critical wind velocity, 244, 246, 249 
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Cross braces, 110 
Cylinders 

See nlso Cone-cylinder intersections 
calculating proportions, 92 

buckling of thin-walled, 85-89 
external pressure design for, 20 
formulas, 15, 88 

bending moment, 278, 280, 282 
calculating B values for rectangular 

calculation steps, 272 
circumferential moment, 273-274, 275 
concentration factors, 270 
dimensions for clips and attachments, 270 
geometric paramenters, 271-272 
longitudinal moment, 273, 275 
membrane force, 277, 279, 281 
notation, 269 
radial load, 272 
shear stress. 274-272 

Cylindrical shells, 11 

Cylindrical shells, stress in 

attachments, 272-274 

Damping 
B values, 248 
coefficient and topographic 

data, 250 
design critrria, 245 
design modifications, 245 
equations, 250 
factor, 244 
graph of critical wind velocity, 249 
precautions, 246 
procedure? and examples, 251-253 
summary of, 247 
types of, 244245 

factors, 249 

Data sheet, sample, 444 
Davits 

arrangement, 295 
moments and forces, 292 
notation, 291 
radial load, 293-294 
selection guide, 292 
stress in, 292-293, 296 
types of rigging, 291 

Dean effect, 336 
Defect evaluation, minor, 486 

Deflection 
dynamic, 246 
static, 246 
tower, 219-221 

Density of various materials, 104 
Design 

failure, 5 
pressure, 29 
temperature, maximum, 29 

Discontinuity stress, 9, 12-13 
Dished heads. See Torispherical heads 
Displacement method, 13 
Displacements, radial, 217 
Double eddy, 336 
Downcomer bars, weights of, 101 
Draining vessels, time required for, 483-484 
Drums 

calculating U D  ratio, 89-90 
sizing of, 89 
types of, 89 

Dynamic deflection, 246 
Dynamic instability, 244 

E 

Elastic buckling, 85 
Elastic deformation, 5 
Elasticity, modulus of, 60, 61 
Ellipsoidal heads 

internal pressure and, 30, 31 
proportions, calculating, 92 
Elliptical heads, reinforcement for openings in, 74 

Elliptical openings, reinforcement for, 74 
Empty weight, 95 
Energy absorbed by shell, 244 
Erection 

design steps, 388 
flanges, top body, 397 
guidelines, 387-388 
of horizontal vessels, 394 
lifting attachments, types of, 391 
lifting loads and forces, 400-405 
local loads in shell due to, 434-436 
lugs, dimensions and forces of, 399 
lugs, shell flange, 397 
lugs, side, 395396 
methods, 387, 441 
notation, 390 
rigging terminology, 398 
stresses, allowable, 388-389 
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Erection (Continued) 
tailing devices, 393, 397 
trunnions, 392, 397 
of vessels on legs, 394 
weight, 95 

Euler, 85 
External pressure 

buckling and, 85, 87 
for cylindrical shells, 20 
dimensional data for cones due to, 36 
for intermediate heads, 32-33 
openings and, 75 
for spheres and heads, 22, 24-25 
stiffeners, combining vacuum with other 

stiffeners, location of, 19 
stiffeners, moment of inertia of bar, 26 
stiffeners, moment of inertia of composite, 27 
stiffening rings, check for external pressure, 28 
stiffening rings, moment of inertia of, 27 
unstiffened shells, maximum length of, 25 

types, 19-20 

External restraint. 12 

F 
~ 

Fabricated weight, 95 
Fabrication failure, 5 
Failures 

categories of, 5 
types of, 5 

analysis, 13 
Fatigue, 5 

Finite element analysis, 255 
Flanged heads. See Torispherical heads 
Flanges 

See also Lugs, flange 
blind, with openings, 58 
bolts, 52, 53, 54-55 
bolt torque for sealing, 59-62 
coefficients, table of, 47-49 
erection utilizing top body, 397 
formulas, 38-39 
gasket facing and selection, 39 
gasket materials and contact facings, 45 
gasket widths, 46 
high-pressure, 39 
hub stress correction factor, 51 
integral factors, 50, 52 
loose hub factors, 51, 52 
low-pressure, 39 
maximum allowable pressure for, 56 

Flanges (Continued) 
notation, 37 
pressure-temperature ratings for, 53 
reverse design, 43 
ring design, 42 
slip-on (flat face, full gasket) design, 44 
slip-on (loose) design, 41 
special, 39 
steps for designing, 39 
weights of, 98-99 
weld neck (integral) design, 40, 96 

examples, 63-67 
formulas, 63 
large openings in, 78-80 
notation, 62-63 
openings in, 74 
stress in, 67 

Flat plates, 478479 
Force method, 13 
Formulas 

Flat heads 

for calculating weights, 96 
for cylinders, 15, 88 
dimensional, 35 
flanges, designing, 38-39 
flat heads, designing, 63 
general vessel, 15-16, 459463 
Minimum Design Metal 

Temperature (MDMT), 82 
stress factors, 38-39, 78 
torispherical and ellipsoidal head, for stress, 31 

Friction factor, 61 

G 

Gaskets 
facing and selection, 39 
material, modulus of elasticity, 61 
materials and contact facings, 45 
widths, 46 

General buckling, 85 
General loads, 6, 7 
Geometry factors, 78 
Gussets, 189, 198 

H 

Handling operations, 437 
Heads 

external pressure design for 
hemispherical, 22, 24-25 
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Heads (Continued) 
flat, 62-67, 78-80 
formula, 16 
intermediate, 31-33 
internal pressure and ellipsoidal, 30, 31 
internal pressure and torispherical, 30, 31 
properties of, 447 

Heat transfer coefficient, 336, 352-353 
Helical pipe coils 

advantages of; 335 
baffles and agitators, 341 
calculations, 342-344 
data, 348 
design requirements, 335-336 
design tips, 336-337 
examples, 344-354 
film coefficients, 348 
gases, properties of, 348 
heat loss, 3.51 
heat transkr coefficient, 336, 

352-353 
layout for flat-bottom tanks, 339 
liquids, properties of, 350 
manufacturing methods, 335 
metal conductivity, effect of, 353 
metals, thermal conductivity of; 349 
notation, 341 
physical design, 335 
pressure drop, 336, 344 
Reynolds number, 336, 339, 

steam and water, properties of, 350 
steam and water, viscosity of, 351 
supports for, 340 
thermal design, 335 
tvpes of, 338 
water and liquid petroleum products, 

viscosity of, 354 
Hemispherical heads, external pressure 

and, 22, 24-25 
Holding times, 48.5 
Horizontal vessels 

See also Saddles, horizontal vessels and design of 
erection of, 394 
partial volumes of. 4524.54 
platform splice, 306 
platforms for, 305 
walkways or continuous platforms 

343-344 

for, 306 
Hot box design, 109 
Hydrostatic end forces, 79 

I 
Impact testing, avoiding, 81 
Impellers 

action of, 334 
types of, 329, 332 

Incremental collapse, 3 
Insulation, external, 480481 
Intermediate columns, 85 
Intermediate heads 

external pressure and head thickness, 32-33 
internal pressure and head thickness. 31-32 
methods of attachment, 32 
shear stress, 33 

Internal force, 67 
Internal pressure 

buckling and, 85, 87 
for ellipsoidal heads, 30, 31 
for intermediate heads, 31 
for torispherical heads, 30, 31 

Internal restraint, 12 

J 
Joint efficiencies, 445446 

K 
Kneebraced design 

circular platforms, 298, 303 
pipe supports, 311, 314 

Knuckle radius, thickness required, 35, 36, 37 

L 

Ladder and platform (L&P) estimating, 105 
Large-diameter nozzle openings, 203-207 
L/D ratio, 89-90 
Legs, erection of vessels with, 394 
Legs, seismic design for braced 

calculations, 135-136 
dimensional data, 133 
flow chart for, 138 
legs and cross-bracing, sizes for, 137 
load diagrams, 134 
loads, summary of, 136 
notation, 132 

calculations, 127- 129 
Legs, seismic design for unbraced 
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Legs, seismic design for unbraced (Continued) 
dimensional data, 126 
leg configurations, 126 
leg sizing chart, 131 
notation, 125 
vertical load, 130 

Leg supports, 109-110 
base plates for, 184-188 

Length 
critical, 85 
vessel, 449450 

Lifting. See Erection 
Ligaments, 75 
Loads, 6-7 

critical, 85 
lifting, 400405 
on wire rope, 438 

Local buckling 
defined, 85 
equations, comparison of, 86 

Local loads, 6, 7 
analysis method, 11 1 
attachments, converting, 267-269 
methods for analyzing, 255 
methods for reducing shell stress, 256 
ring stiffeners, partial, 265-267 
in shell due to erection forces, 434-436 
stress in circular rings, 25&265 
stress in cylindrical shells, 269-283 
stress in spherical shells, 283-290 

Local primary membrane stress, 8-9 
Logarithmic decrement, 246, 247 
LongitudinaVmeridional stress, 2 

Lubricating bolts, 61 
formula, 16 

Lugs, 111 
dimensions and forces, 399 
shell flange, 397 
side, 395-396 
tailing, 414-415 
top head and cone lifting, 416419 

base plate, 190 
compression plate, 190-191 
dimensions, standard, 191 
gussets, 189 
notation, 188 

base plate design, 425 
bolt loads for rectangular, 424 
bolt properties, 421 

Lugs, design of 

Lugs, flange 

Lugs, flange (Continued) 
bolts, check of, 426 
design steps, 423 
diagram, 420 
dimensions, 421 
full circular base plate design, 424 
loads, 435436 
nozzle flange check, 423 
sample problem for top, 427430 
side, 422, 435, 436 
tension, maximum, 423 
top, 422, 435436 

bending moment equation, 148 
/3 values, computing equivalent, 152, 155 
coefficients, 153 
dimensional data, 151 
forces and moments, 145-146, 152 
four-lug system, 149 
geometric parameters, computing, 152, 154 
notation, 145, 151 
radial loads, 147, 154, 155 
reinforcing pads, use of, 154-157 
stress diagrams, 150 
stresses, 146, 153, 156 
two-lug system, 149 

Lugs, seismic design for 

M 

Manways, weights of, 100 
Material 

failure, 5 
properties, 466-473 
selection guide, 464 

calculating, 29 
defined, 29 
for flanges, 56 

calculating, 29 
defined, 28-29 
for flanges, 53 

Maximum Allowable Pressure (MAP) 

Maximum Allowable Working Pressure (MAWP) 

Maximum shear stress theory, 3-5 
Maximum stress theory, 2-3, p5 

Membrane stress 
local primary, 8-9 
primary general, 8 
secondary, 9 

Membrane stress analysis, 2 
Metric conversions, 474 
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Minimum Design Metal Temperature (MDMT) 
arbitrary, 81 
design temperature and, 29 
determining, 82 
exemption, 81, 83 
flow chart for, 84 
formulas, 82 
notation, 81 
test, 81 

applications, 328, 333 
baffles, 328, 331 
impellers, action of, 334 
impellers, types of, 329, 332 
mounting, 328, 330, 331 
notation, 330 

Mixers 

Mixing, defined, 328 
Moment coefficients for base rings, 411412 
Moment of inertia 

of bar stiffeners, 26 
calculation form, 207 
of composite stiffeners, 27 
of stiffening rings, 27 

Moments, calculating, 79 
Multilayer autofiettage thick-walled 

Multilayer thick-walled pressure vessel, 10 
Multiwall thick-walled pressure vessel, 10 

pressure vessel, 10-11 

N 

National Building Code (NBC) ,  251-252 
Nonsteady loads, 6, 7 
Nozzle reinforcement, 74-77 

Nozzles, weights of, 100 
for large-diameter openings, 203-207 

0 

Obround openings, reinforcement for, 74 
Openings 

in elliptical heads, 74 
external pressure and, 75 
in flat heads, 75, 78-80 
large-diameter nozzle, 203-207 
multiple, 7,5 
near seams, 75 
through seams, 75 
in torispherical heads, 74 

Operating pressure, 29 
Operating temperature, 29 
Operating weight, 95 
Overweight percentage, 95 

P 

Paddle-type impellers, 329 
Peak stress, 9 
Pipe coils. See Helical pipe coils 
Pipes, weights of, 102 
Pipe supports 

alternate-type, 315 
brackets, cantilever-type, 313 
brackets, high-temperature, 312 
brackets, types of, 309 
design of, 309-316 
dimensions, 309 
kneebraced, 311, 314 
unbraced, 309 
weight of, 310 

Plastic deformation, excessive, 5 
Plastic instability, 5 
Plate overage, 95 
Posts. See Leg supports 
Pressure 

See also External pressure; Internal pressure 
design, 29 
drop and design of helical pipe coils, 336, 344 
operating, 29 

Primary stress 
bending, 67 
general, 8 
local, 8-9 

Propeller-type impellers, 329 
PWHT, requirements for, 465 

Radial displacements, 217 
Radial stress, 2 
Rail transportation. See Transportation, rail 
Rankine factors, 326-327 
Rectangular platforms, 304-308 
Refractory linings 

calculations, 239-241 
creep rate, 237 
failures and hot spots, causes of, 237 
flow chart, 243 
hot versus cold face, 237 
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Refractory linings (Continued) 
properties and data, 238-239 
properties of materials, 241 
shrinkage, 237 
stresses, allowable, 237 
summary of results, 242 

nozzle, 74-77, 203-205 
for studding outlets, 68 

Reinforcement, cone-cylinder intersections and 
at large end with external pressure, 214-215 
at large end with internal pressure, 213 
at small end with external pressure, 215-216 
at small end with internal pressure, 213-214 

Reinforcement 

Relaxation of joints, 62 
Resistance, 244 
Reynolds number, 336, 339, 343-344 
Rigging, terminology, 398 
Ring( s) 

See also Circular rings; Stiffening rings 
analysis, 111, 255, 256-265 
compression, 323 
supports, 11 1-112 

bending moments, internal, 223 
design check for base, 408 
design steps, 225-226 
dimensions and forces, 222 
formulas, 223 
load diagrams, 224 
notation, 222-223 

Rings, seismic design for 
calculations, 142-144 
coefficients, 141-142 
maximum bending moments, 144 
notation, 140 
thickness, determining, 144 

Ring girders 

Roak Technical Note #806, 255, 257-269 

S 

Saddle(s) 
See ulso Transportation, shipping saddles 
supports, 110-111 
weights of, 104 

circumferential bending, 173 
circumferential compression, 173 
coefficients, 1 7 6 1  75 
dimensional data, 166 
dimensions for saddles, 176 

Saddles, horizontal vessels and design of 

Saddles, horizontal vessels and design of (Continued) 
longitudinal bendmg, 172 
longitudinal forces, 168 
moment diagram, 167 
notation, 166 
procedure for locating, 170 
stress diagram, 167 
stresses, shell, 172-173 
stresses, types and allowable, 170 
tangential shear, 172-173 
transverse load, 169 
wind and seismic forces, 171-172 

Saddles, large vessels and design of 
anchor bolts, 182 
base plate designs, 181 
dimensional data, 178 
forces and loads, 179-180 
notation, 177, 179 
rib design, 183-184 
web design, 180 

Safety factor, buckling, 87 
Seams 

openings near, 75 
openings through, 75 
pads over, 75 

Secondary stress, 9 
Service failure, 5 
Seismic design for vessels 

on braced legs, 132-139 
coefficient tables, 123 
general, 120-125 
on lugs, 145-157 
near-source factor, 123 
on rings, 140-144 
risk map, 122 
on skirts, 157-165 
soil profile types, 123 
source type, 123 
on unbraced legs, 125-131 
vibration periods, 124 

Shackles, steel, 439 
Shear loads, in bolted connections, 317-318 

Shear stress, intermediate heads and, 33 
Shells 

See also under type of 
thickness, required, 17-18 
Shipping saddles. See Transportation, shipping saddles 

Shipping weight, 95 
Short columns, 85 
Sign convention, 265 
Skirts, design of, 406407, 409 
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Skirts, seismic design for 
dimensional data, 158 
longitudinal stresses, 164-165 
nonuniform vessels, 158-163 
notation, 1.57 
uniform vessels, 158 

Skirt supports, 109 
See also Base details for vertical vessels, design of 

Slenderness ratio method, 85 
Spheres, external pressure design for, 22, 24-25 

Spheres, field-fabricated 
accessories, 356 
advantages of, 3.55 
applications, 355 
codes of construction, 355 
conversion factors, 357 
dimensional data, 358, 359, 361 
fabrication methods, 356 
formulas, 357 
heat treatment, 355-356 
hydrotests, 356 
leg attachment, 358 
liquid levels, 358 
materials of construction, 355 
notation, 357 
sizes and thicknesses, 35-5 
supports for, 355 
types of, 360 
weights, 362, 363 

Spherical dished covers, 57 
Spherical shells, 11 

formula, 15 
Spherical shells, stress in 

calculation steps, 284 
formulas, 284 
notation, 283 
stress indices, loads, and geometric parameters, 284-290 

Stacks, vibration, 244-253 
Square platforms, 304-308 

Stainless steel sheet, weights of, 97 
Static deflection, 246 
Steady loads, 6, 7 
Stiffeners 

combining vacuum with other types, 19-20 
composite, 27, 227 
location of, 19 
moment of inertia of bar, 26 
moment of inertia of composite, 27 

buckling and, 8i 
check for external pressure, 28 

Stiffening rings 

Stiffening rings (Continued) 
moment coefficients for base, 411412 
moment of inertia of, 27 
partial, 265-267 
size base, 410 
stress at circumferential, 216-219 

Strain, 5 
Strain-energy concepts, 111 
Strain-induced stress, 9 
Stress 

See also under categorrj and type of 
allowable, 475477 
analysis, 1-2 
categories of, 9-10 
circurnferentiaVlatitudina1, 2 
classes of, 8-9 
corrosion, 5 
critical, 85 
in flat heads, 67, 79 
formula factors, 38-39, 78 
in heads due to internal pressure, 30-31 
intensity, 4 
longitudinaVmeridiona1, 2 
radial, 2 
redistribution, 2 
types of, 8 

Stress theories 
comparison of, 4-5 
maximum, 2-3 
maximum shear, 3 4  

Struts, 324 
Studding outlets, 68 
Stud tensioners, 61 
Superposition, principle of, 268 
Support of internal beds 

applications, 69 
beam seat support, '72 
clip support, 72 
double beam, 71, 73 
forces and moments, summary of; 73 
grating, 73 
load on circular ring, 73 
methods of, 69 
notation, 69 
single beam, 70, 73 

See also Pipe supports 
base details for vertical vessels, design 

base plates for legs, 184-188 
for bins and elevated tanks, 324-325 

Supports 

of, 192-202 
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Supports (Continued) 
coils, 340 
leg, 109-110, 188-191 

ring, 111-112 
saddle, 110-111 
saddles, design for large vessels, 177-184 
saddles, design of horizontal vessel on, 

seismic design for vessels, 120-125 
seismic design for vessels on braced legs, 

seismic design for vessels on lugs, 145-157 
seismic design for vessels on rings, 140-144 
seismic design for vessels on shrts, 157-165 
seismic design for vessels on unbraced legs, 

125-131 
skirt, 109 
spheres, 355 
wind design per ASCE, 112-117 
wind design per UBC-97, 118-119 

lugs, 111 

166-177 

132-139 

Surge capacities, 485 
Sway braces, 110 

~ ~ ~ 

T 
Tail beams, 406-407, 409 
Tailing devices, 393, 397 
Tailing lugs, 414-415 
Tanks, elevated 

See also Bins 
dimensional data, 319 
liquid-filled, 320-321 
small internal pressures, 323 
support arrangements, 325 

See also Minimum Design Metal 

maximum design, 29 
operating, 29 

Test weight, 95 
Thermal gradients, 12 
Thermal stress, 11-12 
Thermal stress ratcheting, 12 
Thick-walled pressure vessels, 10-1 1 
Thinning allowance, 95, 101 
Thin-walled cylindrical shells. See Buckling of 

Tie rods, 110 
Toe angle, 306 

Temperature 

Temperature (MDMT) 

thin-walled cylindrical shells 

Top head lugs, 416-419 
Toriconical transitions, dimensional data and 

formulas, 33-35 
due to external pressure, 36 
for large end, 35 
for small end, 35-36 

Torispherical heads 
internal pressure and, 30, 31 
reinforcement for openings in, 74 

Torque, for sealing flanges, 5 9 4 2  
Tower 

deflection, 219-221 
vibration, 244-253 

forces, 365, 378 
lashing, 366, 381 
load diagrams for moments and 

methods, 367 
organizations involved in, 366 
site descriptions, 441 
stresses, checking, 386 
stresses, determining, 366 

directions of ship motions, 375 
forces, 373 
pitch and roll, 374 
Transportation, rail 
bolster loads, 371-372 
capacity ratios for loads, 370 
clearances, 369 
forces on, 376 
multiple car loading details, 369 
special factors, 366-367 
types of cars, 368 
Transportation, shipping saddles 
construction methods, 379-380 
guidelines for, 365-366 
tension bands on, 382-383 

Transportation, truck 
examples of, 377 
forces on, 376 

Transportation 

forces, 384-385 

Transportation, barge 

Tray supports, weights of, 101 
Triaxial states of stress, 3 
Trunnions, 392 

design of, 431433 
loads, 434 
tailing, 397 

Turbines, 329, 332 
Turnbuckles, 110 
2/3 rule, 203 
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U 

Unbraced legs, seismic design for. See Legs, seismic 
design for unbraced 

design per, 118-119 
Unijorm Building Code (UBC), wind 

Unstiffened shells, maximum length of, 25 

V 

Valve trays, weights of, IO1 
Vertical vessels 

See also Base details for vertical vessels, design of 
platforms for, 304 

calculating, 89-94 
volumes and surface areas, 448454 

classification of, 455 
parts of, 455458 
types of, 455 

244-253 

Vessel proportions 

Vessels 

Vibration, towers and stacks and, 

Volumes and surface areas, 448454 
Vortex shedding, 244 

design modifications to eliminate, 245 

W 

Weights 
allowance for plate overages, 95, 97 
of bolts, alloy stud, 103 
of carbon steel plate and stainless steel sheet, 97 
estimating, 95-106 
of flanges, 98-99 
formulas for, 96 
methods for, 95 
of nozzles and manways, IO0 
of pipes, 102 
of saddles and baseplates, 104 
thinning allowance, 95, 101 
of tray supports and downcomer bars, 101 
of valve trays, 101 
of weld neck flange, 96 

Weights, types of 
empty, 95 
erection, 95 
fabricated, 95 

Weights, types of (Continued) 
operating, 95 
shipping, 95 
test, 95 

Weirs, flow over, 482 
Welding 

checking, 417418 
leg supports, 110 
lug, 417418 
pad eye, 418 
re-pad, 418 
saddle supports, III  
skirt supports, 109 

Welding Research Council JW’RC) 
Bulletin #107, 255 

Weld neck (integral) flanges, 40, 96 
Wind design per ASCE 

application of wind forces, 117 
exposure categories, 116 
gust factor, determining, 113 
notation, 112 
sample problem, 114 
steps for, 113 
structure categories, 116 
table and map for wind speed, 115 

Wind design per UBC-97, 118-119 
Wind velocity, critical, 244, 246, 249 
Wire wrapped thick-walled 

pressure vessel, 11 
Wolosewick, F. E., 111 
W R C  Bulletin 107, 111 

X-ray, requirements for, 465 

Y 

Yield criteria. See Stress theories 

Z 

Zick, L. P., 110 
Zick’s analysis, 110, 175, 366 
Zicks stresses, 110 
Zorilla method, 245, 251 
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