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PREFACE

Until 1967 piping design was pecformed primarily using rule-of-thumb
layout design procedures and preanalyzed piping layout data in tabular
form. The publication of ANSI B31.1-1967 Power Piping Code and ‘the
availability of analysis computer programs have introduced cost-effective
piping design. '

The objective of this book is to present a practical approach to analytical
piping design. [t is intended to be used by engineers in the industry and
students interested in piping design. Knowledge of applied mechanics and
strength of materials is a must for understanding this book.

The text contains many illustrations, code equations, tables, and ex-
amples. Worked out example problems are included to assist the reader in
understanding the principles discussed in each chapter. Exercises and
references are given at the end of each chapter.

Piping analysis topics, such as support stffness, overlapping, decoupling
of branch lines, wind loads, and other advanced topics, are covered n
another book entitied Advanced Pipe Stress Analysis by the same author
and publisher.

[ ari indebted to many organizations, including the American Society of
Mechanical Engineers and the Expansion Joint Manufactures’ Association,
for granting permission to reproduce design, tables, and graphs. 1 thank all
my friends and the members of my own family, my wife Meena, sons

Ramesh, Narayanan, Ram, daughter Abirami, and my brother S. Naray-
anan. for their support for me in writing this book.

Sam Karmareaid

Knoxville, Tennessee
December 1985
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CHAPTER ONE

PIPE STRESS ANALYSIS

Pipe stress analysis provides the necessary technique for engineers to design
piping systems without overstressing and overloading the piptng components
and conrected equipment. The following terms from applied mechanics are
briefly discussed (not defined) here to famihanze the engineer with them.

FORCES AND MOMENTS ON A PIPING SYSTEM

Force: The force is a vector quantty with the direction and magnitude of

the push (compression), pull (tension), or shear effects.

MomEeENT: Momentis a vector quantity with the direction and magnitude of
twisting and bending effects.

Forges and moments acting on the piping system due to different types of
loadings, such as thermal expansion and dead weight, will be discussed later
in detail.

Stress is the force per unit area. This change in length divided by the
original length is calied strain.

Stress—Strain Curve for Ductile and Nonductile Material

For a ductile matenal. such as ASTM AS53 Grade B, the stress—strain curve 1
aiven in Figure 1.1. Unul the proportional limit 1s reached, vanaton of stress
in the material with respect o strain follows a straight line. Hooke's law
defines the slope as Young’s modulus of elasticity E. Ulumate teasile stress 1s
the highest stress the matenal can withstand. Yield strength s the point on

1
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FIGURE 1.1 Typical stress—strain curve for ductile matenal (ASTM A353 Grade B).

the curve at which any further strain will cause permanent deformations to

stressed clements. Allowable stress is the yield strength divided by factor of
safety.

A typical stress—strain curve for a nonductile matenal like cast iron is
given in Figure 1.2. The stress—strain diagram for a given piping matenal
shows the limitatiors on stress to avoid permanent deformation or rupture.

failure

L.
Yield strength

Stress

>\/‘\»\I[0wable
/

FIGURE 1.2 7

Strain ’

el stress-stran curve {or nonducuie matenal (cast von).



Forces and Meoments on » Piping System 3

Common Piping Materials

A bist of common piping matenals under severe cyclic conditions 15 given
next {reference 1):

Pipe for Severe Cyclic Conditions

Only the following pipe’ shaill be used under severe cyclic conditions:

(a) Carbon Steel Pipe

APl 5L, Seamless

API 5L, SAW, Factor (E) 0.95 or greater
API 51X 42, Seamless

API SLX 46, Seamless

API SLLX 52, Seamless

ASTM AS53, Seamless

ASTM A106

ASTM A333, Seamless

ASTM A369

ASTM A381, Factor (E) 0.90 or greater
ASTM AS524

ASTM A671, Factor (E) 0.90 or greater
ASTM A672, Factor (E) 0.90 or greater
ASTM A691, Factor (E) 0.90 or greater

(b) Low and Intermediate Alloy Steel Pipe

ASTM A333, Seamless

ASTM A335

ASTM A369 ,
ASTM A426, Factor (E) 0.90 or greater
ASTM A671, Factor (E) 0.90 or greater
ASTM A672, Factor (E) 0.90 or greater
ASTM A691, Factor (E) 0.90 or greater

(c) Stainless Steel Alloy Pipe

ASTM A268, Seamliess
ASTM A312, Seamless

P Y
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ASTM A358, Factor (E) 0.90 or greater
ASTM A376
ASTM A430
ASTM A451, Factor (E) 0.90 or greater

(d) Copper and Copper Alloy Pipe

ASTM B42 . :
ASTM B466

(e) Nickel and Nickel Alloy Pipe

ASTM B161
ASTM B165
ASTM B167
ASTM B407

(f) Aluminum Alloy Pipe

ASTM B210Q, Tempers 0 and H112
ASTM B214, Tempers 0 and H112

For mechanical properties and chemical composition of each one of the
above materials, sec ASTM standards (reference 2).

Special piping matenals include inconel, hastelloy, zirconium, and alu-
minum alloys. Selection of a specific matenal depends upon the process

temperature and its corrosion properties. Sizing of the piping depends upon
volume flow with minimum flow fnction (reference 8).

STATIC AND DYNAMIC LOADS

Loadings affecting the piping system can be classified. s primary and
secondary. Pnmary J4oading-occurs from sustained ioads like dead weight.
“Prmary+loads-areXalled non-seif limiting'loads. An example of a secondary
lgadingX(self limiting) 1s-a- thermal :expansion load. Because different piping
codes define the piping qualification criteria in slightly different way, cach
code will be addressed separately later.

Static loadings include:

Weight effect (live toads and dead loads).
Thermal expansion and contraction effects.

(VI VN

Eilects of support, anchor, and terminal movements.

4

Internal or external pressure loading,.



Static and Dynamic Loads 5
Live loads under weight effectinclude weight of content, snow, and ice loads.
Dead loads consist of weight of piping valves, fianges, insulation, and other
superimposed permanent loads.

Dynamic Joadings include:

1. Impact forces.

2. Wind.

3. Seismic loads (earthquake).
4. Vibration.

5.

Discharge loads.

Piping Material Properties

Thermal effects include thermal loads that arise when free thermal expansion
or comntraction is prevented by supports or anchors, loads due to temperatare
gradients in thick pipe walls, and loads due to difference in thermal
coefficients of matenals as in jacketed piping. The coefficient of linear
expansion of a solid is defined as the increment of length in a umit length for a
change in temperature of one degree. The unit is microinches per inch per °F.
The unit for the mean coefficient of thermal expansion between 70°F
(installation temperature) and the given temperature is given as inches of
expansion per 100 ft of pipe length in Table A1 of Appendix (values are from

ASME B31.3 Piping Code). To convert from inchfinch/°F to inch/100 {t, the
following relation may be used:

Expansion coefficient (in./100 ft)

= (coefficient) ¥ 12 X 100 (design temp. —installation temp.) (1.1)

Young’s modulus or modulus of elasiicity E is unit stress divided by unit
strain. For most structural materials the modulus of elasticity for compression
is the same as for tension. Value of E decreases with an increase in
temperature. Table A2 of Appendix gives E values for piping materials for
the normal temperature range. The ratio of unit lateral contraction to unit
axial elongation is called Poisson’s ratio. Codes allow a value of 0.3 to be
used at all-temperatures for all metals.

Seectric Gravrry:  The specific gravity of a solid or liquid is the ratio of
the mass of an equal volume of water at some standard temperature
(physicists use 39°F and engineers use 60°F). The specific gravity of

gases is usually expressed in terms of hydrogen and air; it is a number
-without a unit.

Density:  The density p is the mass per unit volume of the fluid. The unit is
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TABLE 1.1 Poissou’s Ratio and Density of Piping Materials -

Material Type . Density {1bfin.’} Poisson’s Ratio
Carbon steel with 0.283 0.288
0.3% carbon or iess

Austenitic steels {(SS) . 0.288 0.292
Intermediate alloy steel 0.283 _ 0.292

5% Cr Mo-9% Cr Mo .

Brass (66% Cu-34% Zn) 0.316 0.331
Aluminum alloys - 0.100 0.334

SpeCIFIC WEIGHT: The specific weight w is the weight per unit volume.

The interrelation of density and specific weight is w = gp, where g is
acceleration due to gravity.

Table 1.1 gives values of Poisson’s ratio and densi

ty for common piping
material.

Example

1. Find the linear thermal expansion (in./100 ft) between 70 and 392°F for
carbon steel. Coefficient for 375°F =2 .48 in./100 ft (values from Ap-
pendix Table Al).
Coefhicient for 400°F = 2.70in./100 ft
Difference per degree in expansion = (2.7 -2.48)/25 = 0.0088
By linear interpolation, expansion for

392°F = 2.48 + (392 — 375)(0.0088)
=2.63 in./100 ft

2. Find the modulus of elasticity for austenitic steel at (a) —200°F, {b) 70°F,
and (c¢) 625°F.

E at 200°F = 29.9 x 10° psi (read from Appendix Table A2)
E at 70°F = 28.3 x 10° psi -

E for 625°F should be interpolated between values of 600°F and
700°F

E at 600°F = 25.4 x 10°

E for 700°F = 24.8 x 10%

E for 625°F is 25.4 —25((25.4 — 24.8)/100) =254 —-0.15 = 2527
10° psi

Note that the £ value decreases with increase in I:.‘n{pf:‘.‘u.;':. Lot

values of Young’s modulus means that the flextbilizy = - oler. Ztue of
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‘gen, and caustic. The specification contains information about piping

Piping Specification 7

hot modulus £, is permatted in calculating forces and moments at the
cquipment nozzles. However, the higher value (a1 70°F or at installation
temperature) should be used in stress catculations.

PIPING SPECIFICATION

.~

Piping specification is written for each service such as steam, air, oxy-

matenal, thickness, Tecommended valves, flanges, branch connection, and
Instrument connection. Figure 1.3 shows a specification for caustic service.

Example

An 8 in. pipe needs a pipe with thickness of 80 schedule (which allows for _
s In. corrosion allowance and maximum internal pressure of 200 psig up to-
15G°F) with a bevel-edged AS3 Grade B seamless. The globe valve used is
‘orane 351% (reference 1 in Chzpter 9). The flanges are of 150 psi pressure
rating with raised face and weld neck slip on type. The material of the flange
is A-105 (per standard ANS]I B16.5). The requirement for the branch
connection (here weldolet or tee) is given on the branch connection table.
For an 8in. header and a 3 in. branch, the weldolet js required for given
internal pressure. The pressure and temperature conditions in the pipeline

should always be within (inside the hatched line) the pressure-temperature
curve given in the specification.

Flexibility

1. Failure of piping or support from overstress or fatngue.
2. Leakage at joints.

3. Detrimental stresses or distortion in piping or in connected equipment
. (pumps, vessels, or valves, for example) resulting from excessive
"~ thrusts or moments in the piping. :

Flexibility denotes the measurement of the presence of necessary piping
length in the proper direction. The purpose of piping flexibility analysis is to
produce a piping Izyout that causes neither excessive stresses nor excessive
‘end reactions. To..achieve-this, Jayout should not be _stff."Jt-is also.nop_

€Xxcess materials, thus increasing initial cost. More length with many bends
INCreases pressure droo, which Increases operzung cact .
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Flexible piping

Stiff piping

Equipment 1 + + Equipment 2

-

bl
»

FIGURE 1.4 Flexible and stiff piping.

= Figure 1.4 shows examples of stiff and fiexible piping. When 2 piping is
e subjected to change in temperature and if the pipe is not restrained from
expansion, no stresses are developed and the pipe jusi expands or contracts.
e When the pipe is restrained, stresses and forces of considerable magnitude
are created. For examplc at a refinery near Houston, Texas when two axiaf
© restraints were present in a straight steam line (see Fig. 1.13), the bending of
© a large support frame and the failure of a pipe at the shoe-pipe weld area
occurred.
bt The thermal force that is developed when both ends of a hot piping are
restrained is enormous and is also independent of the length of piping.

Thermal force = E(strain due to expansion)(metal area) {1.2)
Example
t Calculate the force developed in a 10 in. sch 40 carbon steel pipe A33 Grade
' B subjected to 200°F from an installation temperature of 70°F.

. The metal area of a 10 in. sch 40 pipe is 11.9 sq'in. (Appendix Table Ad).
The expansion coefficient at 200°F is 0.99 in./100 ft (Appendix Table Al).

-
. - E=279%10%psi (Appendix Table A2)
: - 0.99 b /in.
- F=FEaA=279%x10°x ———x11. [ i ———(——) lb]
_ ‘ * 100 x 12 11.9° junits in.> \in
v =273,908 ib

The layout of a piping system provides inherent fiexibility through
changes in dircction. The suff piping system shown in Figure 1.4 can be made
flexible in different ways. Figure 1.5 shows the inciusion of an expansion loop
if space permits. An expansion joint (Fig. 1.6) may be added (see Eq. 5.4 for

Loop

: OO0

FIGURE 1.5 Piping with expansion loop.

[Vogge—.



Explanation of Terms Related to Pipe Supports 11

Expansion joint
— H@

FIGURE 1.6 Piping with cxpansion joint.

Sap!

FIGURE 1.7 Leg provided by turning equipment.

pressure thrust calculation) or the equipment may be turned by 90 degrees
and thus provides the leg to absorb the expansion, as shown in Figure 1.7.
When a piping 'system-lacks:built-in changes .in-direction; the-engineer «
should.consideradding>flexibility by one or more of. the’ following means:-
bends, loops or offsets, swivel joints, corrugated pipe, expansion joints of the
bellows or slip joint type, or other devices permitting angular, rotational, or

axzal movements. Expansion joints and expansion loops will be discussed in
detail in Chapter 5.

EXPLANATION OF TERMS RELATED TO PIPE SUPPORTS

ANCHOR: A ngid restraint providing substantially full fixity for three
translations and rotations about the three reference axes. A large
number in the order of 10'? Ibfin. is assumed for translational stiffness in
the digital computer programs to simulate the fixity. The details of a
structural anchor may be obtained from each company’s pipe support
standard. ~

BrRaCE: A device primarily intended to resist displacement of the piping
due to the action of any forces other than those due to thermal expansion
or to gravity. Note that with this definition, a damping device is classified
as a kind of brace.

ConsTANT-EFFORT SUPPORT:" A support capable of applying a relatively
constant force at any displacement within its useful operating range
(e.g., counterweight or compensating spring device).

DamprinGg DeEVICE: A dashpot or other frictional device that increases the
damping of a system, offering high resistance against rapid displace-
ments caused by dynamic loads while permitting essentially free move-
ment under very gradually applied displacements (e.g., snubber).

HANGER: A support by which piping is suspendec from a structure. and so

..... A 2
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LiniT Stop: A device that restncts translatory movement to a limited
amount in one direction along any single axis. Paralleiing the various

stops there may also be double-acting limit stops, two-axis limit stops,
and soon.

RESILIENT SUPPORT: A support that includes onc or more largely elasuc
members (e.g., spring).
RESTING OR SLIDING SUPPORT: A device providing support from beneath

the piping but offering no resistance other than frictional 1o L.orizontal
moton.

RESTRAINT: Any device that prevents, resists, or iimifs the free movement
of the piping. ' _

RIGID (SOLID) SUPPORT: A support providing stifincss in at least one
direction, which is comparable to that of the pipe.

Stop: A device that permits rotation but prevents translatory movement in
at least one direction along any desired axis. If transiation is prevented in
botk directions along the same axis, the term double-acting stop is
preferably applied. Stop is also known as “Bumper.”

SuppoORT: A device used specifically to sustain a portion of weight of the
piping system plus any superimposed vertical loadings.

Two-axis Stop: A device which prevents transiatory movement in one
direction along each of two axes.

Once a complete (weight, thermal plus pressure, and thermal plus pressure
plus weight) analysis of the piping system has been conducted, support
modifications can be made very easily. '

When a pipe line moves as a result of thermal expansion, it is necessary
that fiexible hangers be provided that support the piping system throughout
its thermail cycle. Three types of hangers are generally employed:

1. Rigid support or rod hangers that supposedly prevent any movement
along the axis of the hanger. Rod hangers are used when the free
thermal deflections are small enough so that their restraint of move-
ment does not produce excessive reactions in the piping system.

2 Variable support or spring hangers provide a supporung force equal

to hot load (reference 6) while allowing deflecuon.

Constant support or constant effort hangers that provide an essen-

tially constant supporting force throughout the thermal cycie. Ideally,

constant support hangers do not restrain the free movement of the
system and therefore do not increase the piping stresses.

L

THE GUIDED CANTILEVER METHOD

One of the simplificd methods used in piping design is known as the guided
canulever method. because deflecuons are assumed 1o occur in a single:



The Guided Lanhilever Method 15
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FIGURE 1.8 Guided cantilever approximation.

plane system under the guided cantilever approximation, as shown in Figure
1.8. The deflection capacity of a cantilever under this assumption can be

eiven by Eq. 1.3 (reference 3):

144128,
3ED,

where A = permissible deflection, inches
S = allowable stress range, psi {(given by Eq. 4.1)

L =length of leg needed to absorb the expansion, feet

D, = outside diameter of pipe, inches.
The hmitations of the guided cantilever method are:

(1.3)

.LI!

The system has only two terminal points and 1t 1s compesed of straight
legs of a pipe with uniform size and thickness and square corner
intersections.

All legs are parallel to the coordinate axes.

Thermal expansion is absorbed only by legs in a perpendicular
direction.

The amount of thermal expansion that a given leg can absorb is
inversely proportional to its stiffness. Because the legs are of identical
cross section, their stiffness will vary according to the inverse value of
the cube of their lengths. '

In accommodating thermal expansion, the legs act as guided can-
tilevers, that is, they are subjected to bending under end displace-
ments; however, no end rotition is permitted, as shown in Figure 1,8.

As a further refinement of this method, a correction factor that allows for
reducing the bending moment, due to the rotation of the leg adjacent to the
one considered, can be used (reference 3).
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FIGURE 1.9 Anchor with initial movement.

Example

Calculate leg L required for the two anchor problem and force P given in
Figure 1.9.

Pipe outside diameter = 41 in.; thickness =0.237 in.

Expansion coefficient = 4 in./100 ft

Stress range = S, = 15,000 psi

Cold modulus =27.9 X 10° psi

Deflection A = 1£+20(4/100) = 2.3 in.

Rearranging Eq. 1.3 (guided cantilever method):

~ \/SEDO A_ [3x27.9% 10°x4.5x 2.3

2 _ 20.03
12aS, N 144(15.000) 03t

moment _ PL
z  1Z
174.5+4.5-2(0.237
Mean radius r=—-[ . (0.237)

Bending stress = S, =

]ﬂ 2.13n.

D

7 = section modulus = sr*(thickness) = 7{2.13)*(0.237} = 3.38 in.?

2S,Z _ 2(15,000)(3.38) _
L 20.03(12)

Force P=

42181b

COMPARISON OF SIMPULIFIED ANALYSIS METHODS

Results obtained from other simplified methods and the digial compuicr
aided piping analysis are compared here. However, each method 1s not fully
explained because the references give a detailed explanation and they al.o
need charts and graphs for their solutioa.

To understand the difierences between cach of the methods, results for
three problems (Table 1.3) for range of diameters 6-22 1in.are presented here
(reference <)



Companan ot Sunplified Analy L Methods

Methods

Tube turns (reference 9)
ITT Gninnell (reference 6)
M. W. Kellogg (reference 3

bW —

Digital COlTlpl-.!lCl' soluton including bead ﬂcxibilixy factors (refer-
ence 7)

Table 1.2 includes the range of drameters (624 ), wall thickness, and
moment of inerna I used in the calculanons. Table 1.3 shows the configura-
tion of a U loop (expansion loop) an | shape, and a Z shape. The maximum
_bending stress 1s also given for ¢ach mcthod.

Figure=1:10-shows-the varnation of bending siress with area moment of-
snerna:Lior-thedoop. Hered was selected anstead of diameter because | -also-
inclydes :the effect.of -wall thickness: As can be seen the Grinnell method
gives very highly conservative resulis, Expansion loops are further discussed
in Chapter 5. .-

Figure 1.11 shows the variation of bending, stress for the L shape. The
Kellogg method gives higher suress valyes. Figure 1.12 demonstrates the
variation of bending stress with moment of inertia for the Z shape. The
digital computer solution using EZFLEX tomputer program gives lower
numbers, which is understandable because the other mcthods are meant to be
conservative. The Kellog method i discussed in detail in Chapter 5 (Egs. 5.2
and 5.3). -

TABLE 1.2 Pipe Sizes Used in Comparison of Simplified Methods

_ Modulus
Moment of of

Pipe O.D. Inside Wali Inertia I Section Z,
(in.) _ Sch Diameter  Thicknesy (in.%) {(in.")
6.625 40 6.025 0.280 28.14 8.50
8.625 40 7.981 0.332 72.50 1681
10.75 20 10.250 0.250 113.70 21.16
1275 °  Sud. 12.000 0.375 279.30 43.80
14.00 20 13.376 0316 . 31430 44 .90
16.00 Std. 15.250 0.37s 562.10 70.30
18.00 20 17.376 0.312 678.00 75.51
20.00 Std. 19.250 0375 111460 111.4
24 0D Sid. 7325 N e
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Bending Slress S,
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FIGURE 1.10 Bending stress in symmerrical loop.
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FIGURE 1.12 Bending stress in Z-shaped piping.

EXERCISES

(a) Find total expansion for intermediate alloy steel (5Cr Mo through
9 Cr Mo) pipe at temperatures of (1) —55°F, (2) 431°F, (3) 1572°F. If the
temperature given is out of range for the matenal, suggest suitable

(b)

(c)

(a)
(b)

material for that temperature. Consider length of 120 f1.

Find for austenitic steel the following at insiallation temperature:
(1)  Young’s modulus

(2 Poisson’s- ratio
(3) Density.

Calculate total elongation in 132 ft of pipe made of carbon steel
subjected to 645°F.

Find E values for low chrome steel at —115°F, 70°F, and 80Q°F.
Explain the effect of temperature on E value.

Find cold and hot stresses for ASTM A53 Grade B pipe at 70°F and
625°F.

Calculate the thermal force developed in the piping that is fixed at both
ends as shown in Figure 1.13. It consists of an 8 in. sch 40, carbon steel
pipe with operating temperature 300°F. Use Eq. 1.2.

a = coefficient of thermal expansion at 320°F =1 8?2 in./100 {1

e e =

- W wTW W v e T amee" e

[Py



FIGURE 1.13 Thennal fosce.

40 ft

18 ft
FIGURE 1.14 Uncquai legs piping with L-shape.

4. Calculate the stress of the layout in Figure 1.14. [t consists of a 10 1n. sch
40, carbon steel pipe of A33 Grade B material at 500°F.

Se = 20,000 psi S =17,250 psi

A 10in. sch 40 carbon steel pipe with A53 Grade B matenal has a
temperature of 200°F. The allowable stress S, = S;. = 20,000 psi. Cat-
culate leg L needed in Figure 1.15.

':)1

6. Two equipment nozzles have thermal movement and layout as shown in
Figure 1.16. What will be the length L?

The carbon steel pipe has a nominal diameter of 8in. and « =
1.82in./100 fu!

S+ = 18,000 psi E =27.9%10° psi

7. Two vessels are connected by piping as shown in Figure 1.17. What s the
length required for the leg? What is the force and moment?

0.6 in. —— Y— ]
N 351t

FIGURE 1.15 A Z-shaped piping with initial anchor movements.

1

X
FIGURE 1.16 Decicrminauon of leg required,

20 1t
2. han. —— %—




AW o—

~

References

21

3 3.n.

FIGURE 1.17 Calculation ol force and moment at anchor.

114.1n,

0.5In, ——x

201t

R/ANANE /N0
FIGURE 1.18 Piping connected to a vessel,

For a 6 in. sch 40 carbon steel pipe A53 Grade B, the linear expansion
is Jin. Allowable stress range S, = 28,000 psi.

A vessel has an average operating temperature of SO0°F. With a line from
the vessel nozzle going to an equipment as shown in Figure 1.18. what
should be the length L? ]

Itisa 12 in. sch 40 pipe with a temperature of 400°F. The pipe is of
A53 Grade B material. S, = 20,000 pst and S, = 16,350 psi. (In practical
cases, L is hmited by tower height.)

REFERENCES

ANSVASME B31.3-1980 Chemical Plant and Peroleum Refinery Piping.
ASTM Annual Book of ASTM Standards, Different Panis for Different Materials.
M. W. Kellogg, Design of Piping Systems. New York:

Estrems, Fernando and S. Kannappan, *Comparison of
methods with digital computer calculations.”

Tube Turns Division of Chemetron Corp. “*Piping Engincering, Line Expansion and
Flexibility,™ :

results from different simplified

ITT Grianell Industrial Piping. “Piping Design and Engineering.”
EZFLEX Piping Flexibility Analysis Program.
Crane Company. "*Flow of Fluids.”

C o e W wemens W R



CHAPTER TWO

DESIGN OF PRESSURE
COMPONENTS

CALCULATION OF MINIMUM WALL
THICKNESS OF A PIPE

Piping codes require that the minimum thickness (., including the al-
lowance for mechanical strength, shall not be less than the thickness

calculated using Eq. 2.1.

f = D o a
™ 2(SE,+ PY)

=r+ A _ (2.1)

where 1., = minimum required wall thickness, inches
¢ = pressure design thickness, inches

P = internal pressure, psig

D, = outside diameter of pipe, inches

S = allowable stress at design temperature (known as hot stress), pst
(see Appendix Table A3)

A = allowance, additional thickness to provide for matenal removed]
in threading, corrosion, or erosion allowance: manufactunnyg
tolerance (MT) should also be considered.

Y = coefficient that takes material properties and design temperature
into account. For ¢< df6, values of Y are given in Table 2.1.

For temperature below 900°F, 0.4 may be assumed.

d
yo—2 =2 (2.22)
d+D G




Calculation of Minimunm Wall Thickness of a Pipe

23
where d = nside diameter= D, — 2t

£, = quality factor that is the product of casting quality factor E_,
joint quality factor E;, and structural grade quality factor E,
when applies. Values of E, range from 0.85 to 1.0 and depends
upon the method used 10 examine the casting quality (see Table
2 2a). Value of E; ranges from 0.6 t0 1.0 {given in Table 2.2b)

and depends upon type of weld joint. Values of E, mav be
assumed as 0.92.

Eq = ECEJ'ES (2-2b)

TABLE 2.1 Values of Y Coefficient to Be Used in Eq. 2.1*

Temperature (°F)

900°F and below 950 1000

1050 1150 1150 and above
Matenal

Fermitic steels 04

0.5 0.7 0.7 0.7 0.7
Austentitic steel 0.4 0.4 0.4 0.4 0.5 0.7
Cast iron 0.4 - - - _ _
Nonferrous metals 0.4 -

*Refesence ANSI/ASME B31.3. Table 304.1.1.

TABLE 2.2a Increased Casting Quality Factor E.°

Type of Supplementary Examination

E,
- Surface examination (1) 0.85
Magnetic particle method (2) 0.85
Ultrasonic examination {3) 0.95
Type 1 and 2 0.90
Type t and 3 1.00
Type 2 and 3

1.00




TABLE 2.2b  Straight and Spiral Longitudinal Weld Joint Quality Factor -E,"

Type of Joint

Examination

E

Furnace butt weld
Electric resistance weld
Electric fusion weld
{single butt weld)
Electnc fusion weld
(single butt weld)
Electnce fusion weld
{single buit weld)
Electric fusion weld
(double butt weld)

Elecinc fusion weld
{double butt weld)

Electric fusion weld

{double butt weld)

By ASTM A211 specification
Double submerged arc-

welded pipe (per API 5L or 53L.X)

As required by specification
As required by specification
As required by specification

Spat radiograph i
100% radiograph

As required by s.pcciﬁcation
Spot radiograph

100% radiograph

As required by specification
Radiograph

G.60
0.85
0.80

0.90
1.00
0.85
6.90
1.00

0.75
095

“Reference B31.3 ANSYYASME 302.3.4.

Example

Calculate the minimum permissible wall thickness for a 10in. nominal
diameter pipe under 350 pst and 650°F. Matenial 1s ASTM A106 Grade B
carbon steel, corrosion allowance is 0.051n., and mill tolerance (MT) is

123%.

Thickness 1, =

= =350 psig D,=10.751n.

PD, .,
2(SE, + PY)

E, = 1.0 for seamless pipe

S = S, = hot allowable stress (tensile) for A106 Grade B = 17,000 psi  (see

Appendix A3)

Y =04 (because the temperature is less than 900°F)

350(10.75)

(.=
2(17.000 x 1 + 350 x 0.4)

_ 144
Nominal thickness = 01

+0.05=0.1441n.

0.144

(1-™MT) (1-0.125)

=0.1648 1n.
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through 9.13.

Alternate Equations to Calculate Wall Thickness
Locking at Eq. 2.1 again, we see that-
=1+ A

PD,
= -+ 236221 ) nn o
2(SE, + PY) A 257 2:1)

where -1 is the pressure design thickness in inches.
Equations 2:3.and 2.4 (Lamé, €quatiog)amayalsozbe used -to-calculate..s;

PD,

t=-—"2

2SE sresl@3)
q

D, [SE, = P)
=_° — _ P N B e
=31 SE,+ P meckeiody

Equationg ?_.1-, 2.3, and 2.4 are valid for t< D, /6 (thin pipe)-

hick-walled pipe) or P/SE; >0.385 requires
design and material factors into account such
, fatigue, and thermal stress (reference 1).

Allowable Working Pressure

The allowable working pressurc of a pipe can be determined by Eq. 2.5:

2(SE)¢ ' -
P ooy, - 23

where = specified wall thickness or actual wall thickness in inches.

For bends the minimum wail thickness after bending should not be less
than the minimum required for straight pipe.

Blanks

The pressure design thickness 1 of permanent blanks is given by the
€quation: ‘
3P

N _
[6SE. Allowance | (2.6)

(= d,




where d; = inside diameter of gasket for ratsed face or flat (plain) face
flanges or gasket pitch diameter for ring joint and fully retained gasketed

flanges in inches.

Test Pressure

The hvdrostatic test pressure at any point in the system shouid be not less

ahan 13 times the design pressure. For temperatures above 6350°F, the
minimum test pressure Pr is given by:

Pr=15 (;SSI) {Design pressure) (2.7)

S+ = allowable stress at 650°F (S, at 650°F) (see Appendix Table A3)

S = allowable stress at design temperature (S, at design temperature)

Allowable Pressure in Miter Bends

Miter Bends™*

An ancular offset of 3 degrees or less (angle « 1in Figure 2.2) does not
require design consideration as a miter bend. Acceptable methods for

pressure design of multiple and single nmuter bends are given ia (a) and (b)
next.

(a) Multiple Miter Bends: The maximum allowable internal pressure shall

be the lesser value calculated from Eqgs. 2.8a and b. These equations are not
applicable when 6 exceeds 22.5 degrees

p = SEq(T—C)[ T—c ] (2.8a)
- T2 (T"'C)+O.643 tan GV r‘l(T'—C)
SEQ(T—C)( Ry—ry )
Pm= 2.
) ' R|_0.5f2 ( gb)

(b) Single Miter Bends (or Widely Spaced Miter Bends)
(1) The maximum allowable internal pressure for a single miter bend
with angle @ not greater than 22.5 degrees shall be calculated by Eq. 2.8a.
(2) The maximum allowable internal pressure for a single miter bend
with angle @ greater than 22.5 degrees shall be calculated by Eq. 2.8c:

p #SEQ(T—C}{ T-¢ ]
~ (T =)+ 1.25tan 6V T — ¢)

*From ASMESANSI B31.3, Section 304.2.3.

(2.8¢)

s
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D(.‘Sign of Pressure Components

{3) Thne following nomenclature is used in Egs. 2.8a, 2.8b, and 2.8c for
the pressure design of miter.bends:

¢ = corrosion allowance
P... = maximum atlowable internal pressure for miter bends
r» = mean radius of pipe using nominal wall T
R, = effective radius of miter bend, defined as the shortest distance from
the pipe centerline to the intersection of the planes of 'adjacent miter
joints
E, = quality factor (see Eq. 2.2b)
S = allowable stress at design temperature. psi

T = pipe wall thickness (measured or minimum per purchase specification)
6 = angle of miter cut, degrees '

a = angle of change in direction at miter joint =20

For compliance with this code, the value of R, shall not be tess than that
given by Eq. 2.9:

A,
tan 8

R,= + 2
ane 2

(2.9

where A, has the following empirical values (not valid in S units):

Value of Value of
(T_C), iﬂ. Al
=0.5 1.0
05<(T—¢c)<0388 AT — )
2T —
=0.88 (—,,—-51+ 1.17

9]

See Chapter 4 for further discussion on miter bends.

Example

Calculate maximum allowable internal pressure for the multiple miter bend.

Plate thickness is Yin. Corrosion allowance is zero. Manufacturing al-
lowance 15 .01 in. Miter OD 15 36 1n.
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For two-weld m_i;e'r (see Fig. 2.2):

The mean radius of the pipe =35.5/2=17.75in.
The material consists of A312
15310°F.
Allowable hot stress is Sk = SE, = 3060 pst  (From Appendix Table A3).

Interpolate between S» = 3700 psi for 1300°F and Sn = 2900 pst for
1350°F. Bend radius, R, = 54 in. (see Table 4.4).

Using Eq. 2.8a, allowable pressure is -

TP 304 H stainless steel. Temperature is

b :SEQ(T—C)[ T—c ]
" ry (T—c)+0.643 tan 6vr,(T — ¢)
3060(0.5 - 0.01) (0.5-0.01) -
- 17.75 [(0.5—0.01)+0.643 tan(11_25)J17.75(0.5—0.01)]
= 58 psig

Using Eq. 2.8b, the allowable pressure is:

b :'SEQ(T—Q( Ri~r )

i R|_0.5f2
_3060(0.49) ( 54 —17.7S )
1775 54 —0.5(17.75)
= 67.86 psig

-

The maximum allowable pressure for the miter is the smaller of the value:
calculated above. Thus P = 58 psig.

REINFORCEMENTS FOR WELDED BRANCH CONNECTIONS*

When a hole is cut in a pipe subjected to internal pressure, the disc of th=
material that would nortaally be carrying tensile stresses in the hoo-:
direction is removed and an alternate path must be provided. To achievs:
this. a simplified “area replacement™ or “compcnsation"_approach IS usez
This method provides for additional reinforcement matenal, which is withi-
" a specified distance from the edge of the hole, equal 10 the area of the
matenial removed. Reinforcement at branch intersections are als.-
Occasionally needed to distribute stresses arising from pipe loads. Se=
discussion of siress intensification factors (SIF) in Chapter 4 for the reduc-



FIGURE 2.2 Nomenclawre for miter beads.

tion of the calculated value of SIF when reinforcement was provided. The
reinforcement requirement for internal pressure is usually defined in the
piping specification of the project. Additional reinforcement may be needed
for piping loads.

Figure 2.1 shows pipe run-branch connection (reproduced from B31.3
code). Requirements of the other codes are similar. A number of worked

out problems are given in Appendix H of B31.3 code {Reproduced here as
Appendix Table AS).

The requirements are not applicable to branch connections in which the
smaller angle between branch and run is less than 45 degrees, or in which
the axis of the branch does not intersect the axis of the run.

(a) Nomenclature. The nomenclature below is used in the pressure
design of welded branch connections. It is illustrated in Fig. 2.1, which
does not indicate details for construction or welding.

Definitions
b = subscript referring to branch
d, = efiective length removed from pipe at branch
d, = “half width” of reinforcement zone
=d, or (To—)+(Th—)+ d./2, whichever is greater, but in any case
not more than D,
h = subscript referming to run or header
L. = height of reinforcement zone outside of run pipe
=25(Th—cyor 2.5(T,— )+ T,, whichever is less
T. = minimum thickness of reinforcing nng or saddle made from pipe (Use
nominal thickness if made from plate.)
=0, if there is no reinforcement pad or saddle
t =pressure design thickness of pipe, according to the appropriate wal:
thickness Eq. 2.1. For welded pipe, when the branch does not 1ntersect
the longitudinal weld of the run, the basic allowable stress S for the
pipe (sce Appendix A3) may be used in determining &, for the purpos:
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of reinforcement calculation only. When the branch does intersect the
longitudinal weld of the run, the altowable stress SE, of the run pipe

shall be used in the calculaton. The allowable stress SE, of the branch
shall be used n calculating 1,

3 = smaller angle between axes of branch and run

(b} Required Reinforcement Area. The reinforcement area A, required
for branch connections under internal pressure shall be:

Ay = (W (2~ sin B) (2.10)

and under external pressure shall be:

_ {nd)(2 —sin B)

Aj > (2.11)

(c) Reinforcement Area. The reinforcement area is the sum of areas

Ay+ Ay + A, defined below, and shall equal or exceed the required rein-
forcement area A,.

(1) Area A,. The area lying within the reinforcement zone resulting
from any excess thickness available in the run wall:

Arx=Qdy— d\)(T,, — 1, — ¢) ' (2.12)

(2) Area A;. The area lying within the reinforcemernt zone resulting
from any excess thickness available in the branch pipe wall:

. ?La(Tb ! C)

A, sin (2.13)

(3) Area A,. The area of all other metal within the reinforcément zone
provided by weld metal and other reinforcement metal properly attached to
the run on branch.

Materials used for teinforcement may differ from those of the run pipe,
provided they are compatible with the run and branch pipes with respect to
weldability, heat treating requirements, galvanic corrosion, thermal expan-
sion, and so on. If the allowable stress for such materials is less than that for
the run pine, the corresponding calculated area must be reduced in the ratio
of the allowable stress values before being counted toward the reinforce-
ment area. No additional credit shall be taken for matenals having higher
allowable stress values than the run pipe.

(d) Reinforcement Zone. The reinforcement zone is a parallelogram
whose length extends a distance of d; on each side of the centerline of the
branch pipe and whose width starts at the inside surface of the run pipe (in
its corroded condition) and extends to a distance L, from the outside
surface of the run pipe measured perpendicular to this outside surface.



(e) Reinforcement of Multiple Openings. When any (wo or more adjacent
openings are so closely spaced that their reinforcement zones overlap, the
two or more openings shall be reinforced*® with a combined reinforcement
that has an area equal to that required for the separate openings. (See
ASME/ANSI, Section 304.3.4 of B31.3 code for reinforcement require-
ments of extruded outlet headers for further reading.) No portion of the
cross section shall be considered as applving to more than one opening, or
be evaluated more than once in a combined area. When two or more
openings are 1o be provided with a combined reinforcement. the minimum
distance between centers of any two of these openings should preferably be
at least 13 times their average diameter, and the area of reinforcement
between them shall be at least equal to 50% of the total required for these
two openings. (Pipe Fabrication Institute Standard ES-7 may be consuited
for detailed recoinmendations on spacing between welded nozzles.)

(f) Rings and Saddles. Additional reinforcement provided in the form of
rings or saddles shall be of reasonably constant width.

Example

A 10in. nominal diameter pipe has design conditions of 650°F and 400 psig.
It is made from seamless material to specification ASTM AS3 Grade B sch
20. The corrosion allowance is 0.03in. It has a 4in. nominal diameter
branch, sch 40 of the same material. What are suitabie dimensions for the
reinforcement if 1t is to be made from a plate of equal quality 10 that of the
pipe matenal?

We start off by calculating the minimum thicknesses required for both
the 10in. header and the 4 in. branch from the basic equation:

PD,
HSE, + PY) (2.14)

Allowable stress for ASTM AS3 Grade B at 650°F = 15.000 Ib/in.?
From Table 2.1, factor Y = (.4 (below 900°F)

‘prcssurc -

400 % 10.75

FOT header, [prc_ssurc = 2( 15'000 >'e 1_0 + 400 x 0_4)

=0.1418 in.

For branch, ¢ 400>4.5
ranc =
TOPTEYE (15,000 X 1.0 + 400 x 0.4)

=0.0593 in.
Then:

Minimum thickness of 10in. sch 20 =0.219in.:

Excess =0.219—-0.1418 -0.03
=0.0472 in.

“Multiple opening reinforcement B11.3, Section 304.3.3(b).
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Mimimum thickness of 4 in. sch 40 = 0.207 in_;

minimum of 2.5 % 0.22 or 2.5 X 0.207 +0.25. (Ass

thick. Our neglect of the area
practice. It must be pointed out,

a weldolet would be preferred.
Table AS.

1. Calculate internal pressure desi

1.

The minimum thicknesses above are the nominal
Yess 123% mill tolerance (MT) allowed by the standards.

Excess =0.207 - 0.0593 - 0.03
=0.11771n.

schedule dimensions

Effective length, d, = 4.5 — 2(0.1177y=4.2646 in.
d>=d, =4.2646 in.

The L, is the minimum of 2.5(T, — ¢) or 2.5(T, — ¢) + T, that is, it is the
ume 3 in. reinforcement.)
Clearly, the first condition governs so that L, =0.551n.

Required area = 1, X d, = 0.1418 x 4.2646 = 0.6047 in.2
Compensation area available from header,

A>=(2d>— d,)(excess thickness)
=4.2646 % 0.0472 = 0.2012 in.2
Compensation area available from branch,
Ay = (2L.)(excess thickness)
 =11%0.1177=0.1294 in 2
Total compensation availabie without reinforcing pad =0.3306in.2
Cross-section area of pad required = (0.6047 - 0.3306)/2 =0.1370in.2

This results in a nng with l]% . outside diameter, 1% in. wide, and !in.

of the weld fillets makes no difference in
however, that for a Service of this severity
For more example problems, see Appendix

EXERCISES

go thickness for 8 in. carbon steel A106
rade B pipe under 420 psig at 800°F. If mill tolerance (MT)=12.5%

and corrosion allowance is 005 in. select commercially available
thickness.

Calculate maximum allowable pressure which can be held in a 12in.

standard weight AS3 Grade B pipe at 725°F. Assume usual MT and
0.1in. for corrosion allowance.

Select the commercially available thickness to hold 500 psig at 700°F.

Pipe is 12in. A106 Grade A material, MT is 12.5%, and corrosion
allowance is 0.06 in. '

REFERENCE

Roarke, R. J. “"Formulas for Stress and Sirain,”



CHAPTER THREE

PIPE SPAN CALCULATION

The-maximum allowable_spans for, Hornzontal: plplng Ssystems are limiged:-by.

¢hree main factors: bcndmg St Lrtxcal deﬂccuon and na(urqg frequency.
By relating natural frequcncy and deflection limitation, the allowable span can

be determined as the lower of the calculated support spacings based on
bending stress and deflection.

SPAN LIMITATIONS

The formulation and equation obtained depend upon the end conditions

assumed. By assuming a straight pipe beam, simply supported at both ends,
Eqs. 3.1 and 3.2 are obtzined (reference 1). This end condition gives higher
stress and sag and therefore results in a conservative span.

0.33ZS _
= \/ 2ok based on limitation of stress 3.1
- w
af A .
L= \, El based on limitation of deflection (3.2)
22.5w

The end conditions can be also assumed as a mean between a uniformly
loaded beam simply supported at both ends and a uniformty loaded beam with

both ends fixed. With this assumpuon (reference 2) Egs. 3.3 and 3.4 are
obtained:

0.47S . -
= h based on limitation of stress (3.3)
w
AFET ) .
L=« 35 based on hmitation of deflecuon (3.4
oW

34
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where L = allowable pipe span, feet

Z = modulus of section of pipe, in?

S» = allowable tensile stress for the pipe material at design temperature

ps1 (known as allowable hot stress)
w = total weight of pipe, 1b/ft
= metal weight + content weight + insulation weight

A == allowable deflection or sag, inches

I = area moment of inertia of pipe, in.?

E = modulus of elasticity of the pipe material at design lemperature, psi

(known as hot modulus of elasticity)
The exceptions are:

I. The piping is in a static state, except for movement induced by
temperature changes. Effects of pulsation, vibration, sway, or earth-

- quake are not taken into account.

’)-

Concentrated loads similar to valves are not considered in Egs. 3.1
through 3 .4.

NATURAL FREQUENCY

For most refinery piping a natural frequency of about 4 cps is sufficient 1o avoid
resonance in nonpulsating pipe lines. However, the natural frequency f, in
cycles per second is related to the maximum deflection A in inches by:

1 g 3.2
=T = — (3.5)
I 27 YA VA

where g = acceleration due 1o gravity, 386 in.fsec? (32.12 ft/sec?).-

Therefore the natural frequency for a simple beam corresponding to
1.001n. sag is 3.12 cps. One of the reasons for limiting the deflection is to make
the pipe stiff enough with high enough natural frequency to avoid large
amplitude under any small disturbing force. Although this may seem t00 low,
in practice the natural frequency will be higher because (1) end moments,
neglected here, will raise the frequency by more than 15% ; (2) the critical span
is usually limited by stress and is rarely reached; and (3) the piping weight
assumed is often larger than tiie actual load. '

By relating natural frequency and deflection limitations, the maximum span
is thus determined by the smaller valves obtained by Egs. 3.3 and 3.4.

The-calculated span is then multiplied by the span reduction factor. Figure
3.1 shows different piping arrapngements and span reduction factor f
(reference 3). As can be seen, span reduction factor is less than 1.0.

Assuming that the piping is simply supported at both ends and the valve is



.B&
2

\ [ =086
. Case 3

) L
~L
for [ see £q. 3.8
f =076 and Table 3.1
Case 4 Case 6

FIGURE 3.1 Piping span reduction {actor case 1 through case 6.

located at midspan (incase 6 of Fig. 3.1, a = b= L/2).Eqgs.3.6and 3.7 canbe
derived:

e A SWLAE W
Bendingstress = 7 (3.6)

L 2DSwIANBEW. L
DR — (3.7)

where. W;-=_concentrated weight simlar t0 the-valve ‘in"pounds:-

As-cantbe -easily seen, Egs.3:6.and-3.7.may-be used to catculate actual
bendirig=stress ‘and deflecion-when the ‘span is eigher known or assumed: -

To calculate allowable spans for piping with concentrated weight similar to
valves anywhere along its span (case 6, Fig.3.1),spanreducution factors may be
used. For a beam with fixed ends the span reduction factor is obtained
(reference 4) by comparing the moment acting at the support with the moment
obtained from only uniformly distributed weight and 1s given by:

f"':& n 120413(1 43)4”2_ (.8
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TABLE 3.1 Span Reduction Factor ' for Valve Location {using Eq. 3.8)
g a
L .
a 0.05 0.1 0.15 02 0.25 0.5 0.4 0.5
0.1 ] 0.97 0.95 0.94 0.93 0.92 0.92 092 093
0.2 0.95 0.92 0.89 0.87 0.86 0.86 0.86 0.83
0.5 0.93 0.82 0.78 Q.75 0.74 0.73 0.73 0.76
Q.75 0.845 0.76 0.71 0.68 0.655 0.6553 066 0.68
= 1.0 0.81 , Q71 0.66 0.63 0.61 0.60 : 0.61 0.63
>t 125 0775 067 0.615 0.585 0.565 056 0.565 0.54
T 1.50 0.74 0.64 0.58 0.55 0.53 0.52 0.53 0.35
”’c 1.75 0.715 0.605 0.555 0.525 0.505 0.495 0.495 0525
2.00 0.69 0.58 0.53 0.50 .48 0.47 G.47 0.5
2.50 0.65 0.54 0.49 0.45 0.43 0.43 0.43 0.46
4.00 0.56 Q.45 0.40 0.37 0.36 0.35 0.36 (.38
5.00 0.52 0.1 0.37 0.34 0.33 0.32 0.32 0.54

where

e g e Wc = 'a"':a' -
P S S D a;—_.—‘_.‘v(a_:‘-:b)‘m-(-_v:ﬁ- L - nr

Table 3.1 gives valves of f’ for different valves of « and .

DRAINAGE~

It is often necessary to-install pipe systems so they will-drain by graviiy,
preferably in the direction.of normal flow. To achieve drainage each span must
be pitched so that the outlet will be lower than the maximum sag of the pipe.
The pitch of pipe spans is the ratio between the dropinelevation angd the length-

©i span. it is called “average gradient” and is expressed in inches per foot.

Gradient.Check. for Drainage

drop in elevation |

Average gradient G = ~ in.fft . (3.9)
" span ¢




TABLE 3.2 Cowmmon Pipe fnsulation Materials

(Mass Type)
Pipc Insutation Type Density {Ibfft*)
Calcium silicate 12.25
Foam glass 8.50
Polyurethane 2.00
Fiber glass 3.25
Polystyrene 2.00

The condition for good drainage 1s:

4(maximum deflection)
= (3.10)
span

In calculating modulus of section and area moment inertia of piping,
corrosion allowance may be included, which will result in a slwhlly higher
span. :

Table 3.2 gives the common piping mass-type insulation materials. The

other type is known asreflective and is used inside reactor buildings of nuclear
plants {reference 7).

To illustrate the use of the preceding equations the following Example
Problems are worked out.

Example Problem 1

Calculate the allowable span for a 10 in. pipe with standard wall operating at
400°F. The material of the piping is carbon steel A106 Grade B. The pipe 1S
filled with crude oil whose specific oravuy is 1.2; it has a 2 in. thick calcium

silicate insulation of density 111b/f°. Metal weight, content weight, and

insulation weight may also be obtamed from any standard table. Assume that
the maximum deflection allowed is 2 in.

Self weight of pipe = E (OD? — ID)(density of steel)(length)

= %T(lOJ 57— 10.022)(0.283)(12)

=40 44 1b/f1 -
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d-ontent weight = E(lD)?(lcngth)(dcnsily)

62 .4
(12)°

= 2 (10.02)°(12)

~=34-17 Ib/fi-.
Ansulauon weight = E(OD of insulation — OD)z(lcnglh)(dcnsi(y)

ud 11
=5 (14752 - 10.75)(12 (—)

4(1475 10.75%)(12) 53
=6:12:4bffuz.

<xTotal weight of the pipesw-= 40.44 + 34 17 + 6.12 Ib/ft
="80:734b7iF
.;U;ing:ﬁ.ﬁg&,g_g_r_ﬁ_tga,scd onimitation-of streas:

-
4

L5

bt

u;,,ﬁ..ﬁféﬂ:io_ Y pryra s

-Z = section modulus =299in>

S,, = allowable stress of pipe material for design temperature

=22,900 psi for carbon steel A106 Grade B at 400°F per B31.3
code (Appendix Table Al) -

< Span’Lw 'Vj 3(2"3’(?}7%2’902-—»58 2t

UsingzEq:23-4 based on: hmxtauon of allowable deflection of

p— . 6
T 4/;;1;‘1'9 \/8(27qx10 1607 _ oo

13.5(80.73)

gln

E = Young’s modulus

(psi) at 400°F for carbon steel with carbon content
0:3% or less

=27.0X 10° psi

, I'=area moment of inertia of pipe = 160.7 in.*

By sclecting the smaller of 58.2 ft and-39.7 ft as span, the span is 39.7 ft.



Example Problem 2

Calculate atso the maximum allowable span in the following case (using basic

information from Example 1).

(a) If 1in. static deflection was allowed.

(b) If the matenal of the pipe was stainless steel A312 TP 314,

(c) If the piping material was aluminum seamless B241 Grade 6061 T6.

(d) 1f the piping material was red brass, seamless B43 {commercial brass
66 Cu-343 n).

(¢) 1f nickel piping was used (Ni Cu, specification B165, P No. 42, Grade 400,
hot anncaled]).

Case (a): If 1in. static deflection 1s allowed:

[ = :ﬁz'z x 10°)160.7
13.5(30.73)

=44.6 It

Case (b}: If the material of the pipe was stainless steel A312 TP 304

(18 Cr-8 Ni pipe):
{0.4
[ = AT
w

_ [0:4(29.9)18,700

20.73 = 52.6 {1
5 oY
1/3(26.6)10°(160.7) -
_ = =3 . 6
L \/ 13.5(80.73) 39.56 1t

Required span, L =39.56 ft

Case (¢): 1f the piping material was aluminum seamless B241 Grade 6061
T6 at 400°F:

/0.4(29_9)5600
[ = =288 ft
80.73

) [
8.7 x 10°)160.7
L= \ﬁ‘ =30.0 ft
13.5(80.73)

Required span, L =288 ft
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Case (d): ! the piping material was red brass seamless B43 (commercial

brass 66 Cu-343):
-~ —
L= (JAH2995000 o,
80.73

B ;/ﬂ(l_“)x 10°)160.7
- 13.5(80.73)

=331t

Required span, L =27.2ft

Case (e): If the material was Ni-Cu, specification B165, P No. 42 Grade
400, hot annealed:

4(29.913,200
N 2 _

44.2 {t
80.73

L :/%(20.6)10"’(160-7)
- 13.5(80.73)

=37.1Mt

Required span, L =37.1 ft

Table of span: To provide the reader with a quick reference values of span,
Table 3.3a and Table 3.3b are presented.

The following assumptions were made:

1. Pipe material is carbon steel A53 Grade A. Table 3.3a applies
conservatively to all other steels.

Tcmperature,ranges from zero to 650°F. At 650°F, S, = 12,000 psi.
Modulus of elasticity E, = 25.2 x 10° psi from the piping code.
3. Specific gravity of fluid is 1.0 (water).
4. Density of insulation is 11 Ib/ft>.
Thickness of insulation is 14 in. for pipe sizes 1-4 in.
2in. [or pipe sizes 6-14in.

) 23 in. for pipe sizes 16-24 in.

The pipe was treated as a horizontal beam, supported at both ends,

carrying a uniform load equal to the combined weight of metal weight,
water, and insulation.

2.

6. The maximum static deflection was 1in. and natural frequency was
3.12 cps.

The maximum bending stress was equated to allowable weight stress
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For other values -of allowable stress,“deflection, and-natural frequency, the
span-values-giveh™in"Table 3.3a need to be’ multiplicd by span-calculation
factors (given'inTable 3.3b) C,, C,;-and C;=

Values-in-Table-3:3bwere-arrived St a5 follows -

1..- For any.other-allowable-stress S, the maximum span-1s CyL; where

T Ci==E(S12,000)2. 7 L |

Fordefiections otfiérthan. Iin:~the-maximium-pi IpespanisaSnisavhitie. so -
- Gy =AY

1J

[FB)

- ~Eor natral frequency fotherthand A2zepsstemmaximamspanis C; L',
. \,! he rEC3 -5%(3::127;}?)‘ W2

. _—Ihese;;:alm;iation_—igggg_rs—g_rfzg_i\ftj:r_tfjn;’I;@,b.lc.:B,ﬁhidné6fﬁ€%"§[ﬁ"é"§"{i‘{¥&;?~a“n'déf:' e
=15 caleulation:factor-shouid ‘not ‘be, confused withspan reduction:faciors.
=given carlier.in. Figure:3.1..

Example

1. Using Table 3.3a, calculate the maximum span allowed for a 14 in. sch 40

pipe. (Assume S, = 12,000 psi, A= 1 in., and f=3.12cps.)
Span L considering the stress from Table 3.3a =43 f1.
Span L’ considering the deflection =44 ft.
Select the smaller of the two spans, namely 43 fr.

2. Calculate the span if S, was 10,000 psi.
From Table 3.3b,

‘ the caiculation factor is C, =0.913, sf)an=
0.913(43) =39.2 f1. :

3. Calculate the span if A=1in.
From Table 3.3b the calculation factor is C,=0.841, span=
0.841(44) = 37 f1. .

4. Calculate the span if the ptpe i1s connected 10 a compressor with speed of

8 cps.
From Table 3.3b. calculation factor Cs = 0.625, span = 0.625(44) =
27.5.

Calculation of the allowable span under dynamic loading is complicated.

The conservative formula for calculating the restraint spacing (reference 35)
based on stress criterion is given by:

SnZ

=2, , 3.11)
L=219 12Kw (

L

where K = seismic coefficient de

pending on the peak of floor response spectra
(multiple of acceleration, G).



Dvynamic deflection criterion (reference 4)
allowable span under dynamic loading.

For a simply supported single span beam. the maximumdeflection by taking
one mode is given as:

can be used to calculate the

1axs A—iﬁv (3.12
.\ amn}um.—ﬁsEI- . ) 3. -)

~ where m = pipe mass/fooi
E = modulus of elasticity, psi
I = moment of inertia, in.”
A,, = seismic acceleration of pipe, ft/sec?.

GUIDE SPACING FOR WIND LOADING

©Table 374 gives maximum spacing.of guides for.vedicalpiping.

~Table 3.5 ~gives sug gested: -ptp'c'“siuppon- spacing«(span) as per ASME
Nuclear Code, Section III DlVISlOl’l 1, Subsection NF-3133.1-1.

TABLE 3.4 Maximom Spacing of Guides

Nominal Pipe Size (in.) Guide Spacing {ft)

22
23
24
27
29
33
37
41

— i

o & W T

|
p— b
h N OO
P I
~] v

p—
o &
[ ]
W Q

NS b
Hh O
ohoW
o I = 0

Notes:

Guides should be kept about 40 pipe diameters clear of
corners or loops.

13

Use of pipe guides on hot lines must be investigated LO
assure that no higher forces or stresses are transmitted
to the piping system duc 1o the location ol the guide.

Calculation of wind loads on pipes is giveninreference
6.
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TABLE 3.5 Suggested Pipe Support Spacing

Suggested Maximum Span (ft)

Nominal
Pipe Size Steam, Gas, or
in.) Water Service AIr Service
1 7 9
2 10 13
3 12 15
4 14 17
6 17 C 21
8 19 24
12 23 30
i6 27 35
20 ' 30 39
24 32 : 42 -
Notes:

Suggested maximum spacing between pipe supports for horizontal
straight runs of standard and heavier pipe at maximum operating
temperatures of 750°F.

!\)

Docs not apply where span calculations are made or where lhcrc are
concentrated loads between supports such as flanges, valves, and
specialities. )

The spacing is based on a maximum combined bending and shear stress
of 1500 psi and insulated pipe filled with water or the equivalent weight
of steel pipe for steam, gas, or air service and the pitch of the line is such
that a sag of 0.1 in. between suppors is permissible.

DESIGN RULES FOR PIPE SUPPORTS
" Spacing of Piping Supports

Supports for piping with longitudinal axis in approximately a horizontal
position shall be spaced to prevent excessive shear stresses resulting from sag
and bending in the piping with special consideration given when components
such as pumps and valves that impose concentrated loads. The suggested

maximum spans for spacing of weight supports for standard weight and
heavier pipe are given in Table 3.5.

EXERCISES

1. Calcutate the maximum allowable span for a 16 in. standard weight pipe

Tt ) | IR S £ Py, I\lv('r- \J“\

The nine s mqul'ucd with 3 1n.



CHAPTER FOUR

ANSI PIPING CODES
AND ASME CODES

The ANSI Piping Codes and ASME Pressure Vessel codes give guidelines for
piping design. In general, the latest revision of the code should be used. In the
design of Nuclear Power Plants Piping, the code of record, which is not

necessarily the latest revision, for a specific ptant can be used.
Codes related to piping design include:

I -

(reference 2)

FUSR WP}

(W]

Subsecuon NA

Subsection NB
Subsection NC
Subsection ND
Subsectuion NF

ANSI B31.1, Power Piping (reference 1)
ANSI B31.3, Chemical Plant and Petroleum Refinery Piping

ANSI B31.4, Liquid Transportation Piping (reference 3)
ANSI B31.8, Gas Transportation Piping {reference 4)
ASME Section I, Nuctear Components Design (reference 3

General Appendix. Material Properties
Class 1 piping (high energy piping)
Class 2 piping

Class 3 piping

Support destgn

Nuclear componeants design is treated in Chapter 10.
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o

thick calaum shcate with densyiy 12,2510/ T he matesial of the Pipnee
1s carbon sieel A106 Grade B and the temperawre of the oif 1s (10100 B

Assume the maximum deflection allowed 1s Y in.

Calculate the span if a valve weighing 1050 1b was located at the madspan
of Exercise 1.

Calculate the span if a valve weiching 1050 1b was located at one-third
span distance from one support of Exercise 1.

Calculate the span if the pipe considered in Exercise 1 has a 90 degree
elbow between the supports.

Calculate the static deflection in a2 101n.sch 80

stainless sieel pipe filied
with water and with 3 in. of

ber glass insulation.

REFERENCES

Barc, W. et al., Pipe Supports for Industrial Piping Svsiems, Procon Inc.. 1963.

Fluor Design Guides and 0. Truong. Seminar on Pi

ping Systems, A&M University, Texas.
DML, Inc. Design Siandards.

Nivogi, B. K. *'Simplicd Seismic Analysis Mcthods for Small Pipes.” ASME 78-PVP-43.
Stevenson ct al., “Scismic Design of Small Diameter Pipe and Tubing for Nuclear Power
Plants,” Paper #314, Fifth World Conference of Earthquake Engineering, Rome, 1973,
ANSI Standard AS58.1 “Wind Loads for Buildings and Other Structures.”

Wilkes, Gordon B. “Heat Insulation,” Wiley, NY
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INTERNAL PRESSURE AND
LONGITUDINAL STRESSES

Code allowable stresses are designed to prevent failure of the piping svstens.
Two types of failure that the piping should be protected against are:

1

-and other -pnmary loads:

I

effects) which are -secondary loads=

Direct overstress or.failure due 10 pressure, weight, wind. earthquak:

Fatigue or distoruon dueto-displacement strains’ (r-cnemﬂv therrt

The limits of calculated stresses caused by sustamcd loads and dlsplacemcr

strains are:

1. Imema! Pressure S:resses

-qxadcquatc. (See thickness calculation in Chapter 2.)
Longitudinal Stresses (S.):

3]

Sucsses;ducAO anternal: “pressure- 1S : Ca:

Thessum-of-longitudinal stresses resultin;

from pressureweight, and othersustained loadings shall not exceed the
Hasic allowable stress for.material at maximum metal-temperature S, .
Pipe thickness used :n the calculation of S must be reduced bv
allowances such as corrosion, erosion, manufacturing tolerance, asdg

grove depth.

(Wh

stress range S 1S given

Allowable Stress Range for Displacement Stresses:

by: -

Sa = f(1.255c+0.25S,) -

The altowaHe -

(41

where Sc = basic allowable stress for the material at minimum (cold) mezai

lemperature, psi
Si. = hot stress, psi

f = stress reduction factor for cyclic conditions for the total numbsr

of full tempurature cycles over expected life.

Tabte 4.1 gives values of stress range reduction factors, f.

TABLE 4.1 Stress Range Reduction Factors

Number of Cycles Factor f
7.000 and less 10
7.000 o 14,000 09
12.000 10 22.000 0.8
22.000 10 45,000 07
245000 o 100,000 0.6

Owver 100.000

0.5




Metal Temperature °F

=2010
Code SI00 2000 300 400 SO0 600 650 700 750 800 850 900 950 1000 e,
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vililil op 1> BICUCT inan e Calculatled vatue 0ol 5. . the dilicrence between

them may be added to the term 0. 755;, in Eq 4.1. In this case the allowable
stress range becomes: R

-l'-l.... o

Sa= f[1.23(S. ‘*‘Sh)“SL] | e (4.2)

aul

Appendix Table A3 gives values of cold stress S, and hot stress S, for pipin:
matenials from B31.3 piping code.

Representative values of S, and S, for carbon steel, alloy steel A_>33 5Cr-
Mo, and for stainiess steel A312 TP 304 -are given in Table 4.2 from B31.
(reference 1), B31.3 (reference 2), and Seclion 111 (Class 2 mnateria;
subsection NC, reference 5). As can be seen, B31.3 code gives highc
allowable stress, whereas Section I1], Class 2 materials are allowed higher yiei
stress. Appendix Table A3 gives B31.3 values for the most common material:
For other codes, approprnate references should be used in the actual desig:

Calculation of allowable stress range Sa using Eq. 4.1 is frequent!
encountered. Three examples are given hers to show the calculation of S,

Example

1. A pipe is fabricated of seamless carbon steel to specification ASTM A10:

Grade B. The design temperature is 700°F. What s the allowabt:
expansion stress range? Refer to ANSI B31.3 (latest edition) to find th

value of S, and S; stress at minimum temperature to 100°F (i.e.
S.) = 20,000 Ib/in.? Stress at 700°F (i.e., S.) = 16,800 Ib/in.? (Appendi:.
Table A3). In the absence of any reason for taking a lower value assum:

f=1.0; then S, = 1.0(1.25 x 20,000+ 0.25 x 16,800) = 29,000 Ibfin.?

A pipe supplics steam to a jacketed process vessel that is operated on =
batch process with a 4 hour cycle. The steam temperature 15 200°F and the
material of the pipe is a seamless low and intermediate alloy steel pipe,
ASTM A335 5 Cr—} Mo. if the installation is operated continuously and

the design life is to be 12 years, what is the allowable stress range for
lhcrmal stresses 1n the pipe?.

Allowable stress (cold) = S, =20,0001b/in.? (Appendix Table A3)
Allowable stress (3235°F) = S, = 18,100 Ibfin.?
Number of cycles =% x 365 x 12 = 26,280
f=0.7 (for 22,000—45,000 cycles) (see Table 4.1)
Sa= f(1.255.+0.25S,)
Sa =0.7(1.25x% 20,000 + 0.25 % 18,100) = 20,667 lbfin.’

A line in a relief system attains a temperature of —90°F when the rebel

- e
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valve hifts. The material is stainless steel pipe A312 TP 304 (18 Cr-18 N;

pipe). What is the allowable CXpansion stress range? -

Two things to note are-

. Because relief valves do not operate very frequently, we will be justified

in assuming that the pipe will experience less than 7000 cycles of stress.
Therefore f=1.0.

£

The fact that the range from ambient to operating temperatures is

negative makes no difference. It 1s the temperature change that
matters.

For ASTM A312 TP 304 seam

less pfpe, the allowable stress is {(minimum 1o
100°F)

S. = S, = 20,000
Sa = f(1.255, +0.258,) psi
Sa = 1.0(1.25 x 20,000 + 0.25 x 20,000) = 30,000 psi.

PETROLEUM REFINERY PIPING CODE
REQUIREMENTS FOR FORMAL ANALYSIS*

No formal analysis-of adequate:-ﬂcxibility=is:rcquir_ed in systems-which-

l.  Are duplicates of succe
without significant chan

2. Can be readily ad
analyzed systems.

3. Are of uniform size, have no more than two points of fixation and no
- intermediate restraints, and satisfy Eq. 4.3:

ssfully operating installations or replacements
ge of systems with a satisfactory service record

judged adequate by comparison with previously

Dv 305;\
- — _ 0 g™
(L= OF = E. = KN (4.3)

where D = nominal pipe size, inches

Y = resultant of total displacen,ent strains to be absorbed by the piping
system, inches '

U = Anchor distance,

L = developed length

Sa = allowable stress ra

straight line distance between anchors, feet
of piping between anchors, feet
nge, psi (include stress range reduction factor f

* From ASME/ANSI B31.3, subsection 319.4.1, Requirements for Analysis.



where more than 7000 cycles of movement are anticipated during
life of installation).

E, = modulus of elasticity of the piping material in the cold condition,
psi

Because no general proof can be ofiered that Eq. 4.3 will always be
conservative, caution should be exercised in applying it to abnormal
corfigurations (unequal leg U-bends), to large diameter thin-wall pipe (stress
intensification factors of the order of five or more), or to conditions where
extraneous motions, other than in the direction connecting the anchor point
constitute a large proportion of the expansion duty.

User must be aware that compliance with Eq. 4.3 does not ensure that the
terminal reactions will be satistactory -Aualuen:0703 inaybe assumed for thie

tightrhand-sidexin=EG 23137 cnough ‘nformation-WasTioPAvATAble -S4 3 -
.does:not-inclade wéight ef

Example

4. Check if formal analysis is necessary in the piping arrangement given in
Figure 4.1 using Eq. 4.3.

The diameter i1s 10 in., temperature is 300°F, coefficient is 0.023 in_/f1
of pipe for carbon steel A106 Grade B (see Appendix Table A1).
The expansion in each direction and terminal movement is:

Ax =40(0.023) = 0.92 in.
Ay =(50—10)(0.023)+(2—1)=1.92in.
Az =:15(0.023) = 0.345 in.

y =+0.922+1.922+0.119?=2.13.

D = nominai pipe size = 101n.

Y

' ) 5t
)\\ 101t N2
, _— t XI5 1

tin.

50 ft

25 1t

v ‘ 2w

FIGURE 4.1 Formal analysis requirement.
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E, == cold modulus for carbon steel =
Table A2)

L = developed length = 154 10+ 15 + 50+25=11511

27.9 X 10° psi (Appendix

U = anchor distance = S8.5 ft (straight line distance between anchors)

Sa=1(1.255,+0.258,) = 1.25(20,000) + 0.25(20,000)
= 30,000 psi
Equation 4.3 states that formal analysis is not necessary if:
(L - U) Ea d
)
Dy . 10(..-1‘3) 1= 10(2'13)=0.00668
(L-U) {ii5—-58.5)° 319225 .
308, _30(30,000) _ 0.1 =0.0322

E. 279x10° 279

Because Dy/(L — U)? <30S./E,. no formal analysis is necessary from the
thermal Aexibility point of view. '

INPLANE AND OUTPLANE BENDING MOMENTS

The .B31.3 code defines in

plane and outplane bending moments, which are
shownin Figures 4.2 and 4.

3. After application of the inplane bending moment

1 FIGURE 4.2 Inplane and out
Mo

plane moments in a bend
(ANSIASME B31 W
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FIGURE 43 Inplanc and outplane moments in branch connecton {ANSIYASME B31.3).

M:;, the bend or branch connection still remains in the original plane. But wher.
outplane bending moment M, was applied, the bend or branch connectios.
goes out of the original plane. The torsional moment about the axis of the Pip*
is denoted by M,. Power Piping Code (B31.1) and Nuclear Code (ASME
Sec. I1I) do not differentiate between inplane and outplane bending
moments. See Table 10.1 for Nuclear Code equations.

STRESS INTENSIFICATION FACTORS

“Pipmeg>auxiliariés-like bends (e.g., elbows, miter bends) and branch cor.

necnons (e.g., welding tee, fabricated tees) have flexibility characteristic
Mexibiiitv factor _k. and stress intensification factors (SIF). In this area mos
codes including British standard BS3351 use the work done by Marl
(reference 6). Table 4.3a (reproduced from Appendix D, ANSI B31.3, 198"
revision)- gives equations for calculating values for h, k, inplane SIF i;, an.
Outplane SIF i,. Note that other codes do not allow the use of lower value fc

Qutplane SIF (0.75/h*">) compared with higher value of 0.9/h?*? for inplar
SIF.
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Example

J.

Calculate SIF and fiexibility factor for 12in. standard schedule fong radius

elbow.

{(a) For welding elbow,

bend radius= R, = 1.5(nominal diameter) = 1.5(12) = 18.1n.

T = nominal wall thickness=0.?;75in. (see Appendix Table A4,
properties of pipe) and assume that elbow and pipe have same thick-

ness.

h=

h=

k=
I-,":

i, = outplane SIF =

OoD-T 12750375

. D
mean radius of pipe = S > = 6.187510.
e .. TR, .
fiexibility charactensuc = g (equation from Table 4.3a)
i
0.375(18)
=————>==0.17
(6.1875)% 6
flexibili f-ctor “1'—{)-?——1-'—61—9 358
exibihity fa i 0176
: . . . 0.9 09
inplane stress intensification factor = =

P (0.176) =2.86

0.75 24
(0.176)*°

The lower value i; = 0.75/h? is allowed for B31.3 and B31.4. If
desired, a higher value i = 0.9/ h*'3 may be used for both i; and i,. Chart A
in Table 4.3b may be used to read i and i For B31.1, Power Piping and
Nuclear Piping, Section 11, Classes 2 and 3 piping, use the higher value

only.

(b) If one end 1s flanged, the correction fac:0r=C1==h"3==
(0.176)*°> = 0.5604.

1.65

1.65
Flexibility factor = C, (——) —~0.5604 (BTID_()) =525

h

0.9\ . . 0.9 - _
inplane SIF = Cl(w) - 0.3604(W) -+ 0.5604(2.86) = 1.6

0.75

QOuiplane STt = C, T-{E) = 0.5604(2.4) = 1.345
1
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By modeling flanges at the elbows, the lower SIF values can be

advantageously used. However, the flexibility factor also has been
reduced which is not desirable.

MITER BENGS

Miter bends shall be used, when more economical, for changes in direction on
steel water piping, drain lines, and internal piping in pressure vessels in which
space limitations prohibit the use of elbows. Miter bends in horizontal suction
- lines to centrifugal pumps should be a minimum of six pipe diameters from the

suction flange. The equations to calculate stress intensification factors for
miters are given in Table 4.3a. The miter bend can be either closely spaced or
widely spaced as determined by using the following equations.

The miter is closely spaced if the miter space S is:

S < (1 +tan 6) (4.4a)
| to
R, = Bend radius = S co (4.4b)
The miter is widely spaced if the miter space S is:
S= (1l +tan ) (4.4¢)
a(1 +
R, = r_,,(l_Tcg_t_G_)- . {4.44)

where 8 = miter angle, degrees

r» = mean radius of the matching pipe, inches
(For maximum allowable internal

pressure calculations, see Equations 2.8a,
2.8b, and 2.8c.)

The miter angle 8 is equalto 11ifora five-piece (or four-weld) miter, sketch
(d)in Table 4.4, 9 is equatto 15fora four-piece (or three-weld) miter, sketch
(c). Table 4.4 and @ is equal to 221 for a three-piece (or two-weld) mitter,

sketch (b) Table 4.4. Table 4.4 shows these miters and also gives miter
space S.

Examplc

-

6. Calculate the SIF and flexibility factor k for an 8 in. four-piece miter. The

plate thickness is 0.322 in

Foran 8 in. nominal pipe, r» = mean radius = 4.152 in. Fora four-piece
(three-weld) miter, 8 = miter angle = 15°,

From Table 4.4, S = miter space = 675 in. Check for closely or widely
sonerd miter 4130 18V = 5760 which is less than the miter space



TABLE 4.4 Miter Space Dimension for Miter Benas, it

{a) Single-weld mitef (b) Two-weld miter (O Three-weld miter () Four-welg mue:
Miter Space $
Pipe Bend Radius
Diameter R, =22 6=15° 0=11Y%
3 4% 33 2% s
4 6 5 3k 23
6 9 1% 432 3
8 12 94 61c a3
10 15 12% 8% 5%
12 18 1433 H T
14 21 173 113 8%
16 24 19; 123 9%
18 27 223 14 103
20 30 243. 16+ 115
22 33 27 17% 13}
24 36 294 19% 147
26 39 32:% 201 15%
28 42 344 22% 164
30 45 371 244 17%
32 48 393 25% 19
34 51 42% 275% 205
36 54 443 284 21s
38 57 a74 307% 2%
40 60 494 52; 233
42 63 522 333 25%
48 72 59% 38:% 285
64
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65
Using the equation from the code, Table 4 .3a,
i eh . 1+cotdT 1+cotl50322 .
h = fiexibility charactensuc = T : = 3 1153 0.1835

1.52
24

k= ncxibility factor = W =672

09 0.9 0.9
L=1,= = T = = =7 78
N TARE (0.1835)*>  0.3229

Table 4.3a gives equations to calculate the flexibility factor and SIF for the
following branch intersection types:

Welding tee

Reinforced fabricated tee with pad or saddle.
Unreinforced fabncated tee or stub-in
Extruded welding tee

Weld in contour insert (weldolet)

Branch weldeg on fitting

- N IR

Branch intersections are sometimes identified by trade names or names given

by a specific nianufacturer. Itis important 1o remember that SIF value should
not be less than 1 (Note 1 of Table 4.3b).

When pad thickness T, is greater than 1 times the pipe thickness T, the
equavon to calculate h becomes

7 .
h=4-— (see Note S, Table 4.3b)

I

(4.1c)
When this condition is reached h is no longer the function of pad thickness

That means credit cannot be obtained for a pad thickness portion that is
greater than 13 times the pipe thickness.

SIF values for most branch intersection types are a function of run pipe
dimensions and not branch pipe.

Examp!e

7. Calculate SIF and k factor for an 8 in. diameter standard sch pipe with
4in. branch if:

()

tf intersection is an unreinforced fabricated 1wee
()

if -pad thickness used is equal to pipe thickness

(€) if pad thickness used 18 Q.57 1n.
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(a) The unrein{orced fabricated tee:
h = flexibility characteristic = T/r, =0.322/4.152 = 0.0776
k = flexibility factor =1
i, = outplane SIF = 0.9/h** = 0.9/(0.0776)*> = 4.95
= inplane SIF =3i, +1=3(4.95)+3=3.96
(b) The reinforced fabricated tee:
T, = pad thickness = 0.322in_, k= 1.0
_(T+3ITP?_[(0322+ J03217 _ 016213 0913
T, (0.322)**4.152)  0.1827(4.152) -

.09 09 __ 09 .,
LTI T (0213)7 03566

=i +i=3252)+1=2.14

{c) Thc pad thickness =0.57 in. See Note 5 of Table 4.3b. When
T.> 1T, use h=4(T/r).

1.5(0.375) = 0.5625
Given pad thickness T, =0.57 in.> 1.5(0.375).

T 1037S
b= 4—~4( ) 361
Thus —=a{335,) = 03613
09 09 0.9

'o.... = == — = 1.1
o TR T (03613)7°  0.507 8

i; =%(io)+% Z%(1‘18)+% = 1.137
- k=10

EFFECT OF PRESSURE ON STRESS INTENSIFICATION
AND FLEXIBILITY FACTORS

Some piping codes (references 2 and 3) give formutas for correcting flexibility
factor and stress intensification tactor (SIF) for elbows or bends. The effect of

pressure on stress, forces, and moments by using corrected stress n-

tensification factors and flexibility factors is discussed next

When pressurce effectis considered, SIF valves are lower, thus reducing, the

actual thermal stress. However, the anchor force increases because i

A fiexibility at the bend has ceduced. Pressure can affect significantly the
magnitude of the fexibility factorand SIF in'large diameter thin-wall elbows
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TABLE 4.5 Flexibility and Stress Intensification Factor for Bend

Stress Intensthcauon Factor

Flexabihty Flexability
Factor -~ Ourplane Inplane  Charactenstuc
Descnption k I, i, h Sketwch
T
_ 1.65 0.75 0.9 TR, RN
Welding elbow ; 7 ThY 3 ]
or pipe bend ! h h (r2)

7 2 _ Bend
By = Ra%ri‘us

Eiexibility .facroms—angd: wawwmﬁm
“calcalations;:.;.

Table 4.5 gives equations for calculatmg flexibility characteristic h,
flexibility factor k, outplane and inplane stress intensification factors (i, and i)
for elbow and bend.

The-flexibility factor:k :in the .1able:applies 20 bending -in any-plane=The .
figxibility:factor-k and-stress-intensification factor:1>should-notzbedessthana-
-unity; factors for torsion equal unity. Both factors apply over the effective arc
length (shown by heavy center lines in the sketch) for curved bends.

A single intensification factor equal to 0.9 7> may be used for both i and i,
if desired.

The correction factor CFK for flexibility fact§ due to pressure on elbow or
bend is given as Eq. 4.5a:

: T3 R 173
CFK =1 +6(£—) L,;) (—‘) (4.5a)

ra

The correction factor CFI for SIF is given as Eq. 4.5b:

P y r 512 R] 23
cri=1+325(=)(2) (22) 4.5b
Ec i T > ( )
where T = nominal wall thickness of thé fittings for elbows and miter bends,

inches

= mean radius of matching pipe, inches
R. = bend radius of welding elbow or pipe bend, inches
P = pauge pressure, psi
E. = cold modulus of elasticity, psi ‘
Equations 4.5a and b for cotrection factors are given in Chemical Plantand
Petroleum Rcﬁncry P:pmg (B3l 3-1980) and Liquid Pctroleum Trans-

- D AL T



56 Bend

Axaal force

Anchor Diameter = 8.625 in.
Thickness = 0.322 in.

TH + PR + WT effect
Temp. = 450°F

Expansion coefficient = 3.16in.710G =t

Pressure = 250 psig
£ =279 x 10%psi

FIGURE 4.4 Symmetrical expansion loop.

To illustrate the effect of pressure on flexibility factor and stress .
tensification factors, an example problem using welding elbows (Node 301

used as shown in Figure 4.4.

Example

8. The outside diameter of a pipe is 8.6251n.

- __%{8.625 +[8.6225—?.(0.32?.)]}=4‘1515 .
T=0.322in.
R, = 1.5(nominal diameter)} = 1.5(-§_) =121n.
P = 250 psig )

E. =127.9%10° psi
The fAexibility characteri.uc is: \/\
_ TR,
(Q)E

. 0.322012)

(4 1315)°

I RIS

Ancnc:



Effect of Pressure on Stress Intensification and Flexibility Factors

The outplane SIF:

0.5 075 .
I, = mg;; = W = 2.03

The inplane SIF:

_ 0.9
L= (h)zij = 2.44
The fexibility factor is: ,\/\
1.65 1.65
k= = = 7.366
h  0.224

The correction factor CFK for the flexibility factor (Eq. 4.53)
P\ [r2\73/ R \1/3
AAS ORI
[ Ec T T

6 250 4.1515\"3, 12 )113]
=|1+
[l (27.9 X 106) ( 0.322 ) (4.1515

= 1.02967
The corrected fiexibility factor is: K
CFE
_ 1.366
1.02967
=7.1537

Correction factor CFT for SIF {Eq. 4.5b)

~[resas(E) 3 ()7

' 250 \[4.1515\52, 12 \3
=Ll +37? -
. [l”‘"s(zmx 10")( 0.322) (4.1515) ]

= 1.03527

69

Co

2.44
Corrected outplane SIF =

(%)
2.03 : ’

1.03527 236 cfl
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Note that the flexability factor and the stress intensification factor reduce when
pressure effect on elbows i1s considered. Four different diameters were used
ranging from 6 to 12 in. for result companson.

Table 4.6 gives the results obtained. For example, with an 8.625in. OD
pipe. SHF factors are ;, =2.44 and i, = 2.03 when no pressure effect was
considered, resulting in expansion stress of 18,396 psi at bend 50. When
pressure effect was considered, for the same 8 in. nominal diameter pipe,
i = 2.36. 1, = 1.96, and expansion stress of 18,009 psi at bend 50 were

obtained.

The percent change in results due to the pressure effect for the 8 in. line is:

percent change (lower) in expansion stress ==

percent change (larger) in axial force at anchor =

18,396 — 18,009

18,596

=2.1cyo

1125—1113

1113

=1.0%

%X 100

100

For the same expansion loop with 8.625 in. OD pipe, the pressure range was
changed. As Table 4.7 shows, the pressure effect becomes more stgnificant
with increase in pressure. :

It is possible that including pressure effect on SIF and on flexability factor
could make the difference between the expansion siress valves obtained with
and without pressure effect. This effect
diameter thin-wall elbows.

TABLE 4.7 Effect of Pressure at Elbows (Node 50)

OD =8.625in., thickness = 0.322 in., temperature = 450°F

will be significant in the case of large

Stress
In.ensification Axial
Factor Expansion Force
Pressure Stress % Change at % Change
{psig) i; i, {psi) (lower)  Anchor (Ib)  (larger)
No pressure ) 2.44 2.03 18,396 — 1113 —_
250 2.36 1.96 18,009 2.1 1125 1
350 2.32 1.94 17,975 2.2 1137 2
450 2.29 1.91 17,942 2.5 * 1148 3
550 2.26 1.89 17,910 2.6 1159 4
650 2.23 1.86 17,878 2.8 1170 5



Asstated before onty B33 1.0 and 135 1.4 PIPIML LOUUS Have aliuwed thiv LS L
using Eq. 4.5b 10 include the effect of pressure on S1F. Basic work on this area
and the formulation for the equations is found in reference 7 and this
information was used 1o reduce the stress in piping in real case analysis. Two
large diameter (65.74 in.) long (6500 1) steam lines were built to supply

‘saturated steam at 400°F to heavy water plants at Ontario Hydro's Bruce

Nuclear Power Development {reference 8). In preliminary analysis, the
equations for flexibility and stress intensification faciors given in power code

B31.1 were used (reference 1). in further analysis Eqgs. 4.52.and b were used
and the piping was qualified.

STRESSES IN A PIPING SYSTEM

The equation for expansion stress Sg is given by Eq. 4.6. The equation for
resultant bending stress S, is given by Eq. 4.7. For branch connections, the

resultant bending stress equation requires attention because the section

modulus value Z used for header and branch is slightly different. Equations
4.8 and 4.9 show this difference. The calculated value of expansion stress Sg
needs to be lower than expansion stress range S, earlier defined by Eq. 4.1.

The stresses in a piping system is generally low for smaller temperature
variation, smaller diamzter, smaller expansion coefficient, lower modulus of

elasticity, and the longer the length of the pipe in a direction perpendicular to
direction of expansion.

The pipe wall thickness has no significant effect on bending stress due 10
thermal expansion but it affects the end forces and moments in direct ratio. So
overstress cannot be remedied by adding thickness; on the contrary, this tends
1o make matters worse by increasing forces and moments.

Flexibility Stresses®

1. Bending and torsional stresses shall be computed using the as-installed
modulus of elasticity E, and then combined in accordance with Eq. 4.6 10

determine the computed displacement stress range Se, which shall not exceed
the allowable stress range Sa:

Se = /S +48S; (4.6)

where S, = resultant bending stress, psi
S, = M,/2 Z = torional stress, psi
M, = torsional moment, in.-1b
Z = section modulus of pipe, in.?

i

il

* From ANSI/ASME B31.3-1980. Secuon 319.4.4.
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The thermal expansion stress (Eq. 4.6) is based on the maximum shear theory.

2. The resultant bending stresses S, 1o be used in Eq. 4.6 [or elbows and

miter bends shall be calculated in accordance with Eq. 4.7, with moments as
shown in Figure 4.2.

Sy = resultant bending stress, psi

_ J( i;M;)"Z+ (1,M,)" (4.7)

where i; = inplane stress intensification factor from Table 4.3a-
i, = outplane stress intensification factor from Table 4 32"
M; = 1nplane bending moment, in. b
M, = outplane bending moment, in. b -
Z = sectional modulus of pipe, in.? -
3. The resultant bending stresses S, to be used in Eq. 4.6 for branch
connections shail be calculated in accordance with Egs. 4.8 and 4.9 with
moments as shown in Figure 4.3. For header (legs 1 and 2):

\/ 3 - 2+ - 3
S, = ({.M) (i,M,) (4.8)
Z
For branch (leg 3):
MY T (i 3
Sb — V('IMI) Z (IOMO) (4.9)

where S, = resultant bending stress.-"psi

Z. = effective section modulus for branch of tee, in> = wrly,

‘m = mean branch cross-sectional radius, inches

i, = effective branch wall thickness, inches (lesser of n, and (i, }{1,))
f» = thickness of pipe matching run of tee or header exclusive of

reinfo.cing elements, inches

f» = thickness of pipe matching branch, inches

I, = outplane stress intensification factor

& = inplane stress intensification factor

4. Allowable stress range S, and permissible additive stresses shall be
computed in accordance with Eq. 4.1 and Eq. 4.2

Examplc

9. Calculate torsional stress, bending stress. and expansion stress at the

inter<erctinon of 4in crh RO header and Y in cmby A0 hrame~b (15~ .1 CY



Leg 1

Leg 3 4 in. diameter

sch BO
Branch
3 in. diameter . . z 9
sch 40 Leg 2 *

FIGURE 4.5 _Sucsscs at run and branches.

Moments acting at the intersection is given below:

M, ft-1b M, M.
Header leg 1 ~550 2322 $00
Header leg 2 425 1821 —890
Branch leg 3 —180. —920 682

Solution: For header, y moment is torsion; x moment 1s inplane; and 2
moment 15 outpiane moment.

For branch, y moment is outplane; x moment is inplane; and z moment
is torsional moment.

Assume unreinforced fabricated tee (stub-in), that gives the highest
number for SIF.

T =0.337 in. (see Appendix Table A4 for 4 in. sch 30)

1
ra =z (4.5—0.337)=2.0821n.
Z=4727in.?
T 0.337
= —= == . 2
f2 ?_-082 0 16
.09 09

b= o6

; =0.75(3.03) +0.25 =2.52

For Header Leg 1: The resultant bending stress 1s:

_ VM) + (M, )

Ss =

232 % (=350)12} +[3.03(800)12]*
427

b

(4.10)

41,136
4.27

= 9638 psi



Stresses in a Piping System

The torsional stress is:

M, M, 2322x12
22 AZ) 2427

I

= 3262 psi

The computed displacement stress range is:

SE =~ Si + 452':
= V96382 +4(3262)? = 13,630 psi

For Header Leg 2:

5 - V(2.52 x 425 x 12)2 +[3.03(—890) 12 45,764
= =

427 4.27
=10,717 psi
1821 %12
S =————— =172558
2(4.27)

Se =+10,717*+4(2558)* = 11,876 psi
For Branch Leg 3: -

T =0.216n. Z=1.724in.> (Appendix Table A4)
Z. = effective section modulus for branch
= mr.L,

m =33.5-0.216) = 1.642 in.

t, =lesser of 1, or (i)

% =0.337in. (T and 4, mean the same thing)

io{1p) = 3.03(0.216) = 0.654 in.
t, =0.337 in.

Z. = 7{1.642)%(0.337) = 2.85 in.>

o Y2523(-180)12F ¥ [3.03(~-020)12F _ 33,892
> 2.85 285

= 11,892 psi
_ M, 682(12)
2A2)  2(1.724)

S~ =11 RAIT 417373V = 17,804 nsi

\ = 2373 psi

(4.11)



Note the same SIF is used for the header and branch. In bending stress
calculation (Eq. 4.11) for branch. the section modulus value 1s modified.

COLD SPRING

A piping system may be cold sprung or prestressed to reduce anchor force and
moments caused by thermal expansion. Cold spring may be cut short {or hot
piping or cut long for cold (cryogenic) piping. The cutshort 1s accomplished by
shortening the overall length of pipe by desired amount but not exceeding the
calculated expansion. Cut long is done by inserting a length (making the lengt!
of pipe longer). The amount of cold spring (CS) is expressed as a percentage o
fraction of thermal expansion. . '

Credit for cold spring is not allowed for stress calculations. Different code
state the same meaning by slightly different wording. The following is fror
Nuciear Code, Class 2 piping NC-3673-3 ASME Section 11i:

NC-3673.3 Cold Springing. No credit for cold spring is allowed with regard to
stresses. In calculating end thrusts and moments acting on equipment, the actual
reactions at any one time, rather than their range, shall be used. Credit for coid
springing is allowed in the calculations of thrusts and moments, provided the
method of obtaining the designed cold spring is specified and used.

Figure 4.6 shows the position of the pipe before and after cold spring {ct
short in this case). The length of pipe is 85 ftin x directionand grows 1.34 1n. ¢
the temperature of 300°F. The percentage cold spring desired 1s 50%. T
amount of length to be cut short is equal to the product of percentage cok
spring and actual expansion; here itis 0.77 in. For practical reasons, to achiev:
the same at the construction site cold spring of in. is used. As can be seen thc
pipe is pulled back during installation. This is done by physical force using
equipment such as a tractor. When the pipe gets hot, it crosses the neutral
position and grows toward the other side.

Anchor > - e —— ——|
B85 11 3 1‘!
. CS

C = wnstalled position {cotd) FIGURE 4.6 Piping in intnal (cold) an
= positon atter expanswon (hot) final (hot) position under cold spring
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Cold Spring 77
The following difficulties have been faced with respect to cold spring:
1. By mistake some calculate the stress also with cold spring, which is

wrong. First the system should pass for stress calculations without

considering cold spring. Only in the next calculation can cold spring be
considered for reducing loads at equipments.

5\)

Construcuon crews sometimes overiook the need for cold spring and
thus do not use the cold spring. The amount of force necded to pull a
large line to the inittal position for welding is huge.

The cold reaction at full cold spring needs 1o be calculated and made
sure that the equipment.is able to withstand this additional load due to
total cold spring at cold condition.

The deflections at a cold spring location still remain the same, because
the cold spring only relocates the pipe weld point and does not reduce
the actual expansion. This actual deflection is important in the spring
design. If attention is not paid, the spring may be undersized for
deflection.

Cold spring needs to be specified at weld points to save cost of
additional welding.

Maximum Reactions for Simple Systems™

For two-anchor systems without intermediate restraints, the maximum in-

stantaneous values of reaction forces and moments may be estimated from
B31.3 Eqs. 4.12 and 4.13a.

(a) For Extreme Displacement Conditions R,,: The temperature for this

computation is the maximum or minimum metai temperature, whichever
produces the larger reaction: '

‘ 2C\ E
R,,.=R(1—-—)—m 4.12
. 3/ E, ( )

C = cold-spring factor varying from zero for no cold spring 10 1.0 for 100%
cold spring. (The factor 2/3 is based on experience that shows that
specified cold spring cannot be fully assured, even with elaborate
precautions.) Usuallv C of 0.5 is recommended.

E. = modulus of elasticity at installation temperature

E.. = modulus of elasticity at maximum or minimum metal temperature

R = range of reaction forces or moments (derived from flexibility analysis)

corresponding to the full displacement stress range and based on E,

R,, =estimated instantaneous maximum reaction force or moment at maxi-
mum Or minimum metal temperature

1

From ANSI B31.3, subsection 319.5.1 and 319.5.2.
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(b) For Original Condition R,: The temperaturc for this computation is the
expected temperature at which the piping is to be assembled.

) R,= CR or CR, whicheveris greater - (4.13a)

where nomenclature is as before and:

Sh Ea "

Ci=1-
1 SE. (4.13b)

C, = estimated self-spring or relaxation factor; use 2ero if value of C, i1s
ncgative.

R, = estimated instantaneous reaction force or moment at ipstaliation tem-
perature

Se = computed displacement stress range (from Eq. 4.6}
S, = hot stress, psi

Maximum Reactions for Complex Systems

For multianchor systems and for twc-anchor systems with intermediatc
restraints, Eqs. 4.12, 4.13a and b are not applicable. Each case must be studiec
to estimate location, nature, and extent of iocal overstrain and its effect o
stress distribution and reactions.

If a piping system is designed with different percentages of cold spring ir:
various directions, these equations are not applicable. In this case, the piping
system shall be analyzed by a comprehensive method. The calculated hot
reactions shall be based on theoretical cold springs in all directions not greater
than two thirds of the cold springs as specified or measured.

Example
10. Calculate cold and hot reaction moments at nozzle (Fig. 4.7) after 55%

cold spring if moment without cold spring was 2500 ft-1b from piping
analysis.

Cut short

30 f1 41 .t.:mo“,

51t

X

Momen!
TT

FIGURE 4.7 Momwment calculaton under cold spring.
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Piping maltenal 1s stainless steel A312 TP 304. The temperature is

900°F.
To calculate hot reaction, use Eq. 4.12:
2C\ E,.
- R (1 ——) Em
3/ E,

where R = moment before cold spring = 2500 ft-1b
C=0.55
E,. = hot modulus = 23.4 x 10° psi, at 900°F for stainless stecl
(Appendix Table A2)
E, = cold modulus = 28.3 x 10° psi

. 3. 1 &
R.. =2500(1 _20 55)) 23.4% 10

3 28.3x10°

D
= 2500(0.37)(0.8269)
=758 ft-lb.
To caiculate cold reaction use Eq. 4.13a:

R,=CR or C\R, whichever is greater

where C, = relaxation factor

N
Sg E.

Because there was pot enough information 1o calculate computed
expansion stress range Sg, factor C, could not be calculated.
Cold reaction, R, = CR s
= 0.55(2500)
= 1375 fi-1b

[t is important that the equipr:nent nozzle should withstand not only

758 ft-Ib in an operating ccadition, but also 1375ft-Ib in 2 cold
condition.

EXERCISES

Find cold stress and hot stress for a carbon steel seamiess pipe at —30°F,
675°F, 1125°F:

(a) material is A53 Grade A (b) material is API 5 L Grade B.

¢

[

A rotating equipment nozzle can only allow a force of 8001b during
opcration (Fig. 4.8). The carbon stccl pipe will havc an opecrating

[ N N ._r!-,,:ﬂnﬂﬂﬁlux
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TT FIGURE 1.8 Cold spring cxample,

used 1o reduce the force. What is the mintmum percentage of cold spring
should be used?

Calculate the reaction force in a stainless steel piping svstem with 63%

cold spring. Operating temperature is 800°F and force without coid spring
is 982 Ib. ‘

At what condition can cold spring be used? List difficulties encounterec
with cold spring in theory and practice.

{a) Calculate allowable stress range for A33 Grade A material pipe at
632°F.

(b) Calculate longitudinal stress in a 12 fi standard weight welding elbow
when:

Inplane bending moment =423 ft-1b
QOutpiane bending moment =325 ft-1b
Axial force =628 1b

Material is AS3 Grade A and temperature is 632°F.

Calculate SIF and flexibility factor:

(a) 6in. long radius standard thickness

(b)Y Calculate corrected SIF and k if the elbow is two ends flanged.

{c) Miter bend with 8 =15° and 12 in. diameter with thickness 0.25 in.

(a) Calculate thermal expansion force in the piping shown in Figure 4.9.
The pipe is 16 in. sch 80 A53 Grade B pipe at 600°F.

(b) 1f the distance between anchors s increased to 300 ft, what will be the
force?

For a seamless pipe. A533 Grade B, the aliowable stresses at 70°F and
600°F are 20,000 psi and 17,300 psi, respectively according 10 ANSI

B31.3 code. For an actual piping system at 600°F, the computed piping
stresses at certain locations are as follows:

(a} Longitudinal stress due to pressure weight and other sustained loading
1s 9800 psi.

(b) Computed displacement stress range 1s 33,475 psi.
(c) Stresses due to wind load 1s 5822 psi.

Does this piping system meet the stress criteria for ANST B31.3 code?

F

F
et

N

22011 -

N

FIGURE 4.9  Axial force in restrained piping.
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Calculate the thermal expansion stress for the branch and the header
according to ANSI B31.3 code for the loading (given in Example 9 and

in Fig. 4.5) at the branch intersection: the branch and the header are
12 1n. standard wall and 8 in. sch 40 wall.
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CHAPTER FIVE

EXPANSION LOOPS AND
EXPANSION JOINTS

As described earlier in Chapter 1, two devices used to improve the flexibihity ¢
piping are expansion loops and expansion joints. This chapter will deal wiik:
these two topics in more detail.

EXPANSION LOOPS

Loops provide the necessary leg of piping n a perpendicular direction t©
absorb the thermal expansion. They are safer when compared with expansio:
joints but take more space. Expansion loops may be symmetrical (Fig. 5. 1) oi
nonsymmetrical (Fig. 5.2). Symmetrical loops are advantageous to usc
because leg H (Fig. 5.1) is used efficiently to absorb an equal amount o
expansion from both directions. The bend length L, is given by:

L,= W-+2(H) (51

Sometimes nonsymmetrical loops are used to utilize the existing suppor
steel or to locate the loop at road crossings. Vertical direction supports ar
provided to support the gravity weight at the calculated span as discussed i:
Chapter 3. Horizontal loops (bend length either flat or horizontal} would nee:
a few more supports when compared with vertical loops in the bend lengl
{ ortion, as shown by supports $,S, in Figure 5.3. The optimum ratio of heigl
per width can be estimated and used.

When several piping loops are laid side by side on a pipe rack, the size of th
loop including the ratio height per width may be modified to lay the loops Of
inside the other as shown in Figure 5 3. But the final size of each loop {ber
length) must be larger than the calculated bend length.

Hotter and larger lines are placed outside as outer loops because the long

height H is needed. Smaller lines with lower temperatures are placcd as nst

]2
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width W

lHeighl H

IA

I — »
L, l T oL, ;I
2 N 2

| )
F,
bt ' .
FIGURE 5.1 Symmetrical loop.
w
Anchor Guide ™y H_

EREE—— "

M}

LI ‘} t -
4 L 'l FIGURE 5.2 Nonsymmetrical loop.

loops. Because this loop arrangement may change the entire pipe rack layout, ™
it is advisable to estimate the loop’s sizes with simplified calculations or
nomographs (Fig. 5.12) at early stages of the project. Guides on both sides of
the loop, shown as G, and G, in Figure 5.3, are important for proper
functioning of loops because guides direct the expansion into the bend E 1
along the axis of the pipe, which avoids shifting the lines sideways. A practical
problem often encountered is interference when sufficient gap was not
provided for in the design. The gap, after considering insulation on both lines,
should be larger than the differential expansion at elbows E, and E, as shown
in Figure 5.4. To avoid interference, gap > (Ax2 — Ax1), where Ax2 and Ax1
are expansions occurring in the same direction at the same time, '

See Figure 5.4 showing g2p requirement and aiso the considenng of
insulation. :
Caution should be exercised in calculating the differential expansion if the
inner loop is not operating and is at 70°F. In this case, the actual gap is less as
shownin Figure 5.5. Figure 5.6a shows that without guides the loop expansion
1S not directed properly. Figure 5.6b shows that the pipe occupies (known as

snakes) space necded for future piping l~yout. This figure demonstrates the
necessity for guides.

5

1} Guide G,

HH\

E;—

El =
it
ar,

S—HHIHH &

Span

FICTIRFE 53 Tavout in nlan of many honzontal lnnng.



Gap FIGURE 5.4 Gap requirement with both lines hot.

-

ax =0 l'r

i

B e -
Cold
Gap L\*-lnsula@ion FIGURE 5.5 Gap requirement, inner OF smaller 1o
A not operating.

A Not
3 N desirable G
( "1 J«_Defiection ;r.:__a\l.__'— __;____‘:,4——‘—,_‘ -l' : .
with guide X l —_—— ‘l_._ —_
Desired
e S L

{a) Single loop

(b} Pipe rack plan
FIGURE 5.6 (a) Need for guid

es to control the d
without enough guides.

irection of deflection. (b) Pipe rack wilh A

W

suppoit

/\ Vertical

Raiser

Anchor
force

_— K’

FIGURE 5.7 T

hrec-dimensional horzontal loop.
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FIGURE 5.8 Vemical loops at road crossings.

Three-dimensional loops (Fig. 5.7) are widely used because this arrange-
ment does not block the routing of low temperature lines under the loop. The
usual raiser height is about 3 ft. The loop bend length L; is also taken here as
L; = W+ 2 H without giving credit for the two raisers.

Verucal loops are placed at road crossings and sometimes are nonsym-
metrically located due to the location of the road. Vertical guides may be
necessary to keep the line vertical as shown in Figure 5.8.

Stresses and Loads in Loops

Calcutation of stress and loads in loo

ps by the M. W. Kellogg method
(reference 3 in Chapter 1) follows.

Sample Calculation

Given aloop of 20 in. OD X} in. thick ASTM A-135, Grade A pipe. K\ L is
20 ft. Guides are located 10 ft on either side of the loop, so that L = 40 ft. The

distanze between anchors A’ and B’ is 100 ft (Fig. 5.9). The line temperature is
425°F and is used for oil piping. Find

(a) The required height of K,L and

(b) Theforces acting at points A’ and B’ and the moments acting at points

A and B.
! Su ¥
\ ’r—T
\ ’ K?"‘
Guide \ 2 Guide .
e == i SEVS DR S
A A l'|-|n '-B
[ Le Kyl 1

Symmaetricol Expantion Loop Subjected FIGURE 5.9 Sucss and loads in a sym-
to Thermal Expamion

meaneal lnan



86 Expansion Loops and Expansion Jownts

ansion for carbon steel 2t 425°F =

(a) The unit linear thermal exp
= 19,890 psi (ignoring code permission

0.030in.fft; A = 100x0.03 =3 in. Sa
to exclude longitudinal joint efficiency):

Enter in Figure 5.10 with 0.0531
Read over to the curve representing Ky = 0.5 and down to the value of K

which is 0.32. K,L is therefore 40x0.32=12.801t

A
Fm-=—F,a-=-—10"Al(‘E;) - (G
IA
Moa=— ,B=105A2(“E1T (5.

(b) The moment of inertia for 20 in. OD X 3in. thick pipe = 1457 in.*

IA 1457%x3
= = Q.
75 = 64,000 0683
A 1457x3
L2 1600 =2.13

Enter in Figure 5.11 with K;=0.5and K, = 0.32.
Read

A, =055

A, =036

F.o= F.p = —68,300% 0.55=137,6001b (using Eq. 5.2)
Ma=—Ms= 4+273.,000 x 0.86 = 235,000 fi-lb (using Eq. 5.3)
Figure 5.12 maybe used to estimate the size ¢
four arrangements of singie-plane expa nsic

due to the ease in fabrication using standai
Other arrangements require pipe bending

The nomograph presented as

the expansion loop. Out of the

~ loops shown, type A is popular
elbows and straight pipe lengths.

a specific configuration.
In armiving at the nomograph, the following were assumed:

The formula used is the guided cantilever formuia given by Eq. 1.5

Leg required:

L= 3ED A _ (
14454
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L= 2H+ W
lOOj — 0
50 — 20
40— | —
o = 0.5 o
30-H « 1.0-5 2 |
3£ 215 — 40
- -1 -
— = =3 o - -
dE 1045 1+
I = 20— o =
= 203 2 s[T190
gs 03 e e
BE 0Fs gm0
i"‘ = %ggz ';i — 200
— 500—o W B
3— 1000— 300
— — 400
2 - — 500
1— | —1000

FIGURE 5.12 Nomograph to determine loop size.

where S, = 20,000 psi
E =29 x 10° psi
A = expansion to be absorbed by the loop, inches

D = nominal diameter, inches (Note that Eq. 1.3 uses outside
diameter)

L = Distance between guides, ft
L, = Distance between anchors, ft
L» = Bend length required 1o absorb expansion, ft

Example

1. Find the size of the loop to absorb expansion in 200 ft of 12 in. carbon stee)

pipe at 400°F. Assume height to width ratio.

Toral exnansion = 200(0.027Y = 5.4 in.



.

17 1t

Anchor 17 ft

-':——ig\
|
Ae—X

200 tt

FIGURE 5.13 Estimated loop size using nomograph.

Using the nomograph and assuming a straight line starting from a 12 ir

diameter and through a 5.4 in. expansion, read bend length L, as 50{
Assume H= W then L,=2H+ W=50ft. Thus H= W =17 {t, ma;
ing L, =51 ft.

By calcuiation

329 x10%12(5.4)
144(20,000)

L, = 44 ft

The estimated loop size is given in Figure 5.13.

Using the Kellogg method, calculate stress, force, and moment in th
expansion loop shown in Figure 5.14. The pipe diameter is 6 in. sch 40, t}
temperature is 450°F and has carbon steel piping. Use Figures 5.10 ar
5.11 to arrive at the solution. This problem is the same for which resul-
were presented in Chapter 1, Table 1.3. Here the problem is solved step t-
step.

The expansion coefficient for carbon steel at 450°F =0.0316.1n./:-
(Appendix Al)

w width 20
constant K; =——=—— - =—=10.5
'" L guide distance 40
H height 20 _
KZ = —= - ‘_3 = ——— = 0_:)
L guide distance 40
W =201
B
H=FKdL =20t
Guide oL
A’ \L A \ LB Anchor B”
Lc —|—K1L_‘_*—L(_1—
L =40t
1 Ly =200t =

FIGURE S.14  Stress and loads caleulation using Kellogg method.



-

Expansion Loops

For K, = 0.5 and K. = 0.5, from Figure 5.10, read L?S,/107 DA as 0.03

2(40)(1—0.5) = 10 f1
Deflection A = 200(0.0316) = 6.32 in.

OD = 6.625 in.

_0.03(10D A

- x

_ 0.03(107)(6.625)(6.32)
B 402

= 7850 psi -

Stress = §

Moments and Forces

Using Figure 5.11, read:

Al =0.21 A2 ={0.5
where K, = 0.5 K, = O-S_
I=28.14in"*

Auxaal force at anchor (Eq. 5.2):

Foa=—F,p '
10°A, A
LJ
10°(0.21)(6.32)
64,000
=584 Ib

Moment at guides (Eq. 5.3):
- Ma= —-MzB
10°4,7 A
R

_ 105(0.5)(28.14)(6.32)
1600

= 5558 {t-1b

91



FIGURE 5.15 Coordinate used.

Note:

First subscript denotes direction; second’ subscript denot
location. Signs are those of forces and moments act

ing on anchors (s .
Fig. 5.13).

EXPANSION JOINTS

In 1984 expansion joints were allowed in nuclear piping design except for -
ASME Section 111, Nuclear Class 1 Code. Subsection NB-3671.2 states t
expansion joints.are not allowed in Class 1 NB nuclear components. F
accidents with expansion joint installations are of concern from a safety pc
of view. Expansion joints are used to absorb axial compression or extens:

lateral offset and ‘angular rotation. As per standards of the Expansion J¢

Manufactures (reference 1), torsional rotation should be avoided on -

bellows because torque produces high stress levels in bellows.

Expansion joints can be broadly classified as sliding and flexible. There :
relative motion of adjacent parts in t

he case of slipping joints. Slip joir:
swivel joints, and ball joints are grouped under sliding joints. Dresser coupi::
and Victaulic couplings are a few trade names of joints of this type. Shic::
joints are also known as packed joints because packing to contain intern
pressure withoutleakage is necessary. Flexible expansion joints may be furti
divided into bellows joints, metal hose, and corrugated pipe (references
and 3).

The following are terms used in the design and specification of expans:
joints (see Fig. 5.16 for symbols used for some of the terms):

Main Anchor: A main anchor mustbe designed to withstand the forces &

moments imposed upon it by cach of the pipe sections to which the anchor
attached. In the case of a pipe section containing an expansion joint, forces «
moments will consist of the thrust due to pressure (Eq. 5.4), the force requi:
to defiect the expansion joint (Eq. 5.5), and the frcuonal forces due 1O D:
alignment guides and supports. When a main anchor is instalied at the char
of direction of flow, the effectat the elbow of the centnif

ugal thrust due o fl
(Eq. 5.6) must also be constdered.

[ntermediate Anchor: An intermediate anchor divides a pipe linc 1

individual expanding pipe sections, each of which is made flexible through
use of onc Or More £xXpansion Jomnts.
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—{%}ﬁ SINGLE EXPANSION JOINT T

|mv.aiiiil;l L o
1§ AN H B
DOUBLE EXPANSION JOINT UNIVERSAL PRESSURE BALANCED
WITH INTERMEDIATE ANCHOR EXPANSION JOINT
H { PRESSURE BALANCED
Mﬂ}" EXPANSION JOINT

3/‘3\ HINGED EXPANSION JOINT

SINGLE EXPANSION JOINT _—14}
WITH TIE RODS o GIMBAL EXPANSION JOINT .
i ‘[
— )
UNIVERSAL EXPANSION JOINT 7 _
(
WITH OVERALL TIE RODS DIA
. DIRECTIONAL INTERMEDIATE
} ANCHOR WITH GUIDE
UNIVERSAL EXPANSION JOINT | o '
WITHSHORTTIERODS = | e~ T ) PG
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? MAIN ANCHOR
o 7777777 77
MA - SIDE VIEW END VIEW

PLANAR PIPE ALIGNMENT GUIDE
y DIRECTIONAL

DMA )
MAIN ANCHOR
: SPRING SUPPORT
3 N/ 3 INTERMEDIATE ) )
( /m\ U ancror YUoes *
2 = { PIPE ALIGNMENT
G

L

GUIDE D —( PIPE REDUCER

FIGURE 5.16 Types of expansion joints (standards of the Expansion Joint Manufactures
Association),

Directional Anchor: A directional anchor or sliding anchor is one designed

10 absorb loading in one direction while permitting motion in another
direction.

Bellows: The flexible element of an expansion joint consists of one or more
corrugations and the tangents, if any.




Bellows Material: A list of metal bellows matenials is given below:

Temperature Range °F

Bellows matenial (specified by ASME Section VIIl)
304 stainless steel _. —300 to 750
316 stainless steel - —300t0 750
321 stainless steel ) ~300 10 1500
347 stainless steel —300 to 1400
Nickel 200 "~ —300 t0 600
Mone! 400 —300 t0 900
Inconel 600 —2501t0 1200
Inconel 625 —250 101200
Incoloy 800 —250 to 1500
Incoloy 825 —250 10 800

Squirm in a Bellows Expansion Joint: A term employed to denote the

cccurrence of instability due to internal pressure and is predominate!v
associated w:th joints of 20 in. diameter or smaller.

Flexibility of an Expansion Joint: This can be’increased by thinner bellows:
(must stll be able to withstand the pressure), increase in number of bellows,
and by muluple bellows.

External Cover: A cover used to protect the exterior of the bellows from

foreign objects, especially when the joint is buried underground.
Internal liner or sleeve is used for the following:

1. where 3t is necessary to minimize frictional loss

where flow velocities are high (for steam lines when velocity exceeds
1000 ft/min/in. of diameter in lines upto 6-in. size)

when abrasive materials are present
when there is reverse or turbulent flow
for all high temperature applications
for all copper elbows

>

onon BOW

When lateral deflection or rotation is present, the liner must be sufficienily
smaller 1n diameter to provide the necessary clearance.

Tie Rods: These are rods or bar devices for the purpose of restraining the
expansion joint from the thrust due to intemal pressure. The number and size

of the rods depend upon the magnitude of thrust force. Tie rods may also actas
deflecuon himit rods. '
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Equalizing or Reinforcing Rings:  These help 1o reinforce the elbows against
internal pressure and help to maintain the desired shape of the elbows.

Guides:  Guides are important parts of expansion jont performance.

TYPES OF EXPANSION JOINTS (see Fig. 5.16)

SiNGLE Expansion Joint:  The simplest form of expansion joint, of single
bellows construction, designed to absorb ail of the movement of the pipe
section :n which it is installed.

DousLe Expanston Jomnt: A double expansion joint cousists of two bellows
joined by a common ¢onnector which is anchored to some ngid part of the
installation by means of an anchor base. The anchor base may be attached
to the commom connector either at installation or at time of manufacture.
Eachbellows acts as a single expansion joint and absorbs the movement of

the pipe section in which it is installed independently of the other bellows.
Double expansion joints should not be confused with unive

rsal expansion

joints.
INTERNALLY GUIDED EXPANSION JOINT:  An internally guided expansion joint
15 designed to provide axial guiding within the expansion joint by
Incorporating a heavy telescoping internal guide sleeve, with or without

the use of bearing rings. (Note: The use of an internally guided expansion

joint does not eliminate the necessity of using adequate externai pipe
guides.)

UNIVERsaL. Expansion JOINT: A universal expansion joint contains two
bellows by a common connector for the purpose of absorbing any
combination of the three basic movements, that is, axaal movement,
lateral defiection, and angular rotation. Universal expansion joints are
usually furnished with limit rods to distribute the movement between the
two bellows of the expansion joint and stabilize the common connector.

This definition does not imply that only a double bellows expansion joint
can absorb universal movement.

Hingep Expansion JomwT: A hinged expansion joint contains one bellows and
is designed to permit angular rotation in one plane only by the use of a pair
of pins through hinge plates attached v the expansion joint ends. The
hinges and hinge pins must be designed to restrain the thrust of the
expansiori joint due to internal pressure and extraneous forces, where

apphicable. Hinged expansion joints should be used in sets of two or three
to function properly.

SwiNG Expansion JOINT: A swing expansion joint is designed to absorb lateral
deflection and/or angular rotation in one plane. Pressure thrust and

extrancous forces arc restrained by the use of a pair of swing bars, each of
[LEd B P N

~ i b tlhin Asremn et Ay e XV P



~ supports and guides, and force to compress the bellows.
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Exercises

Q7
anchor forcc_ should include'prcssuré thrust, centrifugal thrust, friétién a-t

Example

Using the EJMA (reference 1) equation, calculate hydrostatic examination
(est pressure if the design pressure is 125 psig and design temperature is SOO°F.
The bellows material is carbon steel ASTM AS3 Grade B.

The test pressure is: (using £q. 2.7)

P4S,

P,=1.5
Sa

where Py = design pressure = 125 psig

S, = allowable stress of beillows material at test pressure (70°F) =
20,000 psi (S, from Appendix A3)

Sq = allowable stress of beliows material at design temperature of
S00°F

= 18,900 psi (S, from Appendix A3)

125(20,000) .
T = _ = _4
hus P=15 [ 18.900 ] 198.4 psig

EXERCISES

1. (a) Size the expansion loop for the foliowing conditions:
Diameter = 16 in. standard weight
Matenal = AS3 Grade A
Distance between anchors =2201t
Wi/Et of pipe length =801b
Temperature = 750°F Span =25 ft

(b) Calculate the force at anchors for shoes with Teflon slide plate.
{(c) Calculate the force at guides.

(a) Design the expansion loop, by equation, with loop height to width
rato as 1.

Distance between anchors = 22511

Temperature = 800°F Span = 20 ft

Diameter = 12 in. standard weieht

Materal = AS3 Grade B
(b) Calculate the force at anchors for shoes with steel on steel.
{¢) Calculate the force at cwmdes.

Lad

(2} Catculate the thermal exprosion at A and B oan the prome svsiem
arvaaan Frpure 5008 Noerial A TG Cieade 18 4y 70
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Grivttal Exvarsion Jona . A HHNbal cXpansion joint 1. desrened i pPuring

angular rotanon m any planc by the use of 1wo pairs of hinges atiixed 1o
common fioating gimbal nng The gimbal nng, hinges, and NS must b
designed 10 restrain the thrust of the expansion joint due 10
pressure and extrancous forces, where apphcable.

PRESSURE BALANCED Expansion JoOinr:

interns

A pressure balanced expansion Jo1
15 designed to absorb axial movement and/or lateral deflection wh:

restraiming the pressure thrust by means of ue devices Interconnecting -
flow bellows with an opposed bellows also subjected to line pressure. T
type of expansion joint is normally used where a change of directi

occurs in a run of piping. The flow end of a pressure balanced expansic
Joint sometimes contains two beliows separated by a common connectc
1in which case it is called a universal pressure balanced expansion jour

PRESSURE THRUST FORCE

The static thrust F, due to internal pressure is given by Eq. 5.4:

F,=ap (5.

where a = effective area correspondin
rugations, sq in. .

p = design line pressure based on most severe condition, psi
rce required to compress the €xpansion joint in the axial direction F., i .

g to the mean diameter of the co

The fo

F,. = {axial spring constant)(amount of compression) (5.:
The centrifugal thrust F, at the eibow due to flow is given by:

vt g
=280V 5 (5.6
g

where A = internal area of pipe, sqin.
p = density of fluid, 1b/fe
V = velocity of flow, ft/sec
g = acceleration due to gravity = 32.2 ft/sec?
8 = angle of bend

Figure 5.17 shows the elbow where a main anchor is located. The design

8
£) g
— " —)—= = :
1A - - F—--
oice Main
anchor

FIGURE 5.17  Anchor force at elbow.
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Number of loops 500 ft :

FIGURE 519 Number of loops.

(b) Which of the following is advantageous to use: (1) symmetrica
expansion loop? (2) unsymmetrical expansion loop?

The dimension of an expansion loop is limited as shown in Figure 5.19_ I

a pipe has a temperature of 650°F, how many expansion loops are
required for 500 ft long pipe?

If a line is anchored at both ends, but anchors have thermal movement as

shown in Figure 5.20, what is the size of the loop? Itis 4 in. sch 80, A5Z
Grade B carbon steel pipe at 350°F.

A 6 in.diameter loop has standard sch A53 Grade B pipe with operating
temperature 375°F. '

For loop shown in Figure 5.21: (a) find resultant force F at anchors;
{b) find moment M at anchors.

0.2in, ' 1 { 0.6in

}
_— Zﬁ/é
-~

1

FIGURE 5.20 Loop size.

11 ft

{ ‘ Anchor
161t X
K

b

2801t —J'

FIGURE 521 Loop.

-4
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£J /Guide and support {typ}
Nozzle [H} 2= + = 3 Anchor
L ’ . 81(‘1-165:—L1é n—f - 20'ft—l- g

FIGURE 522 Expansion joint.

miLe

7. Size an expansion loop based on the following conditions: a 12 in. AS3
Grade B sch 40 pipe; temperature is 350°F, loop width is 8 ft; and length
of pipe is 180 ft

8.

From manufacturer’s catalog find overall length of flexible hose needed

for 43 in. offset deflection fora 6 in. internal diameter hose. Assume typé
of end comnection.

9. A 12in. diameter carbon steel standard weight pipe is at 525°F. Design
pressure is 180 psig. With a single beliows expansion joint in the piping
system in Figure 5.22, calculate forces at nozze and anchor. -

The mean area of convolution is 151 sqin.; the axial spring rate is
882 Ibfin. '

10. A 40in. diameter turbine exhaust duct system 1s fabricated of 3

3 1n. wall
carbon steel and operates at full vacuum at 320°F. The movement at the
turbine exhaust flange and the condenser inlet are determined as shown
in Figure 5.23. A universal pressure-balanced expansion joint is located
between two pieces of equipment with the dimensions as shown in Figure
5.23. Determine the forces and moments due to the bellows stiffness at

the condenser and turbine connections. The data provided by the
expansion joint manufacturer are as follows:

Mean diameter of bellows d,=42in.

Working spring rate f, = 32,000 ib/in./convoluton
Number of convolutions flow bellows Ny=6+6
Number of convolutions balancing bellows N, = 6

0.05in

J\L Turbine

0.12in

0.1in.
251
P y'\"f/fo.z in.
\I tCondenser
25 ot l

FIGURE 5.23 Universal pressure-balanced expansion joint.
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FIGURE S5.24 Single bellows cxpansion joinl.

11. Asingle bellow expansion joint is placedina 20 in. diameter carbon stec.
pipe that runs between anchors A, B, C. Anchor point B is actually &
directional guide that restricts only the axial movement. The linc 1
operating at 150 psig and 550°F. Pipe lengths are shown in Figure 5.24.
What are the forces and moments acting al A, B, C? The data providcd
by the expansion joint manufacturer are:

Effecuve area corresponding (o bellows mean diameter = 480 in.”
Mean diameter dp = 21.51n.

Working spring rate f.. = 24,800 Ibfin./convoluuon

Bellows free length = 12 1n.

Number of convolutions N=12

REFERENCES

1. Expansion joint Manufacturers Association 1973 Addenda 10 Standards of ESMA, 3rd cd..
1969. _
_ 7. Robert L. Benson, Chemetron Corp. A Basic 10 Analyzing Pipiog Texibility,” Chemica!
Engineering (Oct. 23, 1973). a -
3. Engincening data on cxpansion joints arc available from (company of wade name): Pathway.,
Flexonics, Adsco, Solar. Amnaconda, Temp. Flex, Tube turns, Zallea Bros., and Mctal Betlows.
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CHAPTER SIX

FLANGED JOINTS

Flanges are used to Join sections of pipe lengths and to connect piping to

es are flat face and raised face. Ip pipe
is, the capability of a flange to carry external moment Is given

importance. The actual design of flanged joints can be obtained from other
sources (references 1 and 2).

The effects of bolt

preload, pressure, temperature, and external moments
are discussed below. .

Bolt Preload: The initial tightening of the bolt is a prestressing operation.
The amount of inidal bolt stress deve

Internal Pressure:  When internal

may cause leakage if the margin be
less. h

pressure 1s applied, further yielding of bolt
tween initial bolt stress and yield strength is

External Pressure: The combined force of external bending moment and Holt

toading may plastically deform certain gaskets that result in loss of gasket
pressure when the connection is depressurized.

Temperature:
flange can be sy
governed by
(different mat
bolt load. Th
fOrgoucn tha
make the JOI

Increase in temperature reduces the pressure to which the
bjected. Atelevated lemperatures, the design stress v
creep rate. If the cocfficient of thermal expansion is
crial) for flange and bolts, leakage may occur due toin
en retightening of the bolt may be necessary, but it m

tthe effects of repeated retightening can be cumul
Nt unserviceable.

alues are
different
Crease in
ust not be
ative and may



10z Flanged Joints

NOMENCLATURE

S, yield stress of flange material, psi
C bolt circle diameter of flange, inches
A, total cross-sectional area of bolts at root of thread, sq in. -
D, outside diameter of flange raised face
pressure concurrent with bending moment under dynamic loading
G diameter of location of gasket load reacuon, inches (can be )
approximated by inside dianieter of flange raised face)
S, allowable boli stress, psi
Units: moments ft-ib
stress psi
OBE operating basis earthquake
SSE safety shutdown earthquake
SAM sesimic anchor movement
Faulted condition is associated with SSE or pipe break. It is an extreme’
low probability event. ' '
LOCA Loss of coolant accident. The result would be an inadverte::
opening of the pressurized safety or relief valve because of the loss of coolar-
in excess of the capacity of the reactor coolant make up system.

EXTERMNAL MOMENTS

The effect of external moments will be discussed in detail. The allowabl:

moments can be calculated by the three methods outiined by ASME Sectio:
111, Nuclear Power Plants Components Code NC-3658.

Method 1: This refers to ANSI B16.5 flanged joints with high strengt.
bolting (bolt material with allowable stress at 100°F not less than 20,000 psi,

(a) For service levels A and B under static loads given by Eq. 6.1
(b) TFor service levels A and B under static and dynamic loads in Eq. 6.
(c) For service levels C and D under static and dynamic loads in Eq. 6.

Method 2: This method concerns standard flanged joints at moderat

pressures and temperatures in ANSI B16.5, MSS SP-44, API 605 standarc
(pressure less than 100 psi and temperature less than 200°F).

Method 3: This is the equivalent pressure method.

Levels A and B service limits must be satisfied for all loadings identified
the design specification in the performance of its specified service functio
The component or support must withstand these loadings without damag
requining repair.

Levels C and D service limits permit large deformations in arcas
structural discontinuity. The occurrence of stress to level C and D Lt me
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nccessitate the removal of the component from service for 10Spection o1 repair
of damage to the component or support.

COMPARISON OF ALLOWABLE AND ACTUAL MOMENTS
Allowable Moments

Method 1: (high strength bolting option) the destgn limuts and scervice level
lumits A and B are:

K . 'Sy ) 1) )
o= — - 6.1
M 10w swic = 3125 (3 000 CA‘.,(I2 (6.1)

where §,/36,000 should not be greater than unity. -

S 1
Mo amamsc (f0r level A or B)= 6250 (3 S 0) CA, (E) (6.2)

As can be seen, the results of Eq. 6.2 will be two times that of Eq. 6.1.
The design limits and service level limits C and D (fauited) are:

MaiIOWdynnrnic (fOl’ Cor D) = [1 1,250Ab "‘1_7;‘ (DzPR)] £ (

12

Sy
36,000

) (6.3)

In method 2: (for flanges at moderate pressures and temperatures)

o Sa\ 1
Ma ow static (_a) ey .
i A C AD (6.4)
' S.\ 1
Mallosvdynzmic = A C ("',')_) F]E (6.5)

In method 3 (equivalent bressure method)

S

_16(12)M

P.
9 ) nG?

(6.6)

where M is the largest moment (actual) from Eqgs. 6.7, 6.8, and 6.9.

Actual or total pressure = P.q + design pressure (6.6a)



To qualify the flange under this method,

P.q plus design pressure should be less than the rated pressure  (6.6b)

Actual Moments

M(normal) = M, uaiswac = higher of torsional or resultant of two bendii

moments for gravity plus thermal normal loading, sustaiim

anchor movement plus relief vaive thrust force and otit
mechamical sustained loads. {6

M{(upset) = M, ceuat dynamic = higher of torsional or resultant of two ben

ing moments plus thermal upset plus OBE plus-SAM O
plus LOCA ' (6.

M(faulted) = M, crual dynamic (autieay = higher of torsional or two resalta;

bending moments plus thermal upset plus SSE plus SAM SS:
plus LOCA (6.¢

M = greater of the above three actual moments 6.1¢
This moment will be used to get equivalent pressure.

As can be expected, for approving the use of the flange at certain location
the actual or calculated bending moments must be lower than the ailowabl

moments. Table 6.1 gives the equation numbers for the actual and th
allowable moments for comparison.

Gaskets:  Section NC-3647.5 allows only metallic or asbestos gaskets if 1r¢
expecied normal service pressure exceeds 720 psi or the temperatu:e

TABLE 6.1 Comparison of Allowables Against Actuals

Actual Allowabies

-M(normal) {(Eq. 6.7)
M(upset) (Eq. 6.8)
M(faulted) {Eq. 6.9)

M.u..... e (Eq. 6.1 )
M e gemuenic (EQ. 6.2)
M e seme {[aulted) {Eq. 6.3)

17 [— (Eq 6.4)
Mn-n.-. Aoy (Eq. 6.5)
M s e (EQ. 6.5)

M(normal) (Eq. 6.7)
M(upset) (Eq. 6.R)
M(faulted) (Eq. 6.9)

P, +dcsign pressure {(Eq. 6.6a) Rated pressure
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Comparison of Allowable and Actusl Moments 105

exceeds 750°F. However, compressed sheet asbestos-confined gaskets are

- not hmited as 1o pressure provided the gasket material is suitable for the

lcmperature.

Example Problem

Calculate the allowable and actual bending moments and check if the

given flange 1s qualified according to ASME Section 111, NC-3658 (summer
1979).

Pipe diameter = 30in.

The OD of the flange raised face =33.75in.
Number of bolts =28

Total bolt area = 28(0.8898) =24.94 sq in.
Diameter of bolt circle C=361n.

The flange matenial is carbon steel SA105 -
The bolt matenal is SA193 Grade B 7
Bolt allowable stress = 25,000 psi

Flange matenal yield stress S, = 32,800 psi
Pressure rating = 150 psi

Design temperature = 200°F
Design pressure = 175 psi

Actual moments:(ft-Ib) from piping analysis is given in Table 6.2.
The higher of the torsional moment or resultant bending moment is

L]

TABLE 6.2 Actual Moments from Piping Analysis (ft-1b)

[ Higher of
Loading M, " BM, BM, Mz = \/ BMi+BM: Mo M,
Dead weight 1,084 1,939 11,520 11,682 11,682
Thermal 1,501 6,350 2,825 6,950 6,950
OBE 8,518 7,979 9.817 12,650 12.650
OBE SAM 0 0 0 0 0
SSE 18,354 16,638 10,448 19,646 19.646
SSE SAM 0 0 0 0 0
LOCA 0 0 0 0 0

M icrum snic(normal) = 11,682 + 6950 = 18,632 {t-1b (from Eq: 6.7)
M, cioa aynnmic(upset) = 11,682 + 6950 + 12,650 = 31,282 (from Eq. 6.8)
M icrunraynemic{faulted) = 11,682 + 6950+ 19,646 = 38,278 (from Eq. 6.9)
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tabulated in Table 6.2. Equations 6.7, 6.8, and 6.9 are used to calculate ntal
actual moment for normal, upset, and faulted conditions.

ALLOWABLE MOMENTS
N .
The bolt material is SA193 Grade B7 alloy steel wuh allowable stre
25,000 psi.
Method 1, known as high strength bolting option, 15 used because the b

allowable stress is greater than 20,000 psiat 100°F. Thus Eqs. 6.1,6.2, and6._.
are used to calculate allowable moments.

32,800
= ‘) _
36, 000)( )(24 92) =212,8581{t-lb (6.1}

Mll.low satic — 3 125

M sttow aynamic = 2(212,858) = 425,716 ft-1b (6-2)

M atonn gymamiclfanited) = [(11,250)(24.92)———-(33 15217 5)] (-’;g) 3268

‘= 659,310 ft-1b " (6.3)

Table 6.3 gives the comparison of moments of the Example Problem.

The effect of flange matenial, flange rating, and flange diameter ©:

allowable moment is shown in Table 6.4. Internal pressure at flange is 175 ps
As can be expected the allowable moments are higher for larger flanges an.
higher ratings. The allowable moments for carbon'steel flanges are higher tha
for stainless steel flanges because yield stress (used in high strength bolar:;
option) for carbon steel is higher. The yield strength for carbon steel is
32,800 psi as compared with 21,300 psi for stainless steel at 200°F.

TABLE 6.3 Cowparison of Moments (ft-1b)

Condition Actual Moment Allowable Moment
Normal 18,632 212,858 OK
Upset 31,282 425,716 OK

Faulted 38,278 659,310 OK
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CHAPTER SEVEN

PIPING CONNECTED TO
NONROTATING EQUIPMENT

The external loads imposed on nonrotating equipment by piping should™be
below the allowable loads supplied by equipment manufacturers. Examples
of nonfired equipments are heat exchangers, tanks, pressure vessels, drums,
air coolers, and condensers. Examples of fired vessels are boilers and fires
heaters.

The actual forces and moments from piping stress analysis may be sent to
manufacturers to get these loads approved.

The methods to calculate local stresses on the vessel and nozzle inter-
section are:

1. Finite element analysis that is more accurate but could be expensive
for computer resources. _

2. Local stress calculation outlined by Welding Research Council
(WRC) bulletin 107 (reference 1).

3. Local stress calculations using Fligge—-Conrad solutions (reference 2).

4

. WRC bulletin 297, (reference 8) Local Stress in Cylindrical Shells,
supplement to-WRC bulletin 107.

For cach piece of equipment, applicable code and standard requirements
should be satisfied. Instead of reprinting text information available from

other sources, a discussion with specific examples for cylindrical and spheri-
cal vessels-is presented here.

b

LOCAL STRESS CALCULATION USING WRC 107 BULLETIN

Based on work done by Bijlaard, WRC 107 was prepared. Sign conventions
used are exactly as given in the bulletin.
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110 Piping Cunnected to Nonrotating Equipment

Comments on Using WRC 107 Bulietin~

1. Vessel (cylindrical) diameter 10 vessel thickness ratio range 1s
10< D/T =600.

2 Nozzle diameter to vessel diameter ratio range 1s 0.02 = d/D =0.57.
3. Nozzle thickness is not considered for cylindrical vessel.

4 Nondimenstonal constants read from curve from WRC 107 bulletir
are for acceptable ranges only. Extensions of curves can be used enly

il aliowed. Values outside the range may give unconservative results

s March 1979 revision of the bulletin gives important revisions
Earlier versions shouid be carefully used.

6. Signs for stress were, sbtained by considering the deflection of shel
resulting from the various modes of loadings. Tensile stress 1
marked as + and compressive stress is marked as —.

7 Maximum shear theory has beexa used to determine stress intensity

8. Welding Research Council 107 omits the internal pressure stres:
The effect of pressure may be included if desired.

9. The stresses calculated are in the vessel wall (sheil) and not in th
nozzle. Stresses may be higher in the nozzle wall in case the nozzl
opening is not reinforced.

10. Welding Research Council 107 method may be used for ellipsoid
. heads as well as cylindrical and spherncal shells.

11. Stresses due to radial ioad in cylindrical shells are not applicable -
the length of the cylinder is less than its radius. The curves are f
length radius ratio of 8.

12. Stresses due to external moment are not applicable if the attachme
is located within the distance of half the shell radius from the ne
end of the wall. :

Table 7.1 gives stress concentration factors K, and K,. The equations
calculating the stress concentration factors K, and K, are given in Eqs. 7
and 7.2. Table 7.1 was generated using Eqs. 7.1 and 7.2.

The actual stress calculated is compared with the allowable stress. 1f 1
actual stress is higher, a pad thickness is assumed and the calculation is rer
with the total thickness (sum of vessel and pad thickness) as vessel thickne
{n practice, the assumed pad thickness is equal 10 the vessel thickness.
double the thickness is not enough, efforts may be made to reduce
loadings on the vessel.

1 0.65

For membrane load, K.=1+



Local Stress Calculation Using WRC 107 Bulletin 111

For bendimng, K,=1+

1 08
(7.2)

. r
94—

2T

where r = radius used for nozzle-to-shell interface (in.) and T = shell thick-

-ness (in.).

TABLE 7.1 Concentration Factors
(Based on 3-in. radius at shell-to-nozzle interface)

T (in)) K, K,
> 1.5121 1.2899
= 1.5661 1.3280
3 1.6174 1.3650
" 1.6665 1.4010
i 1.7138 1.4363
4 1.7594 1.4709
-3 1.8036 1.5048
: 1.8882 1.5711
1 1.9688 1.6355
13 2.0459 1.6983
11 2.1200 1.7597
13 2.2609 1.8790
13 2.3938 1.9943
2 2.5202 2.1064

Example Problems

1. Calculate the local stress for the cylindrical
(reference 1):

Vessel radius = R,, = 72 in.
Vessel thickness T = 0.4375in.
Attachment radius r, = 3.125 in.
Geometric parameters are:

Rn 72
T 0.4375

164

To 3.125
= (0.875 = () 875 ——=
A R 875 72

m

vessel given as follows

=0.043



112 Piping Connected to Nonrotating Equipment

The stress concentrauon factors are for the membrane load K,=1.0,fc
the bending load K, = 1.0.

The applied loads are:

Rafiial load P =-97.81b

Circular moment M, = —768in.-lb

Longitudinal moment M, = —-10,152

Torsional moment M+ = 31,368

Shear load V. =-4

Shear load V| = —451

The nondimensional constants read from graphs of WRC 107 are:

WRC 107
Graph’
Number Constant Value
N,
3C )
RIR. 30.0
M,
1 — 0.15
"_ C P 5
i — % 4.1
M,
1A -—_ 0.095
MR,.B
N, } '
16.
3B M.RZB 6.0
M,
1B 1B-1 - 0.048
i o M, IR..B
t Nx
4C PIR. 30.0
2C M, 0.095
2 b i
N,
4A —— 5.6
M. /RZB
M,
Z2A = 0.055
MRS
N, 4.2
. B M IR%B '
M,

-1 — 0.075
s 2Bor 1B MURD
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Local Stress Caolculation Using WRC 107 Bulletin 113

2. Calculate local stress for the spherical vessel given as foliows:

Vessel mean radius = 167.43 in.
Vessel thickness =1.125
Nozze thickness =05

Nozzle mean radius = 11.75
Nozzie outside radius =12
The applied loads are:

Radial load =p=19771b
Shear load =V,=97
Shear load. = V,=-36

Overturning moment = M, = —158,808 in.-1b
Overturning moment = M, = —47,976

Torsional moment = M; =-10,344

The concentration factors are- K,=2.0and K, =2.0.
The geometric parameters are:

r, 11.75 -
=-T=""=9235 :
4 0.5
T 1.125
=_—="""=-9295
P { 0.5
Iy 12

=0.8746

JVR.T J167143%113s

Nondimensional constants from WRC 107 graphs are as follows:

SP 1 toSP 10 ) SM 1 toSM 10
N.T M., N.TVR.T M~R,T NTYR.T M~JR.T
P P M1 M) M2 M?.
0.0078 0.04 0.03 0.09 0.083 0.25
SP 11toSP 10 SM 1 t0 SM 10 :
N,T M, N,TYR,.T M~R,T N,TVR.T MR, T
P ) P M, M1 Mz . Mz
0.055 0.025 0.119 0.068 0.33 0.189

In an effort to extend WRC 107 results to larger DfT and smaller d/D
vaives and to include the effect of the nozzle thickness, calculation using
Fligge-Conrad soltutions is presented (reference 2).

WRC Bulletin 297 (reference 8) broadens the coverage of WRC Bulletin
107 and is based on Steele’s theory (reference 2). WRC 297 includes the
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118 Piping Connected to Nonrotating Equipment

effect of nozzle thickness and data on nozzle flexibility. Nozzle and vessel are
treated as thin-walled cylindrical shelis. '

ROTATIONAL SPRING RATE FOR CYLINDRICAL VESSEL

As a conservative approach, vessel nozzies are considered rigid in pipe stress
calcnlations. However, the vessel or drum has inherent fexibility that can be
advantageously used 1© obtain lower and more realistic external moments.

Out of three primary forces and three primary moments that may be applied
to the shell at a nozzie, only radial force and two moments are considered
significant i causing shell deflection. Rotations of elastic ends are usually
more significant than translations. Therefore elastic translations of nozzles and
thus radial fexibility is ignored.

Inplane and outplane spring rates are important. In a cylindrical vessel, the
inplane spring rate corresponds to the longitudinal moment, and the outplane
spring, rate corresponds to the circumferential moment. As shown in Figure
7.1, by application of the longitudinal bending moment, the plane formed by
vessel and nozzie centerlines remains inplane. The circumferential moment

will be the outplane moment because this moment will bring nozzle axis into or
out of the original plane.

Piping Loads

The point of view that using rotational spring constants result 1n un-
conservative values for bending moments should be looked into. It 1s known
that the primary piping loads {weight, pressure) and its effects remain the
same in magnitude, whereas secondary loading (thermal) and 1ts effects
release itself when the resistance reduces. An example is that, under thermal
loading, the bending moments acting on the nozzie drops when the rotation is
allowed. All structural systems have inherent fiexibility that is expressed as
rotational spring rates for vessel and nozzle connections. These spring rates
should not be used for pump, turbine, Or COMPIressor nozzles.

Equation 7.3 can be used tO calculate rotational suffness at the nozzie
connecticn. Equation 7.4 expresses the formula for calculating flexibility

l Radial force

AT M (inplane)

M, {outpiane)

FIGURE 7.1 Vesszland norzle artanyemsni.
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factor K. Values for constant C is 0.09 for the inplane and C is 0.27 for the
outplane bending (reference 3).

M EI ™

9 DNEKI180 (7.3)

~where i spring constant in.~-b/degree

M = bending moment, in.-1b
# = angle of rotation, radians
E = modulus of elasticity in cold condition, psi
I = area moment of inertia of nozzle, in.*
DN = diameter of nozzie, inches
K = flexibility factor

k=BT 0.

where C = 0.09 constant for inplane bending
C = 0.27 for outplane bending
D = diameter of vessel, inches
T = wall thickness of vessel, inches
DN = diameter of nozzie, inches
TN = wall thickness of nozzle, inches

These spring rates should not be used if nozzle or pad diameter is greater than
one third of the vessel or header diameter.

The flexibility factor K :

Example Problem

The following four cases are considered for calculating the spring rate:

1. Vessel nozzle (Fig. 7.2) treated as rigid
2. Using rotadonal stiffness for a 48 jn. diameter vessel

Cylindrical vessel:

Sheli = 132 in., 0625 in. thick
Pipe = 36in., 0.5 in. thick

E =279 x 106ev

<I.\ I =8785in*
)fr\T .

FIGURE 7.2 Piping arrangement for spring
rate comparnison.
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3. Using rotational stifiness for a 60 in. diameter vessel
4. Using rotational stiffness for a 96 in. diameter vessel

The spring constant catculation for the 48 in. vessel, 1 in. thick with 12.75in.
OD nozzle of thickness 0.375 in. follows:
The flexibility factor 1s:

()@

48 Q.37 12.75
Kinplanc =0.09 _}_' (0 1 S)( 3) =2.98

48
. .48 (0.375 12.75) _
{\ out;.)lanc - 0-27 1 ( 1 )( 48 - 894

The spring constant 1s:

M_El1 (jf_)

9 DN K \180
_30x10°x279.3 ( a
12.75(K) 180

The inplane spring constant with K; as 2.98 =358 x 10" in.-lb/deg. The
outplane spring constant with K, as 8.94 =119 x 10" in.-Ib/deg. '

Table 7.4 gives calculated values of spring constants for the case:
considered. _ :

The piping stress analysis that was done for the four cases (three different
vessel diameters) and the forces and moments at the nozzle are givenin Table
7.5. As can be easily seen, the bending moment vatues in x- and y-axes havc
dropped when the flexibility of the vessel nozzle is included, say, for the 4810
diameter as compared 0 when the flexibility is not inciuded.

TABLE 7.4 Calculated Values of Spring Constants

Circumferential Spring

Longitudinal Spring Rate Rate
Vessel Diameter _(inplane} {outplanc)
(in.) (in.-b/deg.) {in.-lbfdes.)
48 358 x 10* 119 x 10°
60 320 % 10° 107 x 10°

a6 253w 1) g4.1 ¢ 107
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TABLY 7.5 Forces and Moments xt Vessel Nozzle

[ |

Force (1b) Moment (ft-1b)
Case F, F, F, M, M, M,
No flexability ~481 5,066 —388 25,497 2,248 —583
48 in. dia. —476 1,866 —466 9,994 2,004 ~485
601n. dia. —475 1,727 —469 . 9,321 1,980 —476
96 in. dia. —474 1,450 —476 7.980 1,918 —45]

The example Problem given as Figure 7.2 was selected to compare the

values of spring rates calculated here with alread
shghtly different approach.

In the cylindrical vessel:

Shell 132 in., 0.625 in. thick

Pipe 36 in., 0.5 in. thick

E =279x10° psi

I=8785in.*

The outplane flexibility factor is:

132 0.5 36
K =027 5550625137 = 1808
The outplane spring rate is:
M_27.9%10°x8785 w _ .
9 36(180.8) 180 776,569 in.-Ib/deg.

Tablc 1.6

y published results using a

gives calculated values of spring rates. The values given are for

132in. X 0.625 in. thick vesset with 36 in. X 0.5 in. thick pipe. As can be seen

the values are close, knowin
10'?in.-Ib/degree.

TABLE 7.6 Comparison of Calculated Spring Rates

Source

Spring Constant
(in.-lb/deg.) {(outplane)

Stevens, P. G. (reference 5)

727,200
Simplex (reference 6) 659,712
Bijlaard, P. P. (reference 7) 588,252

Eq. 7.3 776.569

g the values used for rigidity for a system



CHAPTER EIGHT

PIPING CONNECTED TO
ROTATING EQUIPMENT

External loads imposed by piping on the rotidting equipment nozzles should
be less than allowable joads. Examples of rotating equipment are centrifugal
pumps, steam turbines, and centrifugal compressors.

If excessive loads are imposed, misalignment may result that affects
mechanical operation and could cause objectionable vibration. A close
alignment between rotating and stationary paris must be maintained. The
provision for expansion of the casing and maintaining close clearances
requires that the forces and moments due to the piping are limited.

Instead of duplicating what is available in other sources, examples are
gtven here with references to different standards.

PIPING CONNECTED TO STEAM TURBINES

The NEMA standards SM 23 (reference 1) outlines guidelines for calculating
allowable loads.

This standard has two parts:

1. Local allowables at each nozzle

2. Combined allowables for comparing loads transferred to centerline of

the exhaust nozzle

The method to transfer forces and moments is given in Eq. 8.1. The
following equation is given for two nozzles, but the same equation can be

137



FRC SPIme e values wWielh useu NAML U LULLU LU s,
avording, more piping, nozzie pads, or consideratuon of alternate .-
ments of piping.

Stress range it the vessel shell, which comes under pressure vessel co.
ol 1mportance but not discussed here. The equations given here
assistance when the bending moments are slightly higher than zllowe.

these shghtly higher values can be reduced by using spring rate consta-
the analysis.

REFERENCES

Wichman, K. R “Local Stresses in Spherical and Cylindrical Shells due to E
Loadings,” Welding Research Council Bulletn 107 (revised March 1979).

Steel, C. R. “'Stress Analysis of Nozzles in Cylindrical Vessels with External Load,” Jo
Pressure Vessel Technology, Vol. 105 (August 1983).

Kannappan S. “Effect of Inclusion of Rotmtional Spring Rate of Vessel Noxdes in Pipr
Calculations,” Society of Piping Engineers Conference, Houston in October 1982
Oakridge National Laboratory (ORNL). Phase Report 115-3.

5. Stevens, P. G. et al. *Vessel Nozzle and Piping Flexibility Analysis,” Joumal of Ené;
for Industry, May 1962, p.-225.

6. Simplex Computer Program User's Manual, Peng Engineering.

7. Bijlaard P. P. “Stresses from Radial Loads and External Moments in Cylindrical Ves
Welding Journal, Vol. 34 (1955).

8. Mershon, J. L. WRC Bulletin 297, August 1984, Supplement 1o WRC Bulletin 10



124 Piping Connacted to Rotating £quipment

extended further (reference 2):
S’ F, = Ef(inlet) + F.(exhaust)
S F, = F,(inlet) + F,(exhaust)

z F. = F.(inlet) + F: (exhaust)
T M, = M,(inlet) + Mi(exhaust) - F{inlet)(Z,) + F.(nle)( Y1) (S
T M, = M,(inlet) + M,(exhaust) + F,(inlet)(Z,) — F(intet)(X))

T M, = M, (inlet) + M, (exhaust) — F,(inlet)(Y:) + F,(inlet)(X1)

Example Problem

Check if the given actual loads at the inlet and exhaust nozzle o
single-stage vertically split steam turbine is below NEMA allowables. -
.nlet diameter is 3 in. and outet diameter is 8 in. The NEMA coordis
system { X-axis parallel to the turbine shaf:) is given in Figure 8.1. Two vi
of the turbine are given in Figures 8.2 and 8.3 (reference 3).

The orientation of X-, Y-, and Z-axes and the distances X, Y1, Z
the Example Problem are shown in Figures 8.2 and 8.3. The distances
measured from the centerline of the exbaust nozzle. The minus sign sh
with X, and Z, distances corresponds with moment summations from
8.1. The sign for these distances depends upon the focation of the inlet nc
with respect to the exhaust nozzle in the NEMA system. Local forces

Vertical Right angle to
turbine shaft
Y}
] e
/
/
1 /
F, /7
7
w7
/S F
( ————
—_————— —————— e e —f———
y \ v X Panllel to
t M, turbine shaft



ialet

nozzle _Casing

17 1n. ,Shaf

-
110 in. r Exhaust
nozzie

G Exhaust Cover—1 Cb
Mounting feet

Support bolt hote b6 in.
Side view flevation

FIGURE 8.2 Typical single-stage vertically split stcam turbine.

—2.08 fu
+2.25 ft.
—2.33 1.

X
)V z Exhaust porzie

FIGURE 8.3 The X, Y, and Z distances used in Example Problem for Eq. 8.1.

TABLE 8.1 Forces and Moments from Analysis

Forces and Moments Inlet Exhaust
. F.(b) -30 —155
F, ~55 1095
F, 204 170
Froun 213 1119
M_(ft.-1b) 120 44
M, —67 —425
M, 127 =722
M oun. 185 839

125



moments at the inlet and exhaust nozzies obtained from pipe stress analysis
are listed in Table 8.1.

The components of resultant forces and moments after being transtz=rred
to the exhaust can be obtained by using Eq. 8.1.
F, =(=30)+(—155)=—1851b
F, =~—55+1095 = 1040
F,=204+170=374
M, = 120+ 44 — (—55)(—2.3) + 204(2.25) = 494 85 fr.-1b
M, =—67+ 425+ (—3012.33) — (204—2.08) = 2.22
M. =124 —-722 — (—=30)(2.25) + (=55)(—2.08) = -416

The combined resultant force and moment after being transferred to the
exhaust is as follows:

Combined resultant force at exhaust=-/(—185)%+ 1040+ 374" =
1121 b

Combined resultant moment at exhaust =494 852+ 2.22% +(—416)* =
u47 fr-1b

Allowablie Local Forces and Moments

The NEMA rule 1 applies for calculating allowable resultant local force:

for exhaust

39
Fahow = 166.6D -PTA = 166.6(8) — §?— =10531b (Rule 1)
3 3

A graph (Figure 8.4) can be used to detzrmine the allowable resultant force.
The calculation 1s shown by dotted lines.

For the inlet,

185
Fallow = 1666(3)"‘ _'§ =438 1b
2

The allowable components of resultant forces and moments after beng
transferred to the exhaust 1s, using NEMA rule 2b,

4
Equivalent diameter = \/—— (101al arca of openings)

= \/Diznlct+ D:hnm.m = ‘/32 + 82 = 8.5‘1‘1
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127
3000+
2500
NEMA SM 23
MR
Fg = 166.6D — 3
2000
i
I
o
e
N 1500
5
5 105016

1000

11000 2000 3000 4000 5000 6000

7000 8000
839 fi-1b

Local moment M, ft-Ib ——
FIGURE 8.4 Forcc moment relationship using SM 23 NEMA standard.

This is below the 9in. limit for the diameter given in the NEMA code.
Therefore D, = equivalent diameter = 8.544.

F. = 50(8.544) = 427 Ib

F, =125(8.544) = 1068 b _
F. = 100(8.544) = 854.4 b

M, = 250(8.544) = 2136 it.-ib
M, = 125(8.544) = 1068 ft-ib (Rule 2b)
M, = 125(8.544) = 1068 ft-Ib

The allowable combined resultant force and moment at exhaust is, using
NEMA Egq. 2a, -

£ 250D — M. 250(8.544)— 647
< 2 - 2

=744.51b (Rule 2a)

When the actual load is higher than the allowable. the turbine vendors
may be contacted to get the higher loads approved. It is the experience of
the stress engineers that the allowable values are conservative. It would be
very helpful if NEMA publishes the basis and criteria of the equations given.
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TABLE 8.2 Comparison of Actuais to Allowables

Nozzle Actual Allowable Remarks
Inlet Fa=21311b Fr =438 OK
Exhaust Fr=1119 Fr = 1054 Exceeds
Components F,=-185 F, =424 OK
F, = 1040 F,=1068 . OK
F, =374 - F, =854 OK
M, =495 M, =2136 OK
M =2 M, = 1068 OK
M. =-416 M. = 1068 OK
Combined resuitant F.=1121 E =745 Exceeds

PIPING CONNECTED TO CENTRIFUGAL COMPRESSORS

American Petroleum Institute Standard 617 refers 0 NEMA SM 23 as the
basis for allowable loads. The 1979 and 1973 ediuons have slightly different
wordings in their texts.

API 617, 1979, Section 2.5.1, page 7, “Compressors shall be designed to
withstand external forces and moments at ieast equal to 1.85 times the values
calculated in accordance with NEMA SM 23."

API 617, 1973, Section 2.4.1, page 35, “Compressors shall be designed to
withstand external forces and moments at least equal to a value calculated
from the NEMA 23 formulas. For these calculations constant; in the
formulas sball be increased by a factor of 1.85.”

The example presented earlier for steam turbines can be used the same
way for centrifugal compressors except for the factor of 1.85. References 4 to
6 apply to centrifugal compressors. Special consideration for dynamic

vibration is needed in the case of reciprocating compressors, which s outside
the scope of the discussion here.

PIPING CONNECTED TO CENTRIFUGAL PUMPS

The API 610 (reference 7) standard gives equations to calculate allowable
forces and moments in the case of centrifugal pumps for general refinery
service. The criteria apply for pumps with 4 in. discharge nozzles or smaller
(suction nozzles may be larger) and situations where the pump is constructed
of steel or alloy steel. The modulus of elasticity of the piping material at
operating temperature (known as hot moduius) can be used to calculate
actual loads. Using hot modulus will resutt in lower loads because the priping
is more flexible at tngher temperature.
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FIGURE 8.5 Coordinate system used for API
610 standard pumps.

Figure 8.5 gives the coordinate system used for API 610 pumps. The
pumgp shaft is parallel to the X-axis and the Z-axis is along the centeriine of
the pedestal. For pumps with larger diameters, allowable values can be

obtatned from vendors or determined by experimental means (references 8
ard 9).

The allowable force for each nozzle is:

F, = 1.3 W =160 b/nominal diameter
F.=10W = 130ibfnominal diameter
F,(comp.) = 200 Ib/nominai diameter < 1.2 W

F,(tension = 100 Ib/nominal diameter=0.5W

where W = weight of the pump.
The shear resultant force 1s:

F,=VF;+ F{=20001b

The allowable moment is:
Y M, =3.4W ftlb
Y M, =20W
Y M, =15W

where the minimum value for W is 1000 1b.

<
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The actual forces and moments from both suction and discharge nozzles
shall be transferred to the intersection of X-, Y-, and Z-axes to obtain the
summation of moments in each direction for companson with allowables.

The lesser of the values obtained from the considered weight and diameter
should be used as the allowables.

PIPING YIELD METHOD

The piping yield method is an extreme case in which the component is given
sufficient strength to fully yield the connecting pipinig in bending at the
nozzle. The coordinate system and equations given in reference 10 are
presented in Figure 8.6.

The forces and moments for which equipment needs to be designed are as
foltows:

A PDp\ 3
Fuim=F, ==t (S, -1 ) axial force (along nozzle axis)
2 4t,
PD
M, =M, = 1.3;(5, - _4{:) bending moment
' . (PD2 _
My, =M, = Zp\/S;— ( 4‘;) torstonal moment

Equations that are slighty different from these are also used in the industry
(reference 11):

F,=F,=F, =0.01 S, (metal area of pipe)

Connecling pipe

A, = Metal area of
pipe. in.2
\ — T e ]
KS____ al p) Z, = Section modulus

of pipe, in.3

Plane of
safe end
of component
nozzle

|

FIGURE 8.6 Pipc norzle coardinate system.
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The bending moment about the orthogonal direcuons {other than torsion) 1s:

M, =M, =0.07075, 2,
The torsional moment is expressed by:
My =M, =0.15,Z, 7
The coordinate system for the above equations is the same as in Figure 8.6.

Sy = yield stress of pipe material (maximum of 36,000 psi)

Zp = section modulus of pipe, in.?

Six Component Fraction Methods for Nozzle Loads Check

Six components fraction method requires that the sum of the ratios of the
actual loads to vendor allowable loads be equal to or less than unity.

F, F, F, M, M, M,
+ +—X 4 + + =<1
anllow Fytl]ow F:allow Mxnﬂow Mylllo‘w Mxlliow
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CHAPTER NINE

SPECIAL TOPICS

The topics that did not fall into the major categories of other chapters are
grouped and discussed as follows:

Valves

Pressure relief valve thrust

Aluminum, Nickel, and Copper Alloy Piping
Underground and Plastic Piping

External Pressure Design—Jacketed Piping
Metnic Units

Elevated Temperature—Creep Effects
Refractory Lining

VALVES

Valves are used in a piping sysiem to aclieve the following:

1. To stop or start flow of fluids. Examples are gate, plug (cocks), ball, or

butterfly valves.

2. To regulate flow. Examples are globe, angle, needle, and butterfly
valves.

3. To prevent back flow. Examples are lift check and swing check
valves.

4. To regulate pressure. An cxample is regulators.

5.

To reheve pressure. Examples are spring-loaded safety or pop valves,
rupture disk relief valve.

There are numerous valve manufacturers making valves for many different

uses. Reference 1 hsts some of the manufacturers’” information about valves
O pipmge appheatnes:
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Gate Valves

Gate valves connect three major components: body, bonnet, and tnm.
(reference 1). The body is generally connected to the piping by means ot
ﬁ:ingcd, screwed, or welded connections. The bonnet, containing the moving
parts, is joined to the body generally with bolts to permut cleaning and

maintenance. The valve triro includes the stem, the gate, the wedge or disc,
and scat nngs.

Valve Body Materials

Valve bodies are made of brass or bronze mainly in the smaller sizes and for
moderate pressures and temperatures. Cast iron is used in most services.

Cast steels are used for severe services of high pressures and high tem-
peratures.

Valve Trim Materials

Valve tnm materials include the seat nng, disc or facing, and stem.
Common trim materials are monel, bronze, stellite, and stainless steel.
Among the principal factors that influence the performance of mm maten-
als are (1) tensile properties, chemical stability, and corrosion resistance at
the operating temperature; (2) hardness and toughness; (3) a coefficient of
expansion that corresponds ciosely ‘to that of the valve body; and (4)
difference in properties of seat and disc to prevent siezaing.

The type of valve to be used for a given service is presented in the piping
specification (Fig. 1.3). In general, preliminary stress analysts is carried out
with approximate weight and actual weight obtained from the manufacturer
(reference 1) should be used in the final stress analysis in ¢crinical systems. In
nuclear piping, valves are further grouped as (1) active valves and (2)
nonactive valves that are based on their requirement of performance after
earthquake event (Chapter 10). Modeling of valves in computer analysis 1s
described in Chapter 10 (Fig. 10.19). Valves require ngid support close 1o the
center of -gravity. It is advisable to avoid supports on the valve operators. In
general, maximum acceleration a valve can be subjected 1o i1s 3 g. If acrual
acceleration exceeds allowable, valve vedor needs to be contacted.

Pressure Relief Valves

Design Pressure and Velocity for Open Discharge
Installation Discharge Elbows and Vent Pipes*

There are several methods available to the designer for determining the
design pressure and velocity in the discharge elbow and vent pipe. It is the

* ANSU/ASME B21.1 Power Piping Code.
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responsibility of the designer to assure himself that the method used yields
conservative results. A method for determining the design pressures and
velocities in the discharge elbow and vent pipe for open discharge in-
stallation is shown below and illustrated in the sample problem.

First, calculate the design pressure and velocity for the discharge elbow.

1. Determine the pressure P, that exists at the discharge elbow outiet
(Fig. 9.1): '

_Wb-1) [ZR-a)
=X T Ne@s- D ©-1

2. Determine the velocity V, that exists at the discharge elbow outlet
(Fig. 9.1):

_ 28I~ a)
VisNT @ o) - 62

where W = actual mass flow rate, lbm/sec
A, = discharge elbow area, in.?

Point 1

-
J L

FIGURE 9.1 Pressure rehef valve

Point 1a
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ho = stagnation enthalpy at the safety valve inlet, Btu/lbm
J=T78.16 f1-1bf/Bu

g = gravitauonal constant
= 32 .2 Ibm-ft/Ibf-sec?

P, = pressure, psia (1bf/in.2, absolute)
V, = ft/sec

Common values of a and b are listed in Table 9.1.

TABLE 9.1
Steam Condition a, Bny/lbm b
Wet steam, 291 11
<90% quality
Samurated steam, 823 433

=90% quality, -
15 psia < P, =< 1000 psia .

Superhe:ted steam, 831 4.33

= 90% quality, '

1000 psia < P, = 2000 psia®

“This method may be used as an approximation. For pressures
>2000 psi, an alternate method should be used for verification.

Reaction Forces with Open Discharge Systems

Discharge Elbow

The reaction force F due to steady-state flow following the opening of the
safety valve includes both momenmum and pressure effects. The reaction

force applied is shown in Figure 9.1, and may be computed by the following
equaton:

w
F, ~ Vi+ (P~ P.)A, (9.3)

where F, = reaction force, Ibf at point 1

W =mass flow rate, (relieving ca
Ibm/sec
g = gravitational constant
= 32.2 ibm-ft/lbf-sec?

Vi = exit velocity a: point 1, ft/sec
P, = static pressure at point 1, psia
A, = exit flow area at point 1, in.?
P, = atmospheric pressure, psia

pacity stamped on the valve x1.11),

]



130 Special Topics
To ensure consideration of the effects of thc suddenly applied load F, a
dynamic load factor DLF should be applied (Fig. 9.2). .
The methods for calculating the velocities and pressures at the exit point
of the discharge elbow are the same as those discussed in Eqs. 9.1 and 9.2,

ANALYSIS FOR REACTION fORCES DUE
TO VALVE DISCHARGE

Cpen Discharge Systems

The moments due to valve reaction forces may be calculated by simply
muitiplying the force, calcutated as described in Eq. 9.3, umes the distance
from the point in the piping system being analyzed, times a switable dynamic
load factor. In no case shaill the reaction moment at the branch connection
below the valve be taken at less than the product as given in Eq. 9.4

Moment = (DLF)(F,)(D) (9.4)
where F| = force calculated in Eq. 9.3
D =nominal OD of inlet pipe
DLF = dynamic load factor (Fig. 9.2)
Reaction force and resultant moment effects on the header, supports,

and nozzles for each valve or combination of valves blowing shall be
considered. -

- Dynamic Amplification of Reaction Forces

In a piping system acted upon by time varying loads, the internal forces and
moments are generally greater than those produced under static application
of the load. This amplification is often expressed as the dynamic load factor
DLF and is defined as the maximum ratio of the dynamic defiection at any
time to the deflection which would have resulted from the static applicatuon
of the load. For structures having essentially one degree-of-freedom and 2
single load application, the DLF value will range between one and two -
depending on the time-history of the applied load and the natural frequency
of the structure. If the run pipe is rigidly supported, the safety valve
installation can be idcalized as a one degrec-of-freedom system and the
time-history of the applied loads can often be assumed to be a single ramp
function between the no-load and steady-state condition. In thrs case the
DLF may be determined in the following manner.
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L. Calculate the safety valve installation

period T using the following
equation and Figure 9.2:

3
T =0.1846 Wh

(9.5)

where T = safety valve installation period, sec

W = weight of safety valve, installation piping, flanges, attachments,
etc., b
h = distance from run pipe to centerline of outlet piping, in.
E = Young’s modulus of inlet pipe, 1bfin.2, at design temperature
I'= moment of inertia of inlet pipe, in.*
2. Calculate ratio of safety valve opening time to instailation period
(t./T) where L, 1s the time the safety valve takes to go from fully closed to
fully open (sec) and T is determined in (1) above. h
3. Enter Figure 9.2 with the ratio of safety valve opening time to
installation period and read the DLF from the ordinate. The DLF shali
never be taken less than 1.1.

If a less conservative DLF is used, the DLF shall be determined by

calculaton or test.

2.0

1.8

Dynamic load factor (DLF}

La \
1.2 | _‘___\\L-\L.

1.0V—— . |

0.1 0.2 0.4 .06 08 1.0 2.0 40 6.0 8.0 10 20
Ratio of safety vaive opening time to installation period {¢/T)

FIGURE 9.2 Dynamic load tactors for open discharge system.
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) |
Example .

Reaction Forces with Open Discharge Systems Calculation

Calculate reaction force with the following (see Fig. 9.3):
Operating lemperature = 700°F

Operating pressure =200 psig )
h, = 1374 Buu/lbm (from steam table)
a = 823 Bwy/flbm b = 4.33 (from Table 9.1}
20,000 '
W= 3600 = 55.6 lbm/sec
A= 50 in.z

J =778.16 ft-Ibf/Bu
g =322 tbm-ft/ibf-sec”
Assume dynamic load factor of 2.0.

Therefore
; 3 , - _
b WD fih, — @) J
B 55‘6)((4.33— 1) < (1374—823)X778.16
5 433 32.2(2x4.33— 1)
= 50 psig

V.= (chj(ho—a)_ 3(32.2)(778.16)(1374 — 823)
CUNT@b-D (2x433-1)

B ,50,1 13.5(1374 — 823)
- (2x433-1) &8
e

= 1899 fu/sec

‘Reacnon force

8w & sch. 40

) AGURE 93 Examplc Problem f{ot open dischar 8¢
e 3Steam bine systein.
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Therefore

- w
Fy=— vl+(P1_Pa)AI

C

323
—3404.5

Foyn = F(DLF)=3404.5(2) = 6809 b

X 1899 + (50— 14.7)50

A?JMINUM PIPING
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Different aluminum alloy piping bas similar desirable corrosion resistance
but vanes 1n mechanical properties. Aluminum alloys most commonly used

for piping systems are alloy 160, alloy 3003, alloy 5052, alloy 6061, and

alloy 6063. Of these, alloy ASTM B241-6063-T6 is the most widely used
because it has good mechanical properties at reasonable cost.

Aluminum has found various uses in the cryogenic or cold temperature
applicatons. As temperature decreases alurninum shows increased values of
tensile and yields strength with equal or improved ductlity or impact

TABLE 9.2 Physical Properties of Various Aluminum Alloys

Alloy
3003 5052 6061 6063
Tensile strength, psi 17,000 41,000 45,000 35,000
Yield strength, psi 8,000 36,000 40,000 31,000
Modulus of elasticity,
psix 1Q° 10 10.2 10 10
Thermal conductivity,
Buwhr/sq ft/°F/in. 1,070 960 900 1,090
Average coefficient of
thermal expansion,
in./°Ffin. x 10~¢
—58 to 68° 12.0 2.1 12.1

68 10 212° 12.9 13.2 13.0 13.0

68 10 392° 13.5 13.5 13.6

68 1o 572° 13.9 14.1 14.2
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TABLE 9.3 Support Spacing for Aluminam Alloy 6063 Pipe

Pipe Schedule Number
Nominal SS . 10S 408
Pipe Size
(in.) Support Spacing (ft)
} s0 5.5 6.0
3 5.5 6.0 6.5
1 6.0 7.0 7.5
13 6.5 7.5 8.5
2 6.5 8.0 9.0
3 7.5 8.5 10.0
4 8.0 9.0 11.5
6 9.0 10.0 13.0
8 9.5 11.0 14.0
10 10.0 115 15.0
12 10.5 130 15.5

resistance. The specific alloys most frequently used in cold temperature
applications are alloy 3003 and alloy 5052.
Aluminum alloys may be welded. The

inert—-gas tungsten—arc method,
using argon gas, is the recommended procedure. Further reference matenial

about installation techniques, fitungs, and so on can be obtained from

manufacturers such as Alcoa and Reynolds metal companies.

Table 9.2 shows the physical properties of various aluminum alloys
(reference 4). As can be seen, units for average thermal expansion is given
as in Jin.f°F. See Chapter 1 (Eq. 1.1) for conversion to in.flinear feet of pipe.
The thermal expansion for aluminum is high and adequate provision must be
made to compensate for the high amount of expansion. The operating pressure
of an aluminum pipe is calculated in the same way 25 ferTous pipe, using Eq- 2.4
with y = 0.4 and corrosion allowance of zero.

Aluminum is subject to galvanic corrosion in the presence of an elec-

trolyte. When 1n the presence of carbon steel, copper, brass, nickel, mouel,

tin, and lead, aluminum will be corroded. Thus conventional carbon steel

pipe hangers should be avoided. However, the 300 senes of stainless steel
and zinc are usuaily compatible with aluminum. Therefore galvanized (znc
coaung) steel hangers, aluminum hangers, or padded hangers may be USC‘?-
Table 9.3 gives support spacing (reference 4} for alloy 6063 piping. This
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table 1s based on the pipe being umninsulated, operaung at 3 maximum
temperature of 400°F, and conveying a liquid of specific gravity 1.35 (a
conservauve assumption). If the line is insulated, reduce the span by 30%.
No allowance has been made for concentrated loads such as valves.
Equations 3.1 and 3.2 may aiso be used to calculate the span.

COPPER ALLOY PIPE

Many applications of the copper pipe have been found in the food industry.
Table 9.4 shows the physical properties. The coefficient of thermal expansion
of copper pipes is high. Therefore either loops or expansion joints must be

provided for absorbing the expansion. Copper pipe can be joined by

threading, soldering, or brazing, and flanges may be installed by any of these
methods. Table 9.5a gives dimensions of the copper pipe (suitable for
threading), outside diameter, wall thickness, and maximum allowable pressure
at a operating temperature of 300°F for regular schedule. A copper pipe
should not be forced into place during installation. Forcing the pipe into place
and keeping it under stress can cause failure. Table 9.5b gives support spacing
for a copper pipe. The spacing is based (reference 4) on uninsulated lines
operating at a maximum temperature of 300°F and carrying a fluid of specific
gravity 1.35. If the lines are insulated, spacing should be reduced by 30%. No
allowance has been made for concentrated loads like valves. In order to
prevent galvanic corrosion, copper or padded hangers should be used with
copper piping. Table 9.6 shows allowable stress for alloys of nickel, copper,
and aluminum for B31.3, B31.1, and section @I codes.

A number of nonferrous metals and their alloys are wildly used as
corrosion-resistant piping material. Zirconium and titanium are examples of

- TABLE 9.4 Physical Properties of Copper Alloy

Tensile Strength 54,000 psi

Thermal conductivity

at 68°F 2364 Bru/hir/sq ft/°Ffin.
Average coefficient of

linear thermal

expansion

77-572°F 9.8 x 10~ in./°F/in.
Modulus of elasticity

in tension 17 %X 10° psi

. 2 e oepd I e
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TABLE 9.5a Dimensions of Standard Copper Pipe (Suitable for Threading) anc
Maximom Allowable Operating Pressure (psi)

Regutar Schedule

Nominal Allowable
Pipe Qutside Loside Wall Pressure at
Size Diam. Diam. Thickness 300°F or Lower
1 0.405 0.281 0.062 220
! . 0.540 0.376 0.082 540 B
2 0.675 0.495 0.090 540
1 0.840 0.626 0.107 550
2 1.050 0.822 0.114 500
1 1.315 1.063 0.126 340 -
1 1.660 © 1.368 0.146 430 |
1 1.900 1.600 0.150 390 <
2 2375 2.063 0.156 330
2! 2.875 2.501 0.187 270
3 3.500 3.062 0.219 . 310
31 4.000 3.500 ¢.250 350
4 4.500 4.000 0.250 310
S 5.562 5.062 0.250 250
6 6.625 6.125 0.250 210
8 8.625 8.001 0.312 220
10 10.750 10.020 0.365 220
12 12.750. 12.000 0.375 210

TABLE 9.5b Support Spacing for Copper Pipe
for Regular Schedule (reference 4)

Nominal Pipe
Size (in.) Spacing, {t

3 6.5

1 ' 8.0

13 9.5

10.5

3 12.5

4 13.5

6 15.5

8 17.0

10 200
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TABLE 9.7 Properties of

Corrosion-Resistant Metals and Alloys

Thermal E

ASTM Yield Soess Density Specific Exp. Cocl. Modulus

MetalfAlloy Spec. (ksi) {Ibfin.}} Gravity (infin.’F) (psi)

Incoloy 800 8407 42 0.290 8.01 79%10°° 28 x 10¢

Incoloy 825 B423 as 0.294 8.14 7.8x10™" 28 x 1t

Inconet 600 B167 316 0304 8§43 7.4%10°% 31 x 10

Zirconium 0.234 - ) 14.4 % 10*

Gr. 702

unalloved

Titanium, Gr. 1 B337 15

Hastelloy B2, BS17 51 0.333 6.2x 107" 31.4 %108

ASME code case

1642

Hastelloy 598 0.321 7.1%107° 298 x10¢

C276,

ASME code

case 1410

these metals. Incoloy, hastelloy, and incone
corrosion-resistant propertic
specification numbers and propert
annual 1977 or 1980, part 8, gives mor

{ are alloys that have good
s. These alloys are

trade names. Their ASTM

es are given in Table 9.7. The ASTM
e information.

UNDERGROUND PIPING

Routing of piping underground is sometimes necessary to cross a road,
piping between buildings, yard crossing, and so on. The factors that are
irportant in underground plastic piping design are as follows:

Longitudinal bending siress
Buckling, arching

Bowing

Dead and live load

1.
5
3
4 Soil stifiness and soil geometry (very important for expansive soils)
. o
6 Wall compression, bending, and shear resistance

7. Hydrostatic uphft

Modes of failure and collapse are described below as app

lied to plasuc piping
(reference 8):

1. Caving duc to deflection (see Fig. 9.4a)

Wail(ring) compression due to yielding at A (i, G 4b)
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Cawving, Yieldng

y N I NUSUZUZRVRWVASYZEVZAY Surface
/ 3
1 >

i f ' mplm

BUCkiing mﬁmk
(a) (b} ()

(g}

© Longitudinal tension + E Rock _
——————— Pipe e
—_— Sail + Soil
m&mmwmm&m@ movement moverment

(f} Shear {g) Jont taiture

(e}

FIGURE 9.4 Upderground piping failure modes..

o)

Buckling: (a) elastic and (b) plastic. In buckled state a pipe resembies
the one shown in Fig. 9.4c¢ '

4. Beam bending (Fig. 9.4d)

5. Longitudinal tension (along axis) (see Fig. 9.4e)

6. Direct shear (occurring at hard soft interfaces) (see Fig. 9.4f)
7.

Failure at joint (See Fig. 9.4g)

Hear transfer loss from a burnied pipeline has become more unportant in case
of heated oil pipeline or in the case of underground steam pipes for keeping

ice from sidewalks and driveways. Equations to calculate the heat transfer
from a buried pipe is given in reference 3. '

Underground Piping Design

Design the following underground line. Assume data as necessary. The depth
of cover = H =3 ft; trench width=2f1 6 in.; material is ASTM AS3 Grade
B; minimum specified yield stress is 35,000 psi at 145°F. See Figure 9.5. The
OD of the pipe including insulation is 12 in.

Assume the coefficient of friction between pipe and soil is 0.3.

Density of saturated clay soil w = 100 Ib/fe.

Pipe contains #6 fuel oil 13 API with specific gravity 1.2.

Ground level
TR ’
3 ft Cover
-~ Treacn @ 12n
2n6in. |
—

FIGURE 9.5 Buried pipe with rench dimensions.
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Steps
Calculate frictional resistance Fy.

Calculate thermal force F, after calculating longitudinal stress Sp.
Find point of no movement in which F;=F..

5w

Calculate hoop stress, bending stress due 1o earth load, radial stress
due to pressure, and temperature stress due to operating temperature.

5. Calculate combined stress from stresses in -(4) using maximum strain
theory,

6. Find maxmum allowable stress using B31.4 liquid transportanon
piping code.

For proper design the combined stress should be less than the
maximum allowable stress.

First, calculate the load on the pipe from the backfill W..

: W. = load on pipe, 1b/ft

W, = CawB? . (9.6)
where |
C, = load coethcient
. o 2ku(HIB)
_Lze (.7
2kp
where k

= ratio of lateral unit pressure to vertical unit pressure

w' = coefficient of friction between fill material and ditch =p, where g
is the coefficient of internal friction of fll

H = height of fill above top of pipe, feet

B, = horizoatal width of ditch, feet

Values of the load coefficient Cyq may be taken from the diagram in Figure
9.6 (reference 7).
Step 1. Calculation of Frictional Resistance (units 1bjft): Let We = load on
pipe from backfil neglecting moving, load.

Using Marston’s formula:

W, = CdWB?& (9.6)
where C, =10ad coefficient. Read from graph n Figure 9.6:
W, =1.0x 100 x2.5%x2.5=625 ib/tt
H 3
Cs=1 for - =12

B, 25
wo denty of soil = 100 178
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FIGURE 9.6 Load coefficient C, for ditch conduits.

Weight of content = (weight of water) specific gravity

= (21.69)1.2 = 26 1b/fr
Insulation weight = 5.38 Ibfft

Pipe metal weight = 28.55 Ib/ft

7 otal weight of pipe =625 +26 + 5.38 + 28.55 = 685 Ib/ft
Frictional resistance = p(total weight) = 0.3(685) = 205.5 I1b/ft

Steps 2 and 3. Poins of No Movemenr: Frictional force

opposes thermal

force. At the point of no movement the fnctional force is equal to the thermal

<xpansion force.

Longitudinal stress = §; = Ea(T>~ T,) - (VP(

<

Dz—"z:)) (9.8)
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* where E=27.9x10°psi
vy = Poigson’s ratio = 0.3
D =8.625in.
« = linear coefficient of thermal expansion
Fr=—145°F
~TT=80°F
1=0.322in.
P =300 psig .
. Equation 9.8 is from B31.4 Piping Code (reference 3 in Chapter 4)
Section 419.6.4(b) of the Liquid Transportation Piping Code. This equation
is for restrained pining, in this case because of underground piping:

8.625— 2(0.322)}

- & - i) 5 _. —
. 5. =27.9%10%6.5x 107°)(145 — 80) 0.3(300){ 2(0.322)

=11,787 - 0.3(3717) = 10,669 psi

Thermal expansion force F, = S, (metal area) = 10,669(8.4) = 89,6251b
' 89,625
Distance of point of no movement from point of burial =— 055

=436 ft
Figure 9.7 shows the distance 436 ft from the point of bunial marked.

Step 4. Stresses:  Hoop stress (S):

_ P(D—21) _300(8.625 - 0.644)

=13717 psi
! 2t 0.644 3717 pst

For bending stress (S2), use Spangler’s equation:

( Cd wB 3) Eme
Ef +2.592PRY,

S, =0.177 (9.9

where R,, = mean radius of pipe = (D— 12 =4.1515m. Other terms are the
same as for Eq. 9.8

6 =0 m[ 625(27.9 x 10°)(0.322)(4.1515) 1
e 779 % 10°x 0.322% + 2 592(300)(4.1515)

= 4179 psi

n GL

—a— Thermal force
—— Friction lorce

Zero movernent

FICURE ST Point of zero movemenat o a buned pLpc.

e+ S smt— A e e A Sl eyl b 18 1 T 4
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Radial stress (S3):

Sy = P =300 psi

Thermal stress (S.):

Sy=EalT,— T,)=27.9%x10°%6.5x 107%145— 80)

= 11.787.73 psi

S. = circumferenitial stress

= Speop + v (thermal stress + bending stress due to earth)
=3717.85+0.3(11,787.73 + 4179)
= 8507 psi

Step 5. Combined stress (S): Use maximum strain theory:

S=v8I+ 82+ S4—29(5.S. + S Sk + S.5r)

= /10,6692 + 85077 + 300 — 2(0.3)(10,670 X 8507 + 300(10,670 + 8507)
AS
= 11,327 psi P OCEEE

ILVPRLS (8 4_

Step 6. Maximum allowable stress: Use restrained plpmo( accordmg to
B31.4:

Maximum allowable stress = 0.90(minimum o, of pipe)

= 0.90(35,000) s
= 31,500 ps1 :::;
Step 7: The combined stress of 11,327 psi is below allowa 4"[;’::3} ress of
31,500 psi. Thus the pipe design is safe. 5'
EXTERNAL PRESSURE DESIGN ‘ ;?:“;

fs

'3
A
A

f‘fv

The design of cylindrical vessels that is subjected to cxtcrnal p essure 1S
outlined in the, ASME Section VIII, Division 1 UG28(c). '

.
_1“‘

Nomenclature: B
P. = cntical collapsing pressure, psi
P, = allowable pressure, psi

t = wall thickness, inches
E = modulus of elasticity, psi

= length between stiffners, inches

VLA
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L, = critical length, inches

S, = yield suress, psi

S, = tangental stress at collapse pressure, pst
Factor A= S JE '

Factor B= 512

Strength of Pipe Under External Pressure (reference 10)

The strength of pipe under external pressure is a function of the physical
properties of the construction material at the op=rating, temperature and its
geometrical parameters such as the unsupported length L, pipe thickness t,
the outside diameter Do, and the pipe out-of-roundness.

The behavior of thin-wall cylindrical shells under uniform external
pressure vares according to cylinder length as follows:

1. Very Long Cylinders: The critical collapsing pressure is given by:

t 3
 =2.2E (——-) .
P, D. (9.10)

The critical length L., the minimum unsuppotted {ength beyond
which P. is independent of L. is given by:

L= 1-11D0(%)1n (9.11)

2. Intermediate Cylinders with L<L.: The critical pressure P.is2
complicated function of the collapsed contour and the two charac-
tensuc ratios tf D, and L/D,. For practical design, P, can be given by
the following empincal equation:

2.5
p, _ 2BEUID.) ©.12)
LID,

3 Short Cylinders:  The cylinder wiil fail in this case by ptastic yielding-
The cnucal pressure can be given by:

p. = 2out (9.13)
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External Pressure Design ' 157

ASME Charts

Geometric Chart:  For L > [_, the tangential stress S, at collapse pressure P,
(grven by Eq. 9.10), can be written as:

P.D 2
= < o: .1 (—) 9~14
S Y 1.1E D ( )
S t\2
in = ¢ = _1(_) (9.15)
Strain 1 D.

For L =, the tangental stress S, at coliapse pressure P, (given. by Eq.

9.13), is:
[1.4}5(5:)1'5]

S, = 3 (9.16)
D,
[ \1.5
. 1.4 (‘5:) .
Stram=E=——£— (917
D,

Equations 9.14 and 9.16 were plotted to develop the geometric chart in
Figure UGO-28.0 of the ASME Boiler and Pressure Vessel Code, Secuon
VIII, Division 1. (See Fig. 9.8a and Fig. 9.8b.)

Maierial Chart:  These charts are actually stress-strain curves for materials
at design temperatures (S./E on the abscissa and Sef2 values as variables on
ithe ordinate). (S./E is called factor A and S./2 is called factor B in ASME
notation.)

The allowable pressure can be obtained by using the following relution:
S _P.D, 4 Bt

E'=B Y or Pc:D,,

Let P, = 3 P (safety factor = 3) P, =g B (__r_) (9.18)

Equation 9.18 is the same as Section VIII subsection UGO-28(c)-1 equation.

Practical Design Using ASME Charis: Determine the pipe thickness
under external pressure (Df1= 10). :



(W3]

Sten

I

Step 5.

Step 2.

Step 3.

. ion Of
See ASME Section VI, Division 1, subsection uGO-29 for design
stiffening ring design.

Example {reprinted from ASME Appendix L, Section VI, pivision 1)

'Find the {actor A bv using the proper material chart and the

Speciai Topics ‘

Agsume a value for t and s=iermine the ratios LID and D/t.

Determune the value 6Iiz100 A from the gcometric chart (using assust
values obteined in Siez ..

Determine the value ¢f izcwor B by using the proper material
chart and the value of izzlor A obtained in St€p 2.

Calculzte the allowabiz =x3

ernal pressure Pa bY using Eq. 9.18.
For values of A fzling to 1he ieft of the applicable

material/temperature finz. The value of P, can be determined by F
the inilowing formuie:

P, -_—"_'1: AE — {9.19)
3

L e ——

For DIt~ 10 use the protedure outlined in ASME UG-28(0)-2)

Assume a value for ! -nd calculate B:

3PD,

value of B obtained abnve. 1f the value ior factor B is less than
the value listed 1n the chart, factor A 15 given OY-

1.5PD,
Et

A=

Determine the value of LID by entering the factor A and the
appropriate Dfrf curve in the geometnc chart. The mammutt)ﬂ
anstiffened length is obtained by multiplying the value of LID Y{
D. (If there is no intersection between the vertical projection ©

A and the D/t curve, then stiffeners are noO° teqUifed for an)
length))

Vessels Under External Pressure

_. - a
[ IS PR N H'H‘\_(),S:\ :Hldb) CKP‘L(’C’



External Pressure Design 15

which 1s common for all materials. This chart is used only for determiming the
factor A when factor A 1s not obtained by formula in the special case when
D, jt<10. (See UG-28(c)-2.)

The remaining charts in Appendix V are for specific matenal or classes of
matenals and represent pscudo stress—strain diagrams containing suitable
factors of safety relative both to plastic flow and elastic collapse.

‘Reference from ASME Section Vill, UA-270

(a) Cylindrical Shell Under Exiernal Pressure. [An example of the use of the
rules in UG-28(c)} [Eq.- 9.18]. '

GIvEN: Fractionating tower 14 ft inside diameter by 21 ft long, bend line to
bend line, fitted with fractionating trays, and operating under a vacuum at

700°F. The tower to be constructed of SA-285 Grade C carbon steel. Design
length 1s 39 in.

REQUIRED: shell thickness, ¢
SOLUTION:

Step 1.
Assume a thickness t=0.3125in.
Assumed outside diameter D, = 168.625in.

L 39
— =——=0.231
D, 168.625
D, 168.625
— =" =540
t 0.3125

Steps 2, 3. Enter Fig. UGO-28.0 in Appendix V (Fig. 9.8a and Fig. 9.8b)

at the value of L/D, =0.231; move honzontally to the D,/: line of 540 and
read the value A of 0.0005.

Steps 4, 5. Enter Fig. UCS-28.2 (Fig. 9.10b) at the value of A = 0.0005

and move vertically to the material line for 700°F. Move horizontally and read
B vaive of 6100 on ordinate.

Step 6. The maximum allowable external pressure [Eq. 9.18} for the
assumed shell thickne ;ses of 0.3125 in. is:

p __4B__4(6100)
2 3(DJ0 3(540)

= 15.1 psi

Since P, is greater than the design pressure P of 15 psi, the assumed thickness
should be satisfactory.
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JACKETED PRESSURE PIPING SYSTEM
Method of Calculating Core Pipe Thickness

Example 1: The pipe 15 4 in., operating under a full vacuum at 650°F. The
external pressure is 100 psig. The maximum length of spool piece without
stifiening rings is 10 ft Oin. Pipe material is stainless steel ASTM A-312,
Type 316 (Fig. 9.11). . '

Calculate the core pipe thickness.

Step 1. Assume the thickness of pipe is sch 105 0.1201n.).

T (min thickness) = 0.120% 0.875 (assume 12.5% manufacturing

tolerance)
=0.1051n.
D,(outside dia.) = 4.501n.
l(spool length} = 1201n.
thus
2
L _120 o666
D, 4.50
4.5
Do _ 430 _ 4585
( 0.105

Step 2. Enter value of L/D, =26.66 (Fig. 9.8b) in Figure UGC-28.9,
- Appendix V, ASME Section VI1II, Division 1, move horizontally to the Do/t
line of 42.85 and read the vaiue A of 0.0006.
i For value of L{D, > 50, enter the chartat 50 for determining the value of
consiant A.

Siep 3. Enter (Fig. 9.9a) in Figure UHA-28.2 at the value of A =0.0000
and move vertically to the matenal line for 6S0°F (interpolated between the
400 and 700°F material lines). Move horizontally and read B value of 6700
on the ordinate.

i Step 4. The maximum allowable external pressure (Eq. 9.18) for 1hc_

100 psig
| )_r/
. T e e
i —t1 - T . L. i.n
“ : . . FEGURE 9.11 Jackcted piping (vacuum
: VACUGIT ~ Pipe 2 & .

Jacwket the process mipe).

T s e 1o tR
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Jacketed Pressure Piping System 161
assumed sch 10°S core pipe is:
4 { 4(6700)
Pom2B—=——""2=208 psio
37D, 3(42.85) PSIE

For values of constant A falling to the left of applicable material/tem-

perature line, the maximum external pressure can be directly evaluated from
the following equation:

P, =

W o

. A
AE — ' 91
E D, {9.19)

where E =modulus of elasticit

y of material at the temperature being
considered, :

The external design pressure is 115
cxternal pressure is 100 psig,
becomes additive).

Since P, is greater than the desi
thickness is thus satisfactory.

psig (the core in full vacuum and
the pressure acting in the same direction

gn pressure, 115 psig, the assumed

Example 2: The pipe is 4 in.. operating under internal pressure of 125 psig
at 650°F. The external pressure 1s 100 psig. The maximum length of spool
piece without stffening rings is 10ft Qin. Pipe material is stainless steel
ASTM A-312, Type 316. (Sce Fig. 9.12) _

Calculate the core pipe thickness. Steps 1 10 4 are the same as in Example
L, the results are derived from Figures UGO-28.0 (Fig. 9.8b) and UHA-282
(Fig. 9.9a) of Appendix V, ASME Section VIII, Division 1.

From Step 4 in Example 1, the maximum allowable external pressure (P,)
for the assumed sch 10S core pipe is 208 psig.

External design pressure (P) = 100 psig. Since P,
assumed thickness is satisfactory.

The external pressure is the govern
in the jacketed piping system. If there
pipe carrying 125 psig fluid pressur
section.

For calculation of jacket thickness, use Eq. 2.1 (from ASME B31.3,
304.1.2), '

Is greater than P, the

ing factor for safe design of a core pipe
had not been any external pressure, the
€ at 650°F could have thinner wall

8; ------- 3 FIGURE 9.12

process piping).

Jacketed piping (higher pressure in
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TABLE 9.9b Commonly Used Coaversion Factors (for others sce ASTM E-380)

Quantity To Convert from To Muldply by
Plane angic degrece rd 1.745329 E—-02'
Length in. m 2.54* E-02

ft m 3.048° E-01
yd m 9.142* E-0T1

Arca in’? o’ 6.4516% E-02

e m 9.29034° E-02

yd? m* 8361274 E—01

Volume in? m’ 1.638706 E—05
LY m’ 2.831685E—02

U.S. gallon m? 3.785412E—-05

Imperial gallon m’ 4.546090 E—-03

litre m’ 1.0° E-03

Mass b (avoirdupois) kg 4.535924 E—01
ton (mewic) kg 1.00000* E+03

tons (short 2000 1lbm) kg 9.071847 E+02

Force kgf N 9.80665* E+00

bf N 4448222 E+ 00

Bending, torque kgf-m N-m 9.80665 E+00

ibfan. N-m 1.129848 E—01
Ibf-in. N-m 1.129848 E—-01
Ibf-ft N-m 1.355818E+00
Pressure, stress kel/m® Pa 980665 E+00
bt/ Pa 4.788026 E— 01
Ibffin.? {pst) Pa 6.89475TE+03
kipsfin.’ Pa 6.89475TE+06
bar Pa 1.0* E-05

Energy, work Bru (ITY J 1.055056 E+03

fe-1bf 3 1.355818 E+00

Power hp (550 ft-1bffs) w 7.456999 E+02

Temperature C K e = c+273.15

F K 1, = (t +459.67)/1.8

F C e ={(1x —32)/1.8
Temperatuce mterval  C K 1.0° E +00

F Kor C 5.555555E—-01

*Relagonships that are exact in terms of the base units are foltowed by a single astensk.

The factors arc wnrlen as 3 numbcr greater than one and less than tea with six o less decimal
places. Thus number 15 followed by the letter E (for expoaent}, a plus or minus symbol. and w0

digits which indicate the power of 10 Ly which the numbcr must be multiplicd to obtain the

correct value. For example.

3523907 E— 2 s 3.523907 x 1077 =0.03523907

oteonations! Table
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Mazterial Behavior at Elevated Temperatwure 165

Straight Pipe Under Internal Pressure

The :zternal pressure design thickness ¢ shall be not less than that calculated
by £: 2.1, when 115 less than D/6 (see Chapter 2):

(=D (2.1)
2(SE + PY)

METRIC UNITS

Mc = : units are used in most countries of the world and piping design codes
anc “andards start dealing with metric units. In a future edition equations
give: n this book will perhaps be modified to accommodate metric units. All
cqu:ions given here may be used for piping design in metric units by using
prozz: conversion factors. (See Table 9.9, which is reproduced from Pressure -
Veoe: Code, ASME Section VI, Division 1). After calculating pipe
thi: izess, diameter, and so on, using Brtish units, the next standard values
on 2 conservative side in metric units may be selected. Caution must be
exes:sed to refer to piping codes and standards in force in each country.

MATERIAL BEHAVIOR AT ELEVATED TEMPERATURE
{reference 10)

ic :ited temnperatures are those at which creep effects are significant. Figure
... .5 the result of a uniaxial tensile specimen subjected to a load-induced
st:: i level at a given test (low) temperature. Both stress and strain achieve

th: - maximum value at the same time and remain constant at the maximum
vi. .23 thereafter (as long as the load i: maintained). When the test tem-
poiture is hugh enough, the strain will increase with time, and possibly until
{rzmure after load application as shown in Figure 9.14. In this case creep

cr:zis are significant. If, on the other hand, the elevated temmperature

urz:xial test is one at which the specimen is initially strained a fixed amount

Stress

Time
FIGURE 9.13 Stress and strain versus time at low temperature,
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Fracture/o
Stress e
-~
- -
/
Strain e -
—_ -
I '
t Time

FIGURE 9.14 Stress and strain versus time at elevated temperaturc {creep effects).

—

Time

FIGURE 9.15 Stress and strain versus time at elevated temperature (stress relaxation).

and then held constant. The stress—strain history would be somewhat sumitar
to Figure 9.15. The reduction of stress as shown in this figure is called the
stress relaxation due to creep effects.

From these figures it can readily be seen that elevated temperature
material behavior is a funcuon of stress, temperature, and ume.

Application of Creep Data to Piping Design {reference 2)

At temperatures below the creep rangz, allowable stress values are
established at the lowest value of stress obtained from using 25% of the
specified minimum uitimate strength at room temperature of 25% of the
minimum expected uitimate strength at temperature, ot 624% of the mini-
mum expected yield strength for 0.2% offset at temperature. For bolung
matenal, the stress values were based on 20% of the minimum tenstle
strength, or 25% of the yield strength for 0.2% oflset, vhichever is lower. (It
is recognized that bolts are always expected to function at stresses above the
design value as distinguished from other parts.)

No credit is allowed for any improvement in tensile properues by special
heat treatment

At hivher remperatures, where creep governs, the stress vadoes were based
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values so chosen being based on a conservative av
tests as evaluated by the Subcommtiee,
longer-time tests in evaluating dat

erage of inany reported
greater weight being eiven to
a. In addition to the above-stated creep-
strength requirement, stress values were aiso limited 10 100% ' of the stress to
produce rupture at the end of 100,000 hour, the values so chosen being based
On a conservative average as evaluated by the Subcommuttee. However, in
most cases, the creep strength is far below the rupture strength. Also, in a few
cases, the Subcommitiee has provided stress values without any rupture test
data on the specific composition, such approval being based on tests of
matenals of similar composition.

In the transition range of temperatures, the stress allowances were limited
to values obtained from a smooth curve joining the values for the low- and
high-temperature ranges, the curve lying on or below the curve of 621% of
the minimum expected yield streng:h at temperature.

In the choice of stress values in the range where a percentage of the tensile
strength or yield strength governs, the limitations indicated above have been
waived in certain cases, identified by a footnote,! as it was felt that higher
stress values might be justified when deformation was not in itself objection-
able, provided all other requirements were met.

In the design of equipment not covered by codes, the design stress values
may be decided upon by the manufacturer and purchaser of the piping, and
should be based on the best available data plus a knowledge of the expected

hie of the equipment as well as the operating conditions and the possible
hazard to personnel. Rules generally followed are:

a. Upto 750 or 850°F, 25% of the short-time tensile strength and not
exceeding 623% yield strength.

b.  Above 900°F, 100% of the stress to
rate of 0.01% in 1000 h, or 80
100,000 h, whichever is lower.

produce a second-stage creep
% of the stress to produce rupture in

REFRACTORY LININGS

Refractory inings are used in kilns, coke ovens, furnaces, and stacks to

protect metal parts from direct exposure of very high temperatures (Fig.
9.16). Refractories need to withstand very high temperatures without mel-
ting, should have necessary mechinical and heat transfer properties, should
not react with the medium inside the furnace, and large quantities need to be
available at low prices (reference 5). Based on the chemijcal property,
refractories are classified as acidic (example, silica), basic (magnesia), and

‘This 100% value pertains 1o the Unfired Pressure Vessel Code. In the Power Boiler Code this

stress limitation is 60% of the average or 80% of the minimum siress to produce rupture in
100,000 h as reportcd by test data, '

L
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FIGURE 9.16 Refractory lining.

neutral {chrome ore). The standard form for refractories 1s brick. In steel mili
design, a large diameter, inclined pipes with réfractory lining are used.

9.1

6).

Calculation of weight to be supported at support points ts of importance (Fig.

Density of refractory = 40 1bfft
Density of steel = 0.283 Ibfin.’
Density of insulation =11 b/t
Inside diameter of refractory =391n.
Qutside diameter of pipe =48 1n.

Outside diameter of insulation = 52 1n.

Weisht per foot = weight of (refractory +pipe metal +insulation) (9.20)

+Z (482 —472)12(0.283)

- 4 2 _ 2 )
( 7739 )12(1728 4

11
—(szznasz)m(lns)

— 151.55 +255.83+21

=428.461b/ft

EXERCISES

True or {alse?

(a) Cold springs cannot be used 10 reduce the moment on a vessel.
(b) Hot modulus of elasucity can be used for stress calculaton.
(¢} For span calculation. maxtmum deflection allowed inside plant 15

i



. ruTeae saws A . -

T e Rl YT TTIN

Arap—— i w war be
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(d) The piping code B31.1 allows use of imnplane and outplane SIF.

(¢) Pad is neceded when area required 1s smaller than area removed.

(f) Internal pressure when included decreases the SIF value for an
elbow.

(g} When the effects of flanges are included for an elbow, the flexibility
factor reduces.

(h) Expansion loops take less space compared with expansion joints.

True or false?

(a) Cold spring can be applied only to hot piping.

(b) For span calculation hot modulus should be used.

(c) Internal pressure increases flexability factor va_luc for elbow.

(d) Expansion loops are safer than expansion joints.

(e} The vessel nozzle growth is to be included in stress calculations.
(f) Piping (refinery) design is governed by ASME code.

(g) Outside diameter of 6 in. nominal pipe is 63 in. -

(h) The exat diameter is larger than the injet diameter in pressure relief
valves.

An underground pipeline with ASTM-AS3 Grade B matenial and 12 in.
sch 40 pipe has the following conditions:

Operating temperature: 175°F

Installed temperature: 70°F

Depth of bunal: 3t 6in.

Specific gravity of content: 0.73

Operating pressure: 375 psig

(a) Where is the location of the natural anchor? (b} The amount of
thermal expansion at the end? (The friction coefficient = 0.75.)

Calculate dynamic reaction force with open discharge system.
Flow = 165,000 Ib/hr
Area of valve orifice = 55 sq in.
J =778 ft-1b/Btu; g = 32.2 ft/sec?
Temperature = 650°F; PR = 155 psig
h, = 1374 Btu/lb (from steam tables)
a =823 Btuflb; b=4.33
Discharge line is 6 in. sch 40

A double-acting reciprocating gas compressor has a maximum rated
speed at 650 rpm with a pulsation pressure limited to 13 psi. The
discharge pipe is 3 in. sch 40. What will be the pulsation force? What is
the maximuni span of pipe support? I, = 3.02 in.*

A 20in. carbon stee! pipe has a wall thickness of 0.25 in. The minimum
specified yield stress is 47,000 psi at a design pressure 600 psig. The
design temperature is 170°F and the winter temperature is 25°F. If the
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bending stress is ‘9200 psi, what is the tie-in temperature? (The tem-
perature range between summer and winter is 25 to 100°F.)

A crude pipeline of 18 in. diameter is to be designed with an operating
pressure of 1300 psi and an operating temperature of 170°F. It is decided
that API-5Lx, Grade X52 electric-resistance-welded pipe will be used.
The joint efficiency of the weld is 85%. The specified minimum yield
stress is 53,000 psi. Construction temperature is expected to be 75°F. If
the bending stress is 9750 psi, what will be the ‘pipe wall thickness?

If the pipe of Exercise 7 will be fully restrained, what will be the
longitudinal stress at anchor point?

For a 20in. pipeline the required maxmum operating pressufe is
670 psig and the maximum expected operating temperature 1s 165°F.
The material of pipe will be APL-5Lx, Grade X52 with a specified
minimum yield stress of 49,000 psi. Based on pressure the calculated wall
thickness is 0.25 in. If the tie-in temperature has to be at 75°F with a
bending stress 7700 psi, calculate stress in the pipe.
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Vogt Forged Stecl Valves, Fitungs, Union, Flanges, Catalog F-12.
Powell Valves, Catalog 75
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Truong, Q. N. “International Piping Conference”, at Texas A & M University, Texas.
April, 1983



CHAPTER TEN

NUCLEAR COMPONENTS
CODE ASME SECTION il

DESIGN LOADS AND SERVICE LIMITS

Nuclear Components Design Code, ASME Section III (reference 5 in
Chapter 4) requires effects of earthquake to be included in the design of
piping, piping supports, and restraints (see Section IIf, subsection NC-3622,
Dynamic Effects). The loadings, the movements including earthquake
anchor movements, and number of cycles to be used in the analysis are part
of the design specifications. The stresses resuiting from these earthquake
efiects must be included with wetght, pressure of other applicd loads when
making the required analysis. Section III aiso requires design loadings
(NC-3611.2(b)), and service loadings (NC-3611.2(c)) be specified. Service
loadings are grouped as Level A (Eqs. 10.10 and 10.11), Level B (Eq.
10.9U)), Level C (Eq. 10.9E), and Level D (Eq. 10.9F) service limits. See
also Chapter 6 for a bref explanation of these service limits. Service limits
B, C, and D require inclusion of earthquake ioads. Design loading is given
by Eq. 10.8. Equation numbers 10.4 to 10.7 have been eliminated so that
equation numbers used in (Table 10.2) will be the same as those used in
Section UI (reference 5 in Chapter 4)

Nuclear piping s classified as Class 1 (NB), Class 2 (NC), and Class 3 (ND),
piping. The piping connecting the reactor and the steam generator and other
critical piping comes under Class 1 analysis, which is beyond the present Scope
of this book. Sample analysis of a Class 1 Nuclear Piping System prepared by
ASME Boiler and Vessel Committee wouid be helpfut for further reading.

Design of Class 2 is presented here. Most companies conservatively design
Class 3 piping under Class 2 guidelines.

FLEXIBILITY AND STRESS INTENSIFICATION FACTORS

Table 10.1 gives equations for calculating fiexibility characteristics h,
fiexibility factor k, and stress intensification factor i for Class 2 piping. This

B . s
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Floxability and Suess Intensidfication Factors - 177

table 1s reprinted from ASME Section I, Table NC-3000. Note that only
one equation for SIF corresponding to the higher value of 0.9/h?3 is given.
Nuclear Code also gives equauons to calculate SIF for branch connection

based also on the branch dimensions, welded joints, 30° taper transition, and
ior concentnc reducer.

Examples

1. Calculate SIF for a given weld boss (same equations apply for socket
weld half coupling and weld couplet) branch connection. Run or header
is 121n. diameter with thickness of 0.375 in. Branch is 6in. diameter
with wall thickness of 0.28 in. Outside diameter of weld boss = OD of
branch + 2 (thickness of weld boss).

The SIF A is given by:

s ()8

P

(10.1)

where R,, =mean radius of run pipe, inches
I'w = mean radius of branch pPipe, inches
T, = nominal wall thickness of run pipe, inches
T, = nominal thickness of branch pipe, inches
r, = outside radius of coupling or boss, inches
(outside radius of branch connection)
Figure 10.1 (from ASME Section III, subsection Figure NC-
3673.2(b)2) shows four branch connecuons for which Eq. 10.1 applies.
Run OD =12.75in. and thickness = 0.37< in.
Branch OD = 6.625 in. and thickness = 0.28 in.

R . 1275-2(0.375)
m 9

4

= 6.0251n.

o _6.625—2(0.28)

m 5 = 3.0325 1mn.

T» = outside radius of weld boss = [6.625 + 2()} = 3.9375 in.

SIF , = (6-025)2”(3.0325) "2(0.280) 3.0325)
* 7 \0.375 6.025 0.375 (3.9375 '

= (16.066)0'666(0.5033)0‘5(0.7466)(0.770)1-5
= (6.367)(0.709)(0.7466)(0.770)1.5
= 3.89
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—dond

{ o3
o3

L~ 13

H—-Gn = 90 deg.

rrryy
J 1
f/ g

. +— Offset
-
Ny
R
\\'\\\\I . "
oAl
2

(a) (b}

Ty 8ranch pipe "'\ \"" T, =T,
8ranch pipe

do " ry
N T, = Ty + 0.667 y d,
m q é‘“ = 45°
T; E-\ rP
ST : \JP_F':‘E Branch
SN T,
k. —_—
N 2
ra ra
- ﬁ! N /-
N
" N i A
? AN Tr
5NN
bt v e i *
R,. T,
2

(c) (d)
FIGURE 10.1 Branch dimensions (ASME Section IIl, NC 3673.2(b)-2).

The above Equations apply only if conditions of Note 6 with Table 10.1
are met. Note that rif R, = 0.5033, which exceeds the limit of 0.5 slightly.

The stress intensification factor should be taken as the higher of the
value calculated above by the equation and the SIF for the branch pipec-

The SIF for the straight pipe assuming the socket weid will be equal
to 2.5.
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Calculate SIF for concentric reducer with a larger diameter of 6.625 in.

and smaller diameter of 4.5 in. Thickness on the larger side 1s 0.280 in.
and smaller side is 0.237 in. (Fig. 10.2).

Cone angle of reducer = o = Siﬂ‘l(Dllez)
= sin_‘(éﬁ—zs..ﬁ)
2(5.5)
= sin™1(0.19318)
a=11.138 deg

Check for use of the SIF equation in Table 10.1, Note 7:

D, 6.625 '
0280 23.66 <100 OK
D- 4.5

o= = R <
n 0237 1898 <100 QK

a=11.138°<60° OK

31F=0.5+o.01a\/(—?3) or <2.0 (10.2)
2
4.5
casvomaniony )
0.5 0.01(11 138) 0937
=1.00
Use
SIF=1.00
0.280in. 1 y
I' | 5—2-"1."—"-—:

- 0.237 in.
_T- ¢ % (01 - Dz) "‘:.._a
2
6.625 in. -——-—-————-'—_- a.lsin_ ] ‘___L*l

FIGURE 10.2 Concentric reduccr.
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Nuclear Components Codu ASME Section il

CLASS 2 (NC COMPONENTS) PIPING
STRESS EVALUATION -

182
ANALYSIS FOR

Table 10.2 gives criteria for rigorous or comprehensive analysis for Class 2
piping (Reference 1). The explanation of the abbreviations used in the table

is as follows:

DW = deal weight
CS = cold spring
PL = preload
VT = valve thrust

WH = water hammer _
E1 = operating basis earthquake load (OBE)

E2 = safety shutdown earthquake load (SSE)
J1 = jet impingement
S1 = seismic anchor move
3§72 = seismic anchor movement due to SSE

ment due to OBE

BS = building settlernent

Ti= thermal load
CP = containment movement due 10 pressure after DBA

CT == containment movement due 10 temperature after DBA

P=design pressure, psi
D, = outside diameter of pipe, inches
d;= inside diameter of pipe, inches
i = stress intensification factor
(i=1,0.75i=1.0)
0.75 i cannot be less than 1.0
7 = modulus of section, in.?
AVC = active valve coefficient (0.75 t0 0.9)
DM = dynamic movement

DBA = design basis accident
S, = basic allowable stress at minimu

S, = basic allowabl. stress at design temperature,

values) .
S = allowable stress range (Eq. 4.1)

m (cold) temperature, pst
psi (see Sec. I jor

P...x = peak pressure, psi
S, = yield stress, psi
PT = bellows pressure thrust, 1b
Myp = Mg under faulted condition, ft. Ib.
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NATURAL FREQUENCY

If the natural frequency of a piping system is at or near the frequency of an
exciting source, for instance, a compressor, the resulting amplitudes may
induce bending stresses that lead to premature faugue failure. A necessary
design criterion must be therefore that the natural frequencies in a piping
system must be significantly higher than or different from the frequencies of
the exciiing source. ‘

Natural frequency in cycles per second is given by Eq. 10.3.

« [EI
f":i—z \/W | (10.3)

where L =length of pipe, feet
L = modulus of elasticity, psi
I = moment of inertia, in.*
W = weight of pipe, Ib/ft -
a =value depending upon end conditions and the mode under
consideration. See Table 10.3 for values of a.

TABLE 10.3 Natural Frequency Calculation (« Value for Eq. 10.3)

End Conditior Configuration Mode Value of a
Both ends e Fundamental(1st) 0.743
simply supporicd &"'-'-'-l'—i--—-—-”j& Second mode 297
st

Both ends fixed S AR VN First mode 1.69

NS r

TSR -7 second mode 4.64
One end fixed;
one end simply N paar pe i~y ——n First mode 1.16
supported Second mode 3.76

PIPING SYSTEMS TO BE ANALYZED

Stress analysis will normally be performed for piping systems in the follow-
ing categories:
l. Lines 3in.

: and larger (a) connected to rotating equipment, or {b)
subject to

differential settlement of connected equipment and/or
Supports, or (c) with temperatures less than 20°F
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Nuclear Components Code ASME Section 1l

Lines connected to reciprocating equipment

Lines 4 in. and larger connected to air coolers, steam generators, or
fired heater tube sections

Lines 6 in. and larger with temperatures of 250°F and higher

Linés with temperatures of 600°F and higher

Lines 161n. and larger

Alloy lines

High pressure lines

Lines subject 1o exiernal pressure

Tpin-walled pipe or duct of 18 in. diameter and over, having an
outside diameter over wall-thickness ratio of more than 90

Lines requiring proprictary expansion devices, such as expansion
joints and victaulic couplings

Underground process lines
Internally lined process piping
Lines in crtcal service
Pressure relief systems

. Information Needed for Pipe Stress Analysis

Outside diameter of piping, wall thickness (or nominal diameter,
sch number) (Appendix Ad)

Temperature, internal pressure

Material of piping. (Expansion coefficient, Young's modulus, and

‘material density will be selected for this material.) (Appendix A2)

Insulation thickness and insulation material. (if not given, standard
thickness for calcium silicate will be selected.)

Specific gravity of contents

Any wind load to be considered? If yes, the direction of application
1s important.

Any anchor initial translation, Ax in inches, By in inches,
Az in inches. (For towers, exchangers, and so on, nozzie inil_ial
translation is important.)

Corrosion allowance for piping, inches

Flange rating, psi (ANSI B16.5)

Standard valve weight and flange weight will be (Reference 1 W

Chapter 9) used. (For special valves mark the weight on pipe. stress
1sometnc.)
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Long radius clbows will be used. (If short radius or any other bend

radius, mark on the 1Isometric.) For shori-radius elbow, radijus —
diameter

Any allowable loading from manufacturers on pumps, turbines,
compressors? (From the vendor drawing for equipment.)

Any preference to use expansion loops, expansion joints, and so on,
if needed? (Chapter 5)

Mark type of intersection (reinforced fabricated tee, etc.)

Mark support locations (available steel crossing, and so on) on the
1Isometric

Is hydraulic testing load condition to be considered to get structural
support loads? (Eq. 2.7)

Pipe stress isometrics (x-, y-, z-axis) piping plans, and sections are
necessary.,

USEFUL HINTS IN PIPING DESIGN

Maximum movements at branch location must be lower than

specified limit. The branch line should be laid with enough flexibility
to absorb the header movement. '

In nuclear piping analysis, the branch also needs 10 be included with
the header if the arca moment of inerua ratio I,/I, <40. In other

words decoupling is not allowed. Check company criteria for the
ratio to use.

If branch pipe is analyzed separately, the movements at the de-

coupling should be included as initial {or imposed) movement in the
branch line calculation.

The modulus of clasticity value at operating temperature may be
used for piping to calculate the loads at cquipment as per standard
API 610 (reference 7 in Chapter 7). Using E\, will result in lower
loads because Ei, is lower than E.,, The piping is more flexible
when E value is lower.

The guide should not be located close to the change in direction. A
minimum leg is required for absorbing the expansion. Calculate the
minimum leg as per method outlined in Chapter 1.

Credit cannot be obtained for cold spring in stress calculation. Only

loads at the equipment may be reduced by including the effect of
cold spring.

Provide longer pipe support shoes when axjal deflections are large,

Nuclear Regulatory Commission Issues regulatory guides to be fol-
fowed in design.
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Results

The results or commonly known as output from computer-aided analysis
generally consist of the following:

1. From Inpur: Coordinates of nodes or data points, length, diametcr,.

thickness, bend radius, total weight of pipe, temperature, expansion -

coefficient, modulus of clasticity, pressure, valve weights, lengths,
wind loads, support location, and types. -
2. Results: Deflections, rotations, forces, moments, SIF, resultant
bending stress, torsional stress, and expansion Stress. '
3. Requirements for different codes vary. The ASME/ANSI B31.3
compliance is discussed next. ' :
(a) Wall thickness used should be greater than the minimum thick-
ness required using Eq. 2.1. o
(b) Pressure input should be lower than the allowed pressure cai-
culated using Eq. 2.4.
(c) Expansion stress Sg calculated using EQ. 47 should be less than
the expansion stress range from Eq. 4.1 or 4.2.
(d) Expansion stress does not include either weight or pressurc
loading but only thermal loads.
(e) The additive stress S, should not exceed hot stress Sn.
S, = resuitant bending stress from weight loads + longitudinal

pressure stress, Sip:
where

(pressure)(OD)
~ LF ™ 4(thickness)

If the piping system IS overstressed or if equipment nozzle loads are
excessive, then flexibility of piping system needs to be improved as dis-
cussed in Chapters 1 and 5.

4. Actual deflection {(maximum considering different load cases) should
be lower than sleeve clearance.

5 Stress ratio is the ratio of code stress (Table 10.2) to allowable stress
and should be less than 1.0

COMPUTER MODELING

Different computer programs suggest the inputing (input coding). of
different piping components differently. The following description outhines
one computer model 10 code a piping element. However, based o0 the

a8 e 48 il e et S 4 oL
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assumptions of a program logic, coding could be different. Information
about the following will assist computer modeling.

1.
2.

N o)

'-JP\UI

10.
11

12

-~

13.

Ininal anchor movements, described later in detail
Type of mtersections (see Figures 10.6 through 10.11)
~ Reducing tee

Fabricated tee

Unrewmnforced tee

Reinforced tee, pad or saddlc

Weldolet

Sockolet

Sweepolet

Pipet

Latrolet

Socket weld tee
Elbows, bends, miter bends, elbolet, socket weld elbow, elbolet,
support on the bend, and flanged elbows (see Figures 10.17 through
10.18)
Concentric and eccentric reducers, reducing inscrt, and half
coupling (see Figures 10.13 through 10.16)

Cold spring, cut short or cut long (Eq. 4.12)
Wind loading (Reference 6, Chapter 9)

Valves, flanges, valve operators, cap, blind flanges (see iigures
10.19 through 10.21)

Releasing anchor for a specific direction of the restraint, flexible
anchor, spring rate inclusion at nozzle anchors (Eq. 7.3)

Expansion joints (single bellows, gimbal, hinged, universal), pres-
sure thrust calculation {(Eq. 5.4)

One directional supports

Insulation weight, content weight, refractory weight (Eq. 9.20)
Loop closure, coordinates of balance points

Jacketed piping (Figure 9.11)

INITIAL ANCHOR MOVEMENTS AND SUPPORT
MOVEMENTS

Anchors and supports are moved by a calculated amount in the analysis to
include:

1.

Movement due to thermal growth of towers, heat exchangers,
pumps, turbines, and so on



2. Building settlement, tank settlement (may occur when piping is cold)
3. Seismic anchor and support movements known as SAM

Movements Due to Thermal Growth

Vertical Vessels

Figure 10.3 shows a vessel with nozzles with different orientations. Cal-
culated thermal movement is based on the mean temperature and length of

the vessel section. It is not unusual to have many different temperatures at
difierent elevations.

Thermal coefficient for the temperatures is obtlained from Appendix Al,
and shown in Table 10.4.

The vessel material 15 carbon steel and diameter is 72 n.

Vertical thermal growth at pnozzle A = 12(0.0099) + 14(0.014)
+8(0.027) + 6(0.0411) +4(0.0563)
=1.002 in.
Growth at nozzle B =0.3148 + 3(0.027) = 0.3958 in.

2
Horzontal radial growth at B= (;—)—(—2?2-)(0-027) =0.0811in.

Growth at C=01n.

Vertical growth at support 1D = 0.53 +2.5(0.0411) = 0.632 in.

Flexibility problems are severe when the vessel is hot and the piping is
cold. Elevation difference betwcen nozzle A and support D should be
- minimum to avoid large growth differential and thus avoid a spring support.
1f the support is built from structural steel (cold), a spnng at thus support
location is necessary. When supported from the vessel, the support design

TABLE 10.4 Thermal Coeflicient
(for Fig. 10.3)

Temp. °F in./100 fx
70 0.00
200 0.99
250 1.40
400 2.70
550 ' 4.11

700 - 5.63
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I
1.002 in. 4
700°F
aft ‘
72in. & N
0.7774in. 4 * Support D
550°F 4
61t Tl 2ntein }o632in.
0.53n.4
A4 0.081in.
81t | ——L
B 400°
0.3958 in, $ — | H
] an
0.31a8in. 4 -
14 1t 250°
0.1188 in. 4 il I~ Guige
12 200°
Zero Growth L J
hne I c
st| ——J] : ' :
GfOUnd level —<—-Sknr1 (COId) I+SUDDO“ 3
'A\VA\VA\\V/AV/AVA\VAW/AVA\VA\ AWV, AN eop NP I A

RG2S ML NPt 17 AN F, ST 7, W\ LAVIANTZ

FIGURE 10.3 Thermal growth at the vessel.

load at D is critical and the vessel shell needs checking for local stress.
From support location D, the pipe above it grows up and the piping below it

grows downward. The first nigid support, shown as E, should not be located
close to the drop to absorb the downward growth.

Heat Exchangers

- Figure 10.4 shows a heat exchanger. The important thing concerning the
exchangers is finding the base support that is anchored (A1) and the other
support that is siotted shown as S1 in Figure 10.5. The base with slots js

11 in., 90 in.. 18.in. L

33n. . , o U

—f—— - - 4 - - - [—»

A z x|

30in. Q

1 40 °F
12 n. 70°F

. A A R N Ay AN 7 AR KOS RWCZINT

Al S1

FEGURE 10.4 Elevation of exchanper.

—
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FIGURE 10.5  Anchored and stotted slupporas for heat exchangur.

allowed to shde along the axts of the exchanzer (4x directicn in Figure
10.4). The selection of which one of the two is anchored could be based on

the growth of the coanecting pipe. It is necessary that the exchanger grow
with the piping.

In Figure 10.4 the shell temperature is only 40°F and the shell contracts
instead of expanding. The coeflicient of expansion is 6.07 infin./°F.

Vertical growth at P = (-+63)(0.07 x 107 (40 —70) = —0.01151n.

(The negative sign shows that the sheil contracts downward, Ay =
-0.01151n.)

Hotizontal erowth at P = Ax = (—~11)(6.07 x 107)(40 —70) = 0.002 in..

(The minus sign is used for 11 in. because P is on the negative x side of
anchor Al in which horizontal growth starts.)

ax at Q= (108)(6.07 x 107°)(40—70) = — 0.0197 in.

Ay at Q=30(6.07X 107%)(40 — 70) = —0.0055 in.

Ax in movement in x direction.

Sometimes two heat exchangers are stacked one over the other or right
next to each other. The expansion between the excl

\angers 1s critically
umportant.

KIODELING OF PIPING ELEMENTS

The modeling of piping elements descrnibed for Figures 10.6 through 10.21
s from the Tennessee Valley Authority (reference 1).

| Branch

(¢3RN
(@]

)  FIGURE 10.6 SIF modeling for 15-degree
Run latrolet.
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45° Latrolet, 45° Threaded Latrolet

Member A 1o B (Fig. 10.6) is modeled using the same cross section as the
run pipe but is weightless. Member B to C is modeled using the same
internal diameter as the branch Pipe but has twice the wall thickness but is
weightless. A lumped weight should be added to point B for the latrolet.

The weight of anv water or insulation will be included on the pipe
Cross-section card.

End Preparation Stress Intensification Factor Descniption SIF
Butt welded Point A (all connecting members) and Computed
or general Point C (boih connecting members)®
0.9 1.97
SIF = ;273 h= P {

= nominal wall thickness of run pipe
7 = mean radius of run pipe
Point B (both connecting members) 1.0

Sweepolet

£nd Preparation Stress Intensification Factor Description SIF
Butt welded Point A (al} connecting members) Computed
Or general Foy refre = 0.5
(I 2/3 s
SIFg = 0.8-(-—) X (-—)(F,)
In '
SIFR=1.0

FO[‘ rBIrR > 05

R 2.3

SIF, = 0.4(}-) x (F.F)
R

SIFR = 1.5

Point C (both connecting members)® Computed

" At the branch pipe member side of paint C use the lar

ger of the SIF calculated here and the
steaight pipe SIF. This applies also 1o the following

point C referenc.s,
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FIGURE 10.7 SIF modeling {or svecpolet.
Soclotet, Thredolet, Weldolet

In Figure 10.8 member A 10 B is modeled using the same cress section as
the run pipe but is weightless. _

Member B to C (Fig. 10.8) is modeled using the same mternal diameter
as the branch pipe but has twice the wall thickness but is weightless. A
lumped weight should be added to point B for tae sockolet. The weight of
any water or insufation will be included on the pipe cross-section card.

End Preparation Stress Intensification Factor Description SIF
Butt welded Point A (all connecting members) Computed
or gencral Point C {both connecting members)®

0.9 _ 3.3t

SIF=-5 &

r

SF=1.0

¢ = pominal wall thickness of the run pipe

r = mean radius of the run pipe

Point B (both connecting members) 1.0

| ¢ )
( A i

Run

VIGURE 10.3  SIF modcling for sockolet, thredolet, and weldolet,

45° Lateral, 45° Reducing Lateral, 45° Socket Weld Laterzl,
45° Threaded Lateral

For butt-welded laterals, members A to B and B to D (Fig. 10.9) are
modcled the same as the run pipe including weight per foot of pipe, and

member B to C is modeled the same as the branch pipe including weight
per foot of pipe.

At the branch pipe member side of point C use the larger of the SIF calculaied here and the
straight pipe SIF. This apptics also to the {ollowing point C references.
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),
4

FIGURE 109 sIF modeling for 45-degree latcral.

For socket-welded type laterals members A 1o B,BtoC,and B o D are
modeled using the same nominal diameter pipe as the run pipe with sch S0
for 30001b ciass Ritings and sch 160 used for 6000 1b class fittings bLut
weightless (referenca 2). A lumped weight should be added 1o point B for

the lateral. The weight of any water or msulation will be included on the
pIpe cross-section card. '

L:nd Preparation Stress Intensification Factor Description SIF -
Butt welded Point B Computed
or general
= 0.
SIF=—2 421199
h=>° r

£ =nominal wall thickness of run pipe
7= mcan radius of run pipe

8 =45°
Points A, C, and D (lateral side)
for 1=0.322 1.0
1<0.322 . 1.8
30° tapered transition 1.9

I = nominal wal] thickness

Weld Boss, Socket Weld Haif.CoupIing, Threaded Half Coupling, Weld
' ' Counlet

FIGURY 10 1n CIT vt el
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should be added to point B for the weld boss. The weight of any water or
insulation will be included on the pipe cross-section card.

End Preparation Stress Intensification Factor Description SIF
Butt weidad Point A (all connecting members) and Compu(-cd
or general Point C (both connecting members)® .
(R Wy NV TN
se=15(57) " (52) (£)(7)
sIF=10 Smaso a0
T, R.,

R,. = mean radius of cun pipe

r'. = mean radius of branch pipe

T, = nominal wall thickness of run pipe
T, = nominal wall thickness of branch

pipe
r, = outside radius of coupling or boss
Point B (both connecting members) 2.25

Tee, Socket Weld Tee, Reducing Tee, Threaded Tee

For butt-welded tees (Figure 10.11), members A to B and B to D are
modeled the same as the run pipe including weight per foot of pipe, and
member B 1o C is modeled the same as the branch pipe. For socket-welded
type tees, members A to B, B to C, and B to D use the same nonunal
diameter as the run pipe with sch 80 used for 3000 b class fittings and sch
160 used for 6000 1b class fittings but weightess (reference 2). A lumped
~weight should be added to point B for the tee. The weight of any water or
insulation will be included on the pipe cross-section card.

End Preparation Stress Intensification Factor Description SIF
Butt welded Point B Computed
or general Points A, C, and D (tee side)
for 1=10.322 1.0
1 <0.322 1.8
30° tapered transition 1.9
t = nominal wall thickness
Socket Point B Computed
welded - Points A, C, and D (tce side) 1.0

° At the branch pipe member side of point C use the larger of the SIF calculated here and the
straight pipe STF. This applies a! o the following point C references,



- Modeling of Piping Elements 135

CS/T
Branch

l‘_( - - Run )_)
! 8 0

FIGURE 10.11 SIF modeling for tee, socket weld tee. and reducing tce.

Straight Pipe

Member A to B (Fig. 10.12) has the weight of the pipe and any water or

insulation on the pipe cross-section card. See other sheets for intensification
factors due to branch attachments on pipe.

End Preparation Stress Instensification Factor Descniption SIF ~
Butt welded Points A and B (member side)
or general for 1=0.322 1.0
1<<0.322 1.3
. 30° tapered transition 1.9
r = nominal wali thickness of the pipe
Lap joint Points A and B 1.6
flange
Socket Points Aand B T 21
welded '
Threaded Points A and B 2.3
Ship on Points A and B 2.1
flange
P 8 )
I

i
A 0

FIGURE 10.12  SIF modeling for straight pipe.

Concentric Reducer

Member A to B (Fig. 10.13) is modeled the same as the largest attached
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\ ! 2
: ,\ A [ D
a

FIGURE 10.13  SIF modeling for concentric reducer.

End Preparation Stress intensification Factor Description SIF
Butt welded Point A (reducer side) 2.0
or general Point B (reducer side)
Zy
SIF=20— Comnuted
& 4

Z, = section modulus of the larger pipe
Z: = section modulus of the smaller pipe

tccentric Reducer

Member A to B (Fig. 10.14) is modeled the same as the larger pipe
including weight per foot of pipe. The offset between A and B is modeled.

lznd Preparation Stress Intensification Factor Description SIF
Sutt welded Poimnt A (reducer side) Compuiced
o1 vcneral :
= 0.9 t
SIF = —5 h=44—
h23 r
Point B (reducer side) Computed
0.9\/Z, 1
S (AT R
> h*PI\Z, i r
SIF=2.0
¢ = nominal wall thickness of the larger
pipe

ry = mean radius of the larger pipe
7, = section modulus of the larger pipe
Z» = section modulus of-the smaller pipe

k_ﬁ' A ]
B] i)

FIGURE 10.14 SIF modeling for ecentric reducer.

s
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Reducing Insert

Member A to B (Fig. 10.15) is modeled using the same nominal diameter
pipe as the pipe connected 10 point B but weightless: sch S0 for 3000 1b
class fittings and sch 160 for 6000 1b class fittings (reference 2). A:lumped
weilght should be added to point A for the insert. The weight of any water
or insulation will be included on the pipe cross-section card.

SIF =2.25 (same as socket-welded end).

7 1;22
AL w - R WY TIALTY

Ao0—1—oBR -

R

FIGURE 10.15 SIF modeling for redecing insert

r
¢
.

Coupling, Threadad Counling, Socket Weld Reducer Coupting

Member A to B (Fig. 10.16) is modcled using the same nominal diameter as
the coupled pipe (largest nominal diameter if it is a reducing coupling) with
schr 80 for 30001b class fittings and sch 160 for 60001b class fittings but
weightless (reference 2).'A lumped weight should be added to points A and
B for. the coupling. The weight of any water or insulation will be included
on the pipe cross-section card. '

SIF = 2.25 (same as socket-welded end).

N
e\ ‘

: A |,

FIGURE 10.16  SIF modeling for coupling.

Al Elbows

For butt-welded elbows (Fig. 10.17) member A to C is modeled the same as
the attached pipe including weight per foot of pipe. A 180° elbow is
modeled as two 90° elbows. If it is a reducing eibow, member A o C is
modeled the same as the largest attached pipe. ,

' For socket-welded type elbows, members A to B and B to C are modeled
as straight members using the same nominal diameter as the attached pipe
with sch 80 for 30001b class fittings and sch 160 for 6000 b class fittings

EERIE N FN LR I 1NN B LI I T
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a {L_——J:,f——a\ B\,}B

) _

FIGURE 10.17  SIF modcling for elbows.

the elbow. The weight of any water or insulation ‘wili be included  on the
pipe cross-section card.

Elbolet (Socket Weld, Butt Weld, Threaded)

Member A to C (Fig. 10.18) is modeled using the same Cross section as the
run pipe but is weightless. Member C to D is modeled using the same
internal diameter as the branch pipe but has twice the wall thickness but
weightless. A lumped weight should be added to point C for the elbolet.

The weight of any water or insulation will be included on the pipe
cross-section card. )

End Preparation Stress Intensification Factor Description | SIE

Butt welded Point A {member A to B)
or general Same as the elbow

Point A (member A to C) and point C

both connecting members) 1.0
Point D (both connecting members)® Computed
0.9 S1=1.0
TR S2=10

$2=-—  SIF=S1x52

{ (R
hl = h?_ - 5
2r re
¢ = nominal wall thickness of the run
pipe
r = mean radius of the run pipe
R = bend radius of elbow

“ At the branch pipe member side of point C use the larger of the SIF calculated here and the
straight pipe SIF. This applics also to the following point C references.
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FIGURE 10.18 SIF modeling for elbolct.

Valves, Valve with No Operator

In Figure 10.19, members A to B,BwC, and BloD (if operator exists)
arc modeled using the same internal diameter- as the attached pipe but with
twice the wall thickness but weightless. Members A to B and B to C have
the weight of any water or insulation on the pipe cross-section card.
Member B to D is weightless. Lumped weights of the valve and operator (if
operator exists) should be added to the points where needed. Two mass _
points, one for valve and one for operator C.G, are required.

Frﬂ/\)

() [ —8 h

FIGURE 10.19 SIF modeling for valves with no operator.

All Flanges

Members A to B and B to C (Fig. 10.20) are modeled using the same
internal diameter as the attached pipe but with twice and wall thickness but
weightless. A lumped weight should be added to B for the flange(s). The
weight of any water or insulation will be on the pipe cross-section card.

FIGURE 10.20 3IF modeling for flanges.

‘ , Cap

Member A 10 B (Fig. 10.21) is modeled using the same cross sections as
the run pipe but is weightless. A lumped weight should be added o point B
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FIGURE 10.21 SIF modcling for caps.

for the cap. The weight of anv water on insulation will be included on the

pipe cross-section card.
REFERENCES

1. Tenncssee Valley Authority, Piping Analysis Procedure.

2 Qakridge National Laboratory Report ORNL-TM-4929.
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Sizaight chromium 30.8 303 298 292 287 283 270 27.0 260 248 231 211 186 156 122 - - -
stecls
{12Cr, 17Cr,
27 Cr
Gray cast iran - - - 134 13.2 129 126 122 117 110 102 - - - - - - -
Modulus of Elasticity—Nonferrous Materials
E = Modulus of Elastcity, ksi (multiply tabulaled values by 10%)
. Temperature, °F j .
viaterial -325 =200 -100 70 100 200 300 400 500 600 700 800 900 1000 1100 1200
Jdonel {67 Ni-30 Cu) and 268 26.6 264 260 260 260 258 256 254 247 231 21,0 186 160 143 130
66 Ni=29 Cu-At
“apper=Nickel - - = 216 215 212 209 206 203 200 19.7 194 - - - -
(70 Cu~30 Ni)
Muminum alloys 1.3 109 106 101 100. 98 95 87 77 - - - - - - -
‘opper (99.98% Cu) 170 167 165 160 158 156 154 151 147 142 137 - - - - -
-ommercial brass (66 Cu 150 147 145 140 139 137 135 130 127 122 118 - - - - -
-342n)
.caded tin bronze 142 138 135 13.0 129 127 124 120 117 113 109 - - - - -

(88 Cu-6Sn-1.5 Pb~4.5Zn)

These'dala are for information and it is not implied that materials are suitable for

all the temperatures shown.
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236 Appendixes

TABLE AS Sample Calculations for
Branch Reinforcement”

The following examples arc intended to illustrate the application of the rules
and definitions in B31.3 Sec. 304.3.3 (Eqs. 2.10 through

2.13) for welded
branch connections. {No metric equivalents are given.)

Example 1

An NPS 8 run (header) in an oil piping system has an NPS 4 branch at right
angles (see Fig. Al). Both pipes are schedule 40 API 5L Grade A seamless.
The design conditions are 300 psig at 400°F. The fillet welds at the crotch arx
minimum size. A corrosion allowance of 0.10in. is specified. s

additional
reinforcement necessary? :

Solution:
From Appendix A Table 1, of ANSI/ASME B31.3 (Appendix A3) SE =

16.0 ks,
T, =(0.322)(0.875) = 0.282 in.
T, = (0.237)(0.875) = 0.207 .

[,=2.5(0.282—0.1)==0.455 in., or
2.5(0.207-0.1)+0= 0.268 in., whichever s less

L,=0.268 1.
d, ={4.5-2(0.207 — 0.1))/sin(90%) = 4 286 1n.

- 4286 :

dg=(0.207—0.1)~‘r(0.282—0.1)+ =2.4321n.

or d,, whichever 1s greater
d, =4.2861n.

- R .

e — (300)(8-625) =0.080 in. (2.1)

(2)(16,000) -+ (2)(0.4)(300)

(00)(#-599) ~0.042 in.

b = 53(16000) + (2)(0.4)(300)
For fillet weld . = 0.7(T)
. =0.7(0.237) = 0.166:1n., or

= 0.25, whichever is less

[ =0.166 in.

*Appendix H ol B31.3 Code.
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0.500 in, NOM
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FIGURE A1l Hlustration for branch reinforcement.
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0.166

Minimum leg dimension of fillet weld = m= 0.2351n.

Thus, the required area, Ay = (0.080)(4‘286)[2 —sin(90°)] = 0.343 sq. in.
The reinforcement area

0 run wall, A, = (4.286)(0.282 — 0.08—-0.10)=0.437sq.1mn. -

in branch wall, Ay = (2)(0.268)[(0.207 — 0.042)--0.10] =0.035sq.1n.

in branch welds, Ay = (2)(4)(0.235)? " =0.055aq.in.
The total reinforcement area =0.527 sq. 1n.

This is more than 0.343 sq. 1n. SO that no additional reinforcement is required
10 sustain the internal pressure. '

Example 2

There is an NPS 8 branch at right angles to an NPS 18 header (Fig. Al). Both
run and branch are of Schedule 80 ASTM A335 Grade P11 scamless pipe.
The connection is reinforced by a ring 14 in. O.D. (measured along the run)
cut from a piece of NPS 18 Schedule 80 ASTM A335 Grade P12 seamless
pipe and opened slightly to fit over the run pipe. The fillet welds have the
minimum dimensions. A cOrrosion allowance of 0.10in. is specified. What 1S

the maximum permissible normal operating pressur

¢ if the normal operating
temperature s 10057F7

Solution:

From Appendix A Table 1 of B31.3 (Appendix A3) SE =168 kst for
Grade P11 and SE = 7.38 ksi for Grade P12, both at 1005°F. '

Leg Dimensions of Welds: (See Fig. Al for weld dimensions)
1 0.250

5307~ 0707 — 0.354 in. (Due to }in. minimum for weld)

{0.5)(0.938)

= (0.663 1n.
0.707

T, ={0.938)(0.875) = 0.821 in. (Due to M.T of 12.5%)
T, = (0.500)(0.875) = 0.4381n.
(, = (0.933)(0.875) = 0.821 in.

[,=2.5(0.438—0.10)+0.8321 = 1.666 10
{This is smaller than 2.5(0.821 —0.10) = 1.80 in.]

d,=d, =8.625—-2(0.438— 0.10) = 7.9491n.
y cocflicient for 1005°F = 0.7 (Table 2.1)
SE =7.68 ksi (Appendix A3)
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B 18P .

" 7680y + (2)(0.7)(P) (2-1)
: (8.625)(P)

" (2)(7630) + (2)(0.7)(P)

P

Using the symbol q =m, we can briefly write

th=18q and 1, = 8.625¢q

The required area, Ay =7.949 = 143.084. (2.10)
The reinforcement area
in run wall, A, =(7.949)(0.821 — 18¢-0.10)=5.731 - 143.08¢
(2.12)
in branch wall, A, =(2)(1.666)(0.438 — 8.6259-0.10)=1.126 - 28.734
(2.13)
in ring, A, =(0.821)(14 — 8.625)(7250/7570) =4.226
in fillet welds, 4, = (2)(3)(0.354)2 + (2)(3)(0.663)? =0.565
The total reinforcement area =11.648 — 171.818¢

At the maximum permissible normal operating pressure, the required area
and the reinforcement area are equal; thus:

143.089 = 11.648 — 171.8184; 314.8989 = 11.648; q = 0.0370

But also,

_ P
15360+ 14p

q

Thus, P = (0.0370)(15360+ 1.4 P) = 568 37 + 0.0518P
0.948P = 568.32 '

P =699 494 psig which is the maximum permissible normai operating
pressure. :

Example 3



Corroston allowance = 0.10 in. The design pressure is 500 psig at 700°F. Is

the. design adequate for the internal pressure?

Solution:

“The allowable stress values {rom Appendix A Table B31.3 (Appendix A3)
are: for pipe, SE = 14.4 ksi: for ring, SE = 14.4 kst.
T, = (0.500)(0.875) = 0.4381n.
T, = (0.280)(0.875) = 0.2451n.
¢, =0.500 1n. '
L.=2.5(0.0245—0.10)+ 0.500
— (0.8625. This is greater than 2.5(0.438 —0.10) = 0.8451n.
= (500)(16)
k= (2)(14,400) +(2)(0.4)(500)
. (500)(6.625) ~0
v~ (2)(14,400) +(2)(0.4)(500)
6 625 —2(0.245—0.10) _ 6.335
sin 60° 0.866

=0.274 1.

dl:dl:

The required area, A= (0_274)(7.315)(2 —-0.866)=2.27sqIin. (2.10)

The reinforcement arca

0 run wall, A, =(7.3 15)(0.438 —0.274 — 0.10) = 0.468sq.1n.

—

(2.12)
- 0.845 _
in branch wall, Ay =(2) 0.366 (0.245—0.113 — 0.10) = 0.002sq.1n.
' : (2.13)
6.625 .
in ring, As =0.5 (1?_—*-—#—) =2.175sq. .
in ring 500 0.366 5s5q.1n
in fillet welds, Ay = (AHE) =0.281 sq. in.
Total reinforcement arca =2.986sq1n.

This total is greater than 2.27 sq. in.,

<o that no additional reinforcement 1S
required.

Example 4

An NPS 8 run (header) in an otl piping system has an NPS 4 branch at right

angles (Fig. A1), Both pipes are Schedule 40 APISL Grade A scamless. The
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design conditions are 350 psig at 400°F | 13 assumed that the Piping system
1S tO remain in service until al] metal thickness, in both branch and header, in

excess of that required by Equation 2.1 has corroded away. What reinforc-
ing is required for this connection?

Solution-

(350)(8.625) ~ ,
" (2)(16,000) + (2)(0.4)(350) ~ 00935 in.

(350)(4.500) '

* ~ 2)(16,000) + (2)(0.4)350) ~ 0488 in.

d1=4.500—(2)(0.0488) = 4.402 in,.
Required reinforcing area, A= (0.0935)(4.402) = 0.412 sq. i,
Try fillet welds only.

L,= (2.5)(0.0935) =0.234 in.
or )
(2.5)’0.0488) =0.122 in. use 0.122 in.

Due to limitation in the height at the reinforcing zone, no practical fillet weld
size will supply enough reinforcement area; therefore, the connection must
be reinforced Dy a ring. Try a ring of 61 in. O.D. {measured along the
run). Assume the ring to be cut from a Piece of NPS 8 Schedule 40 API 5L

Grade A scamless Pipe and welded to the connection with minimum size
fillet welds.

Min. pad thickness, . = (0.322)'(0.875) =0.282 in.

New L, = (2.5)(0.0488) +0.282 = 0.404 in.
or

(2.5)(0.0935.) =0.234in. yse 0.234 in.
Reinforcement area in the ring (considering only the thickness within L,):
X, =10.234(6.25 — 4.5)=0.410sq. in.

Leg Dimension of Weld:

(0.5)(0.322) _ .
_"6‘5677———- ={0.228 in.
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Reinforcement area in fillet welds:

X, = (2)(4)(0.228)* = 0.052 sq. in.

Total Reinforcement Area, As = X, + X, =0.462sq.1n.

This total reinforcement area is greater than the required reinforcing area;
therefore a reinforcing ring of 61 in. O.D.; cut from a piece of NPS 8
Schedule 40 API SL Grade A seamless pipe and welded to the connecuon
with minimum size fillet welds would provide a

dequate reinforcing for this
connecuion.

Example 5 (Not illustrated)

An NPS 13 3000 1b forged steel socket welding coupling has been welded at
right angles to an NPS 8 Schedule 40 header in oil service. The header 1s
ASTM A53 Grade B secamless pipe. The design pressure is 400 psi and the

design temperature is 450°F. The corrosion allowance is 0.10in. Is ad-
ditional reinforcement required?

Solution:

No. Since branch is less than NPS 2 (according to B31.3 Section 304.3.2(b))

the design is adcyuale L sustain the internal pressure and no calculations
are necessary. It is prcsumcd, of course, that calculauons have shown the

run pipe 1o be satisfactory for the service condiuons according 1O Equauons
2.1, 2.3 and 2.4, '
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