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Screcning rules and prelinunary design of FFTF piping were developedin 1974 based on
cxpe cted behavior and enpinecring
deiaiied inelasuc analvses of pipelines This paper provides findings from six addiional

loment, approximate calculations, end G few

detailed inelastic anaiy ses with correlaiions o the simplified analysis screening rules. In
addinon, simplificd analysis methods for ireating weldment local stresses and strains as
well as fabrication induced flaws are described. Based on the FFTF experience,
recommendations for future Code and Technology work to reduce design analysis costs

are identified

NOMENCLATURE

Neuber equivalent grajn _half-length
Stress index = 1,95/;
Weld srkrinkage stress index
Outer ciarmeter of pipe
Young's mndulus
Notch depth
Fatigque strength reduction factor
Local stress index
Elastic stress concentration factor
Factor applied to peak thermal
strain component
Elastic strain concentration factor
Number of applied cycles
Number of gecign-allowed cycles
Primary stress intensity
Secondary stress intensity
Bend radius of elbow
Mean pipe radius
Screenin, stress limit
Allowabie c2sign stress intensity
range limt
Stress limit at colo end of stress
range
Stress limit at hot end of stress
range
= Time of applied stress
Allowable time for design
Linear trarmal gracdient temperature
range through wall
= Pipe wall thickmss
Cocfficiont cof thermal erpansion
Carry cver factor
Pipe faztor = tR

-
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Poisson's ratio
Flow shape parameter
Maximum thermal expansion secondary
bending stress
Maximum radial gradient thermal
stress

= Dead weight stress

= Pressure stress

= Effective stress

= Effective strain

= Total effective strain

= Flastic strain

= Plastic strain

= Peak thermal strain

INTRODUCTION

The Fast Flux Test Facility (FFTF) piping
design activities have proaressed f.om the prelim-
inary design in the early 1970's through detailed
ASME Section II! code analyses including detailed
inelastic analyses for elevated temperature orera-
tion. Design activities concluded ir 1979 with
final as-built reconciliation of stress reports for
construction and installation modifications. An
overvice of the flow of those activities 1s proviged
by Figure 1. As described in 1975 [1]*, signifi-
cant proiact cost and schedule benefits can de ob-
tained if crrecnina rules and simplified ar2lyses
can be used to confidently identify a pipeline Cone
figuration that wiil pass detailed stress aralysis
code liri1ts. The screening rules for preliminary
desian [ 1] used on the FFTF project have served
very welil, Detailed AS“E Codc analyses using alas-
tic methods [ 2] and inelastic metnees [3 - 3] have
demgnstrated that all Code desiagn rules and limits
are met. Accordinaly, a correlation of ti- rstaiies
fnelastic anaivsis findinas with the simplified
analysis screening rules will be presented,
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Before presenting the correlations, 3 short
overview ¢f the screening rules and background will
be given. After the comparitons, simplifications
in the detailed imlastiz analysrs and supnlementary
Siapiifred 2Ll C ahaiy... sl v L sadablion
Finally, the paper concludes with recommendations
for future code and technology work to reduce design

analysis costs.
SCREENING RULES AND BACKGROUND

The preliminary desian screening rules and
Ylimits [1) for primary stresses, shown in Figure 2,
were easy to meet due to the low dasign pressures
of the FFTF pipina. These low primary stress levels
helped control ratcheting and stress rupture damage
at low levels.

Screening limits for orimary plus secondary
stress ranges (Sse Figura I) considered limits
associated with creep ratchet, creep fatigue, and
shakedown. These limits were appiied to the very
simple screening equaticn of:

®¢ * %y £ S (1)

where:

rg = Maximum secondary bending stress in pipeline,
usually at an elbow.
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FIGURE 1. General Ingredients and Flow of Piping
System Design Analysis, ASME III, (8
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FIGURE 2. Preliminary Design Limits for Pressure

and wWeight Stresses Using 50% of Code
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®aTy = Maximum thermal shock radial gradient stress
considering 211 of the plant thermal transient
and equal to

Ea (:,T])
(157

§ = An allowable stress intensity consicering
creep fatigue, creep ratcheting, and experi-
ence factors.

A major feature of the screening rules and
1limits is the shakedown and relaxation of stress
during the hold-time providing the transient stress
range is always less than the “elastic action®
range. This is depicted in Figure 4. "Elastic
action" range for primary plus secondary stress
range P + Q is defined by:

3%, °1.55, *5S,, (2)

where the standard 2SME Code terminolozy of the
ASME Code Case 1592, Paragraph T7-1325 Test No. 4
[1g] is used.

If the (P + Q)n exceeds 3 5,, then the
relaxation of stress cculd bz as shown in Figure 5
and not similar to ronctonic relaxation ard not
affected by the transients as shown in Figure 4,

Based on approximate calculations, expected
behavior, engineering judament, and a few detailed
inclastic analyses of pipelines [9],(3], it was
deemed impertant to provide enough flexibility into
the piping isometric designs to satisfy Eguation (1)
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and keep the (P + Q) less than 3 S5, Results
from inclastic analyses of pipelines is given in
Figures 6 and 7.

Additiconal background is presenicd i1n Relerunce {1].
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FIGRE 4. Typical History for Pipeline Primary Plus

Secondary Stress When (P+Q)g < 1.55;¢ * Spn.
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Table 1 presents the correlaticn data, The
detailes inelastic analyses ir-lude pigatir2e ¢f
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CORRELATION OF DETAILED INELASTIC
ANALYSIS FINDINGS WITH SIMPLIFIED
ANALYSIS SCREENING RULES

TABLE 1.
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FIGURE 8. Primary Crossover Piping Mesh (Ref. 4).

fairly complex, long runs as depicted in Figures 9
and 10.

The simplified analysis screening values for
the pipelines of Table 1 are cross-plotted on the
screening rule limit curves in Figures 11 and 12.

The pipelines chosen for inelastic analyses
had the highest simplified analysis screening values
and the least design margins. The design margins
were identified by detailed elastic ELTEMP [2] and
simplified inelastic analyses such as the full
relaxation Bree 7] and the 0'Donnell-Porowski [8]
methods. Accordingly, since even the most severely
loaded FFTF pipelines were demonstrated to meet al
the code requirements by inelastic analyses, many
other FFTF pipelines with similar but less severe
loads and thermal transients are also qualified.
However, for these pipelines, some of the very con-
servative code elastic analysis limits (such as the
Sq limits) were exceeded. See Figure 12.

SIMPLIFICATIONS IN DETAILED INELASTIC ANALYSES

Detailed imelastic analyses of piping do
require sane simplifying in modeling and analysis
procecures to keep the analysis costs within rea-
sonable limits. These simplifications are technic-
ally justified by the satisfaction of ad hoc rules

4

and conscrvative modeling. The simplifications in

modeling include:

e Utn of constant hending elbow elements (Type
il of b WAl cunpinr progres (4]

. Extrapolating elbow midsection stresses and
strains to those for the elbow end weidments
by use of "carry-over" factors and indices to
acccunt for nonuniformities introduced during
the fabrication and welding of an elbos to a
straight pipe section

. Use of indices and fracture mechanics crack-
growth mogdels to assess local pezk stresses
and strains

In general, cetailed inelastic analyses of a
pipeline system provic2 primary and seccrdery stress
effects. cudstructuring techniques or use of ine
dices are reeded to account for pezk stresses and
strains. Ths simplification in inelastic enalysis
procedures incluce:

. Enveicping and lumping of thermal transients

. Extracolating ratchet and elastic followup
strains to end of design life

The techrical bases for some of the simplified
methods icdzntified above will be discussed in the
following paragraphs.

Constant Eendina Elbow Elements

The technical justification for accepting use
of the constant bending elbuw elements depends on
each pipeline analysis application. Consicerations
include findings from prior elastic analyses of the
pipeline such as the level of stress expected, the
ratio of in-plane to out-of-plane bendinz on each
elbow, and the number of elbow element secments
used to model each elbow. Hibbitt 9] ard Pan ang
Jetter [3] discuss the limitations of the constant
bend element. Figur2 13 shows a typical model of a
900 elbow using three 30° segments, 16 elements
around the circumference and 11 layers through the
wall.

A basic step in justifying the number of seg-
ments, number of eiements around the circunference,
and the number of through-wall layers to model each
elbow in a pipeline was the comparison of elastic
stress levels, moments, forces and displacerents
computed using the inelastic pipeline mocal to those
computed using conventional eiastic analysis pipe-
line moc2ls typical of analyses to NB-3800 of Sec-
tion II1 of the ASME B&PV Code. Correlations to
within 5% to 10% were judaed acceptable. !Moreover,
for large diameter, thin wall elbows tyrical of
breeder reactor plant piping, comparisons cf elbow
detailed <hall finite elerent or finite difference
elastic analysis findings with constant tending
elbow elerant findings were also utilized. As seen
in Fioure l4a, the decree of ovalizaticn varies
around the elbow arc. Ovalization of 50% to 6C% cf
the maxi=o~ at the elbos midsection exists at the
Junction cof the straight tangent pipe. *cwzver,
the elbow net elastic flexibility has been chown by
tests [17 - 12] to be adeouately predict:d by use
of the sirple forrula of k = 1.65/: given in the
ASME Cocde, NB-3500 [13]. This forrulz rialects
local flexibility distritution and varyinz ovality
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along the elbow arc. This ovality also penctrates
one to two diameters into the tangent straight pipe
portion (Figure 14b & 14¢). The code approach in-
yolves the flexibilily factnr 35 a ronctant fartor
applied to the elbow arc portion (Figure ldd).
Accordingly, it is an "effective® flexibility fac-
tor for modeling the total elbow and effective tan-
gent pipe flexibility for use in the total pipeline
system flexibility analysis.

v
ot N !
\

— T

FIGWRE 9.

8-inch SHL Inelastic Analysis Finite
Element Model (Ref. 5).

As previously noted, test data [10 - 12] have
been used to develop and have confirmed the simpli-
fied flexibility methods and models for elbows with
straight tangents. The highest elastic stress in-
dice in the elbow midsection has also been shown to
be adequately predicted by use of the Code formula (13)
of Cp = 1.95/a ¢/3. Therefore, by assuring that
the constant bending elbow elements used in the
pineline model provide numerical values of stress
ana deformation for elastic loading that correspond
with sufficient accuracy to those computed using
the standard Code formula and flexibility methods,
the mode] is deemed adequate for use in the inelas-
tic analyses, provided plasticity and creep effects
are limited as discussed below.

FIGIRE 10. Analytical Modsl of System 61 Primary

Hot Leg Loop No. 1 (Ref. S).
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FIGURE 12.

The thermal expansion and thermal radial grad-
fent maxir.m elastically-calculated stresses imposed
on the elboas were, for FFTF, kept less than the 3 S
level. This limited the plasticity and creep effect
to local and small pertions of the pipeline vall.



Thus, many elbow element seqgments necessary to cap-
ture stress redistribution associated with gross
plasticity and creep throushout the elbow were not
nooded, In additina, 2= tha pin Vies peonnnen was
expected to “shakeduwn" (Figurss 4 and 6), good
margins between the Code limits and the calculated
values of accumulated nelastic strain and crecp-
fatigue damage were expected to offset possible
limitations associated with the approximate elbow
model.

Some details of the elbow models ured in FFTF
inelastic analyses are given in Table 2. Generally,
the FFTF analyses (3, &, 5] found two or three elbow
elerent segnents with 13 o 10 elements around the
circurferences 2nd 10 or 11 layers through the wall
were sufficient at reasonable cost.
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FIGURE 13. Typical Constant Bending Elbow Elements.
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Typical Variations of Stress and Ovali-
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FIGURE 14d. Flexibility Factors Along Pipe for In-

Plane Bending Load.

Stresses and Strains at Elbow End Weldments

Elbows are often attached to straight porticns
of piping by girth weidnents located at the junc-
tion of the elbow torus and the tangent straight
pipe. Stresses and strains_at the elbow midsection
were found by Markl [14, 15] to govern tue fatigue
lifa of pipe elbows tested below temperatures where
creep effects are significant. Accordinaly, the
ASME Code [13] in NB-2600 provides stress indices
for butt welding elbows that are based on midsec=
tion stresses, but a Do/t < 100 is required. For
FFTF, the largest Dy/p is 64. As the Dy/y ratio
gets larger, the stresses at the elbow and weldments
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may become larger than at the elbow midsection.
Considering the limitations of Markl's test cdata,
it was decided to also calculate stresses and
strains at the elbow end weldments, in addition to
those at the elbow midsection for the FFTF.

Detailed inelastic analysis of pipelines using
the constant bencing elbow element (No. 17 of the
MARC finite element computer program) (6, 9] do not
account for the secondary stresses due to fabrica-
tion mismatch or radial shrinkage at the welds. In
addition, peak stresses and strains due to weld sur-
face irregularities, etc. are not directly included
in the pipeline inelastic model. Accordingly, 2
simplified method of evaluation was devised and con-
ceptually described in Figure 15.

The simplified method consisted of using the
pipeline system model to predict inelastic recsponse
for primary and secondary stresses excluding fabri-
cation misnatch and weld local effects. Stresses
and strains at the elbow end weld joints were then
approximated using the values computed for the elbow
midsection combined with carryover and shrinkage
factors.

The carryover factors -ere determined from
detailed stell finite ele~aent, finite difference
analyses cf the FrTF elbow designs, and from con-
sideration of the experimantal data [10. -4 8 12]
on ovality distritution such as shown in Finqures
14b and 13z, Fer the FFTF applications, a rarry-
over factcr of 1/2 was found conservative, Howe
ever, highsr facteors may be needed for larger and
thinner-walled pipe elbows.

Radial welds on FFTF to join the seamlees pipe
and machined eloows wore cone by an jutomatic w'ld-
ing machine. The weld reinforcement and surtace

irregularitios were much rmilder than typical manual
welds, Fabrication alianmont and mismatch toler-
ances and tho welds wore 3l) kept within Code
limits. Accordingly, the Fada stenes indicre tied
tn i Falmircataon Vo0t T R LICDPr e
ate to account for local stréss concentrations and
fatigue strength reductinn facters, Thus, 2 local
tndice for the girth welds based on the Code [13]
was taken to be 1.8 in raanitude. The (ode does

not have a factor for radial weld shrinkaze effects,

Discontinuity ctresses of the type depicted in
Figure 16 and due to razial shrinkage in thinwall
piping, were approximited by ¢lastic anaivsis of a

number of chell shrinkzaz distributions and R/¢
ratios. Cased on thzsz firdirgs and coce indices
for girth walds, the cz:cia) indices of Fé-urs 17

were acopted, These irdices were intended for use
in predicting the mari=u™ stresses and striing at
wvelds in the pipe axiz] #irsctinn because *he K2

= 1.2 loca) factor was considered an axial fatigue
strength reduction facice. =~n appropriats 2
value relztive to the pipe/e'ben

ue hoop direction was
judged to be~1.1 to 1.2,
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FIGURE 16. Discontinuity Stress Due to Radial

Shrinkage in wWelds.

To obtain approximate values of elbow and weld
maximum stresses and strains for comparing tc the
elbow midsection stresses, the method was as
gepicted in Figure 15. The 1/4 factor is based on
the 1/2 carryover factor and the maximum axial
stress of ~1/2 of the maximum hoop stress. Table 3
shows combined indices for the various FFTF pipe
sizes for both elbow midsections and elbow end
weldnents. Note that as the diameter gets larger,
the weld indices are larger than for the bend mid-
section. Thece indices were used with the elastic
flexibility analyses of the pipelines and are based
on shrinkage and mismatch data of Table 4.

To obtain stresses and strains at elbow end
weldments for use with tha inelastic analysis code
evaluation, a simplified mathod was used. The hotd
and axial maximum stress and strain values computed
for the elbow midsecticns, using the inelastic pipe
analysis, were first exa-inad, The values 2t the
elbow end weldments, exclusive of weld shrinkage
and configuration peak stress effects, were taken
as 1/2 of the midsection values., The radial weld
strinkage produces stkz11 bending under axial! mem-
brare load. One apprcach is to apply the stress
irdices of Figure 17 as rultipliers with wald pezk
stress indices to the calculated effective stress
and strain, exclusive of weld effects. That is:

) | ’ )
we ld Ooff * (7 K tz kz) o elbow midsection (3)

7
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FIGURE 20. Analysis Program for Develcoing Accept-
ance Criteria for Fabrication-Incuced
Surface Flaws.

Crack-Growth Analysis

In the design of FFTF piping, the range of pri-
mary plus secondary stresses in pipe fittings such
as elbows and tecs, were limited to a value of 3 Sm
as given in Tadble 5. Due to the radial shrink-
age of the weldments joining the fittings to the
straight pipe sections, the welds also represent
location of increased stresses. Outsice the fit-
tings on straight pipe section surfaces, the maxi-
mum applied stress range is about half that of the
fitting (i.e., 1/2 + 3 Sp).

The evaluation of the flaws were divided into
two stages; crack initiation and crack propagation.
Normally, a non-flased smooth surface will require
many cycles of stressing before 2 small crack will
develop. However, a notched or flawed surface can
initiate a crack very early in the part life and
then the question shifts to how fast will the crack

. Figure 22 shows the threshold flaw size cal-
culated for the crack to grow under various applied
stress ranges. For maximum allowable design
stresses the threshold sizes are given in Table 6.

The crack-growth ‘racture mechanics analyses
were accomplished conservatively assuming that the
surface flaw, which is normally not as sharp as a
¢crack, to be a crack. The determination of the
applied stress intensity, :K, was based on the
methods of Section X! of the ASME Boiler and Pres-
sure Vessel Code. Other fcrmuia based on the work
of Hsu and Liu [24] and Shah and Kobayashi [25]
were also employed for further insight.

The crack-greath anclyses indicate the growths
are fairly sensitive to stress level (see Ficure 23)
but very little growtn is expected below EQ0F
(427°C). See Figure 24.

The crack-groath rate and threshold stress
intensity data (see Figure 25 and 26) used were
based on work by James (22, 23]. To account for
long-time high-temperature effects, an environmental
rate acceleration factor (Figure 27) was obtained
by extragolation.

10

TAULE 5. PIPILG STRLSS RANGE COUNDS

PL+Pp+lp
anr Trmn _Max Valun Max
(ratien i I . A Y A 5 L
Elbow Midsec. 800 &27 50 345 843
Elbow Midsec. 1050 566 35 240 843
Elbow Midsec. 8004 4278 4 28 109
1050 566
Elbow Ends £co 427 25 172 B43
Elbow Ends 10592 3.4 18 124 843
Elbow Ends 360 & 427L 2 14 10?
1050 566
Straight Pipe 800 £27 18 124 843
Straight Pipe 1050 £66 14 97 843
Straight Pipe 800 & 4278& 2 14 109
1050 566
::_ T d
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FIGIRF 21. Typical Fatigue Strength Reducticn
Factors Ky for Drill-Induced Flaw
Stapes.

An exampie of the creep-fatigue and crack-
growth analyses findinis is given in Table 7. As
chown in Table 7, the high-temperature elbow mid-
cections =zre located where such flaws may cause
non-satisfaction of the creep-fatigue criteria.
However, the high-temperature elbow ends and
straight pipe sections do have adequate lreep-
fatigue rargins. When a drill-induced 0.C10-inch
(0.025-m; deep blemish, which is not as sharp as 2
crack, was assumed a crack, its arowth was predicted
at ~0.042 inches (0.10 mm) for the high temperature
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TABLE 6.

Stress, 40 = 3 S,
Elbow, Tee, etc.

Estimated Thresholds for Flaw Greowth.
THRESHOLD FLAW SIZE FOR CRACK GROWTH

Stress, 40 = 1/2 + 3 %,
On Pipe Straight Section

up to 10 mil deep may be tolerated with nn signifi.
cant adverce effects on the piping fatique integ-
rity, provided all operating vibratory induced

strosses ore

a0 Yewy e pyre =t
A S A0 3% e

For operation below £00°F (427°C), where
creep effects are insignificant, the crack growth
is slow and the lud-cycle fatigue life for a given
cyclic streis level is greatly increased. Thus,
Tow temperature (below £005F) piping flaws any-
where on the piping, up to 10 mil in cepth, could
be tolerated.

(OF) (mil)* (mil)*
70 € 25
800 2.5 10
1000 2.0 8
1200 5.0 18
mil = U.0Z5 mm

elbow midsection. The other locations had very
enall growth, < 0,001 inches. The wall thickness,
in this case, was ~3/8 inch (9.5 mm).

The high-temperature crack-growth results are
fairly uncertain due to the v.ry rapid change in
growth rate as the applied stress and effective
stress intensity change (see Figures 25 and 26) and
the cyclic time change. This time-dependent effect
is often referred to as a “frequency" or "hold-time"
effect (see Figure 27). Thus, although the crack
extension for a 0.010-inch (0.025 mm) crack-like
flas in a high-temperature high-stressed elbow mid-
section is calculated to be 0.042 inch (0.10 mm),
it could actuaily be much larger or much smaller.

A 50% increase in stress level would increase the
predicted crack growth to 0.13 inch (3.3 nm). A
50% increase in depth, 0.010 inch (0.025 mm) to
0.015 inch), (0.037 mm) results in a predicted
crack growth of 0.27 inch (6.2 mm).

Above ECJOF (4270C), creep effects can
greatly enhance the crack-growth rates and reduce
the Jow-cycle fatigue life. If the maximum allow-
able code ca2sign stress is developed during opera-
tion, a very small flaw, as i1ittle as 2 to 4 mil
deep, may grow during the design cyclic life to
unacceptable levels. Thus, elbows, which do have
local areas stressed to the Code limits, should
have all surface flaws removed. In straight pipe
sections, the operating stresses are usually less
than half thise in the elbows. Round bottom flaws
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From the findings presented and from other
analyses and considerations, it was concluded that,
in general, high-temperature straight pipe will
tolerate drill holes and surface ?iaws on the order
of 0.015-inch (0.037 mm) deep. Low-temperature
(below 800CF) large pipe and elbows will tolerate

0.025-inch (0.64-mm) deep drill holes with no need
for blending.

Based on the creep-fatigue and crack growth
fracture mechanics stress analyses, limits were
developed that cepend on whether the flaw is located
on a piping fitting (such as an elbow) or on a
straight section of piping, and on the intended
operating temperature. The acceptance criteria
developed called for all of the following surface
defects to be blended out:

1) For low temperature piping with operating
temperatures SJ00F (4270), or below

a) Any surfaces defects over 0.010 inch
(0.025 mm) in depth.
b) Any arc strikes or weld splatter,
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For high temgperature piping with operat-
ing temperatures above 800CF (427°C),

"a)

b)

¢)

d)

Any surface defects of any percept-
able depth in elbows or fittings.

Any surface defects with sharp bot-
toms of any perceptable depth in
pipe surfaces.

Any smooth bottom defect over 0.010
inch (0.025 ) in depth in pipe
surfaces

Any arc strikes or weld splatter.
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The depth of blend was also controlled so that the
residual wall thickness was adequate to meet pri-
mary and secondary stress limits. Defects greater
than 0.025 inch (0.664 mm) in depth were given case~
by-case evaluation and repair treatment.

The 10-mil limit in the acceptance criteria
was a conservative limit chosen with the recogni-
tion that considerably larger flaws could be toler-
ated. But the field inspection technigue was too
crude to allow the limit to approach the maximum
<alculated capability any clcser. Moreover, most
of the flaw types experierced previously in con-
struction were less than 10 mil deep. Flaws greater
than 10 mil, but not greater than 25 mil deep, are
blended out. Flaws deeper than 25 mil are given
special evaluation and the 2ppropriate action
determined on a case-by-case basis.

High-temperature piping elbows should be free
of defects as they are generally tne most vulnerable
locations for effects of surface flaws on piping
integrity. This is due to the uncertainty in the
time-dependent crack-growth rates, and the elbows
are locations of maximum stresses, and there is
potential for vibration-induced high-cycle stresses.
As it is difficult to accurately predict system
vibratory response, measurements and inspection for
pipe vibratory motion have been taken and will
continue during FFTF plant startup testing. This
will assure that the piping has sufficient margins
against high-cycle fatigue.

CONCLUSIONS AND RECOMMENDATIONS

Simplified rules and preliminary design limits
developed for FFTF piping in 1974, based on expected
behavior, engineering judoment, approximate calcu-
lations, and detailed inelastic analyses of three
pipelines have served very well. All designs based
on these simplified rules and limits have been con-
firmed by detailed code and inelastic analyses.

Six additional FFTF pipelines have had detailed
irelastic analyses and comparisons to simplified
analysis finding have been performed. Accordingly,
detailed system inelastic analyses of pipalines are
practical for primary and secondary stress/strain

evaluations. Hawever, simplifierd analysis methods
were nceded and developed for weldment radial
shrinkage and local surface stresses and strains,
The use of K indices, as in elastic analvsis, seemr
Lo be the oniy practicai wuy LU Lreat mlivanis.
Simplified analyses and elastic analyses proe
vide significant insight for decigning 3 pipeline
and they help provide valuable data useful for come
paring with detailed inelastic analysis results.
After adegquate comparisoans of detailed inelastic
analysis response for lines limited to P + Q0 < 3 &,
where the temperature hold-tire relaxation centinues
monotonically unaffected by the thermal transient,
the dovelopment of less conservative elastic analye
sis rules should be atte-atea by ASME Code bodies.
Moreover, it is our excerience that by keepinz tne
pipelin2 primary plus sezondary stresses in the
range whare shaxedown in creen occurs, the (i.e,
P+Qy 235, creep-fatigue 1ife will be
governed by the stress-tima history and very little
usuage will be consumes by the cycle fraction
related to the strain range. That is, the /N4
fraction is small and the T/Tp is designed so
that elastic followup is not significant and the
P + Q stress ranges are less than the elastic shake-
down range. Then the creep damazge will correspond
to monotonic relaxation curing the service life and
be acceptably low. Of course, elbow end welc—ent
radial shrinkage, mismatch and configuration rmust
be controlled or the weld will become design
controlling.

Scratches, dings, chisel marks, etc. inadver-
tently get imposed on piping and equipment while
the plant is under construction. Accordingly, ccne
sidering that such flaws can reduce the operational
fatigue capabilities, an acceptance criteria should
be developed for identifying what flaws can be tol-
erated and what flaws should be removed prior to
insulating and placing the pipe into operation.

For future designs, to provide a sacrificial layer
of material that could te blended off, it is recom-
mended that 0.025-inch (0.64-mm) allowance be
applied in the design like a corrosion allowance or
wall thickness tolerances. Moreover, more high tem-
perature cycle fatigue and crack-growth data are
desired in the ASME code to assess fabrication
indpced flaws and vibratory stresses. In particu-
lar, threshold 2K and da’/dN crack-growth rates up
to 1200°F are desired. Smooth bar high-cycle
fatigue data to 109 ¢ les are also desired.

Significant advances in methods and technology
for elevated temperature pipg¢ing design have occur-
red in recent years but irprovements are still
expected and desired to reduce design costs and to
enhance the reliability of the piping.
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A steadiiy expanding literature bears testimony to the
growing recognition of the importance of the problem of
providing flexibility in piping and to the many ditliculties
besetting efforts at establishing a simple rational approach
for its solution. This paper aims to outline the various
phases of the problem, with particular emphasis on the
phenomena of plastic flow and tatigue which distinguish
the behavior of piping systems under thermal expansion
from the ordinary room-temperature steady-state struc-
tural problem and lead to the concept of a limiting-stress
range rather than an allowable stress as the criterion of the
adequacy of a layout. In treating his subject, the author
has sought to present the consensus of the Task Force on
Flexibility charged with reformulating Chapter 3 of Section
6 of the Code for Pressure Piping. Their Proposed Rules
are included as a focal j yint on which it is hoped broad
discussion will center.

INTRODUCTION

N the eourse of a general review and revision of the Code for
Pressure Piping, initiated in 1951, Tusk Foree on Flexability?
was appointed by ASA Sectional Committee B31.1 to study

and report on the adequacy of the eurrent provisions of the
chapter on “Expansion and Flexibility” included in Section 6 of
the Code. Two subgroups’ were tormed, one to deal with
stresses and their allowable limits, and the second to digest
available information on physical properties entering into piping-
flexibility analysis.

The former group, with the findings of which this paperis solely
concerned, came to the conclusion that a complete reformulation
of this chapter was desirable to improve its clanty and, more
importantly, to bring its clauses into accord with advanced
theoretical concepts, new research results, and accumulated
experience. A working group* was charged with the task of
devising rules which would realize this objective and still be
readily understandable and easy to apply. A draft effecting a
satisfactory compromise between scientiie truth and the sun-
plicity 8o essential to any body of rules destined for wide applica-
tion was produced and accepted by the Sectional Committee,

However, since the Proposed Rules depart appreciably from
past practice in several respects, primarily by their open recogni-
tion of the concept of stress range, 1t was thought desirable to
publish them first in nonmandatory form as a Task Foree Report
(121)* to pernut piping engineers at large to familiurize them-
seives with them, test their suitability by apphcation to their

! Chief Research Engineer, Tube Turns.

* For membership, see source (121). Numbers in parentheses refer
to the Bibliography at the end of the paper.

? Under the chairmanship of H. C. E. Meyver and R. Michel, re-
spectively,

* With 8. W_Spiclvogel as chairman, and N. Blair, H, V. "Wallstrom,
and the author as wembers,

% The original formulation by Subgroup | is transeribed in Appendix
1: alternate clauges introduced Iater 1o defercnce to a dissenting view-
point are*given separately i Appendix 2

Contributed by the Power Division and presented at a joint session
of the Power, Applied Mechanies, Heat Transfor, Sufety. Metals Engi-
neering, and Uetrolevm Divisons, Joint ASTM-ASMIE Research
Committee on Filect of Temperature on the Properties of Metals, and
Research Committee on High-Temperature Steam Generation, at e
Annual Meeting, New York, N. Y., November 29-December 4,
1953, of Tne Ameuic vy Socery oF MEcHAN . CAL ENGINERRrs,

REPRINTED FROM ASME TRANSACTIONS, 1955

Piping-Flexibility Analysis

By A. R. C. MARKL," LCUISVILLE, KY.

individual problems, and assist in arniving at o hnal formulation
assuring unmitorm daterpretation and intelhgent enforcement.
At the same time, the author was imvited to prepare a paper w
explain the hase philosopiy and seientific background underlying
the Proposed Ruies.

Tue Pronrew

The objective of piping-flexibility analysis 1s to assure safety
« uinst failure of the piping material or anchor structure from
overstress, against leakage at joints, and agunst overstrain of
connected equipment, without waste ot muterial,  While expan-
sion joints of various types ‘n some instances prove useful for this
purpose, by far the more common and gencrally preferable orac-
tice 18 to provide for thermal expansion by utilizing the inherent
tlexsbnlity of the pipe run itself acting as a spring in bending or
torsion.

Piping-flexibility analysis resolves itself into the following:

1 The calculation of the forces, moments, and stresses (and
desirably also, displacements) at all significant locations in a tubu-
lar structural frame under the influence of thermal expansion.

2 Their comparison with allowable limits.

The frame can be in one or more planes. The number of
redundants will vary with the number of branch lines or inter-
mediate restraints (guides, braces, and 8o on). For a space sys-
tem, there will be six unknown reaction components (three forces
and three moments, or three forces and their lever arms) for each
anchor point in excess of one; intermediate restraints introduce
# lesser number of unknowns.

As compared with the parallel structural problem, the evalua-
tion of the reactions, stresses. and deformations in & piping system
under thermal expansion involves a number of additional con-
siderations, of which the following are the most important:

1 Piping components other than straight pipe, notably elbows
aud bends, exhibit peculiar stress-and-strain behavior under
bending which generally reflects itself in increased flexibility,
usually sccompanied by intensification of stresses.

2 Piping systems are not intended to behave elastically in
their entirety.  As a result of local creep (at high temperatures)
or loeal yrelding (even at ordinary temperatures) relaxation may
take place whereby the reactions and stresses in the operating
condition are lowered and substantially equivalent rekctions and
stresses are made to appear 1n the cold or ofi-stream condition.
This process can be anticipated by cold springing.

3 Owung to the cyclic nature of the operation of all piping
systems, futigue becomes a factor requiring consideration, par-
ticularly where the fluid carried is corrosive to any degree.

Tue Gexerat ProcEss oF SOLUTION

In the flexibility analysis of any system of given line size, con-
figuration, and material, with a predetermined amplitude and
number of temperature eycles, the following steps are involved:

1 The significant physical propertics of the material, such as
expansion cocilicient, modulus of elusticity, Poisson’s ratio, yield
stress, creep and relaxation stress, and endurance strength have
to be determined. This puper will not concern itself with the

Nore: Statements and opinions advanced in papers are to oe
understood as individual exprossion® of their authors and not those
of the Soriety, Manuserpt received at ASME Headguarters, July
27, 1933. Paper No. 54 —A-51.
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first three constants, for which the values snd the basia for their
selection have heen covered by u separate paper by the chairman
of the second subgroup of the Task Foree (124). The way n
which the strength properties enter into the solution of the prob-
lem under the Proposed Rules, on the other hand, will be dis-
eussed in detail at the appropriate point in thas development,

2  Assumptions have to be made regarding the dimensions of
the piping, notably those associated with the cross seetion.  For
simplicity, the Proposed Rules disregard dimensional tolerances
and the uncertain and erratic changes in thickness caused by
eorrosion or erasion and permit use of the nominsl dimensions
throughout.

3 Conditions of end restraint have to be assessed. The Pro-
posed Rules give no preseriptions in this respeet, but general
practice is to take the ends as fully fixed in the absence of detailed
snalysis of the rotations and deflections of vessel shells, pump or
turbine casings, pipe anchors, or other structures to which the
line may be cannected.  However, equipment expansions must
be taken into account since they may cause increased forces,
moments, or stresses.

4 The significance of different forms of intermediate re-
straints hus to be appraised. Mujor restrictions to free movement
of the line due to guides, solid hangers, or braces are usually
taken into account in caleulations or other forms of analysis.
Becondary restraints, such as unbalanced spring forces or iric-
tional forces at supports, usuuslly are ignored: however, eaution
should be exercised in extending this practice to systerus whose
weight is great in relation to their stifiness, a condition often
encountered in pump or turbine leads because of manufacturers’
limitations upon thrusts,

5 A method of analvsis suitable to the importance of the
system must be selected. The solution can be approached by
analytical, graphical, chart, or madei-test methods, or even by
ecomparison with past surcessful layouts, and may invoive various
degrees of approximation. However, for approximate solutions
an allowance for the probuble errer should be included.

6 Finally, a comparison of the results has to be made with
allowable limits. These are clearly established in the Proposed
Rules for the stresses, but left to the designer’s judgment and
consultation with manufacturers of equipment in the case of reac-
tions, because of the diversity in shape and design of connected
structures.

FrexisiLity FACTOR

It has been stated earlier that the ealculation of the reactions
and stresses in a piping svstem is complicated by peculiarities of
stress-and-strain distribution in certain piping components under
bending, one of the effects of which is to endow such fittings with
(usually) greater flexibility than would be predicted from the
ordinary beam theory.

In calculations, this is commonly taken into account by the
application of a so-called flexibility factor. This can be defined
a8 the ratio of the rotation per unit length of the part in question
wodured by & miofient, to the rotstion per unit_ leng(h of &
straight pipe of the same nominal size and schedule or weight
produced By thesime-momemt—ft T8 applicd either as & multi-
plier of the length of the part, or a8 a divisor of its nominal mo-
ment of inertia (the moment of inertia of the matching pipe) or
of the elusticity modulus. Available information on its mugni-
tude for different tvpes of fittings will be discussed briefly in the
text following.

Curved Elbows or Prnds. These are by far the moat significant
group of piping components from the standpoint of providing
increased floxibility. At the same time, thev constitute the only
group for which flexibility factors have been derived theoretically
and confirmed by an adequate amount of testing.

The imcreased flexibility of curved tubular members results
from their flattening along one or the other avis under bending

The flexibility factor & in common use in this country wis
developed by von Kirmdn (3)in 1011, from a first approximation
of an assumed Fourier-series solution. [t wus redeveloped on o
different basmis and experimentally cheeked by Hovgaard (11) 1
1926, Itis usually given us

12At + 10
L R LY

where h = (R 'r? is the so-called flexibility characteristic which
depends on the pipe-wall thickness ¢, its mean radius r, and the
radius of curvature £ of the center line of the pipe.

Originally this factor was used only for correcting the deflection
of eurved members bent in the plane of their curvature. Thiy
practice continued until Vigness (70), in 1942, demonstrated that
it apphied equally to transverse or out-of-plane bending.

The first-approximation Kaérmén-Hovguard factor has been
used generally for both types of londing until Beskin (77), among
others, pointed out the newd forusing more terms in von Kdrmdn's
Fourier series for bend proportions where the characteristic A falls
below 0.3. The following close approximation suggested in

Beskin's development commends itsell by i1ts general validity*
and starthing simplicity
1.65
A--f—", >1 PO

This formula strictly applies only to the central portion of a
curved tube of relatively large are under bending, and does not
consider the effects of internal pressure or end restraints.

le effect of ordinary steam pressures on the fdexibility of 6-in.
and 12-in. bends has been investigated by Wahl (12).  He foufnd
the tendency toward restorution of the circular form to be of a
low order, and as a result it has become customary to neglect tms
effect. This conclusion may need modification for thin-wall

short-radius elbows of large diameter.

With regard to end restruints, it is obvious that even straight
tangents will tend to reduce ovalization of the curved pipe and
therewith impair its flexibnlity. The restraining influence of end
tangents has been demonstrated By diameter measurements re-

rted by the author (87} and more thoroughly explered by
h’ﬁ' "8 (7. Tis effect, however, was found to be
rel:mvely minor for ares 90 deg or greater. For smaller ares, the
reduction in Hexibility would be expected to be more pronounced,
but since it is known to be accompanied by a commensurate re-
duetion in stress intensification, it i8 ignered in the interest of
keeping caleulations rexsonably simple.

The effect of the attachment of stiff nngs or flanges to the
ends of curved pipe, on the other hand, was found to be quite
marked in the tests conducted by Pardue and_Vigness; euch
fange appeared to cancel the influence of approximately 30 deg
of arc of the bend. In the Proposed Rules, these data have been
nsed to derive simple empiricalcorrection factors A'* and A''*
designed to reduce Hexibility factors in the range below A = | to

1.65
k' - W (2a]
1.65
and k" - W . (28]

¢ The more generally known formulas for the fexibility factor of
rurved pape are disenssed brivfly in Appendix 3. Tt mill he noted that
Equation [2] closely approtimates von Kfrmén « third approximation
and Jenks' proposed formula s onminaliy given in the discussion of
Shipiaan's paper (17).
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for 90-deg eibows flanged al one and both ends, respectively.

A comparison of the test data with Equations [2], [2a], and
[2b] is given in the upper chart in Fig. 1. Tt will be noted that
Equations (2] and [2a] are in satisfactory accord with the results
of these specific tests, while Equaton [2h1 overestimates the flexi-
bility factor for low values of A A study of the lower chart
leads to similar ohservations with respect to the corresponding
gtress-intensification factors, which are obtained by the applica-
tion of the same correction factors. In view of the limitation of
available test data to a single pipe size, bend radius, and flange
type, attempts at a more refined correlation appear unwarranted
at the present time. The corrections are to be regarded as no
more than first crude approximations, defensible on the basis
that inaccurucies in evaluation of botn tlexibility and stress-
htenl'iication factors tend to cancel each other, at least with re-
spect to stress caleulations.

Mitre Bends. On the basis of isolated test data and service
experience, these piping components are Known (o posscse in-
ereased flexibility approaching that of curved bends, particularly
where both mitre spacing and mitre angle are small so that the
mitre bend comes to resemble a curved clbow. In-plane bending
test data on 4-imitre quarter-bends W ith tangents of various
“engths followed by tanges st vach end, on which Zeno reports
.h a discussion of Pardue and Vigness' paper (J4), are ol particu-

o B sy

lar intercst in this connection.  The stiffening offcet of flanges
placed close to the crnls of the bend is equally evident as in the
case of curved bends, but nas the tangents are jengthened to
approximately two pipe diameters, the flexibality factor asymp=
totically approsches S0 per cent of that computed for a corre-
sponding curvesd bend.

In the absence of a theoretical development, the sparse availa-
ble test data on mitre bends, including the results ol unpubhshed
load~leflection tests secured in connection with fatigue tests re-
ported by the suthor (111), have been evalusted conservatively
in the Proposed Rules as

1.52
“h—./; ...... [3]

The characteristic A herein is as defined under Equation (11,
except that an equivalent radius R, is used which is given as

R-%cotaforssr(l'{—tana) ...... [3a]

R, = (l+cola)for|2r(!+l;ma)H..(3bl

ol

where s is the mitre spacing at the center line, r is the pipe-wall
radius, and a is one half the angle between adjacent mitre axes
(or the angle defining the out-of-squareness of the mitre cut).
It should be noted that for wide spacing, Equation [34], the mitre
bend is to be taken as consisting of & number of arcs with inter-
vening tangents.

Corrugated Pipe. Straight or curved corrugated pipe and
creased bends are the only other shapes to which increased flexi-
bility is assigned under the Proposed Rules. The limited test
data available on these types of components are summarized in a
peper by Rossheim and Marki (53) on the basis of which a uni-
form flexibility factor & = 513 suggested as a first approximstion.
This should be used with caution, sinee the flexibility of corru-
gated and creased pipe may be expected to vary with diameter,
thickness, and bend radius of the pipe, and height, pitch, and con-
tour of the corrugations. The effect of some of these variables
has been demonstrated theoretically for idealized shapes by
Donnell (26) and Hetényi (80). It also has been found experi-
mentally. Dennison (45), working with 6-in. standard-weight
pipe, reports a value of 5 for the flexibility of creased bends and
between 6.4 and 7.2 for that of corrugated tangents and bends,
and tests reported Ly Rossheim and Markl gave values of 3.7
and 2.9 for specially made 2-in. standard-weight corrugated
tangents and bends.

Uther Components Forged or fabricated tees or screwed or
flanged connections comprise some of the components which
may exhibit increased or decreased flexibility as compared with
straight pipe, depending upon their individual dimensions and
contours. Because of the lack of a sound basis for even 8 cruce
empirical formulation, the Proposed Rules assign unit tlexibility
to all such parts; the error incurred by so dotng will never become
eritieal since such fittings usually constitute only 8 amall part of
the line.

It may be worth while to Jraw attention to the fact that the
Proposed Rules do not make it mandatory to use the specific
flexibility (anc stress-intensification) factors given therein for
any of the piping components, This represents & tucit admission
of the tentative nature of the evaluation of existing data made by
the Tusk Force, and points up the desirability of a more thorough
theoretical and experimental exploration of the fieid.

Srress-INTENsIFICATION FACTORS

In discussing stress-intensification factors for piping compo-
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nents, it is necessary to distinguish hetween formulas or values de-
rived from theory or statie strun-gge tests nnd such obitauned
from full-seade fatigue tests  The prinary difference between
them hies in the poat of reference. Theory refers to an idesl
homogeneous noteh lree material, while the results of fatigue
tests of commereial products preferably are rebated to prearndlel
resuits on commereinl pipe joined by butt weliding, which itself
contuing stress raisers in the form of surface imperieetions.  This
change in reference point, and possibly also the redistribution
and attendant relief of peak stresses oceurring under evelie lond-
ing, accounts for the obsers ation that stress-intensification f1ctors
derived from fatigue tests are generally lower than those pri-
dicted hy theory or measured in strain-gage tests,

Since pipe 19 the primary constituent of piping svstems and
service failurcs of piping are almost alwavs associnted with the
effects of cvelie loading (generally aggravated by corrosive
influences) the stress-intensitication factor will be detined here
a8 the ratio of the bending moment producing fatigue failure in a
given numbier of eveles in a struaght pipe of nomingl dimensions,
to that producing failure in the same number of cycles in the part
vnder consileration,

This definition implies that the eurves of failure stress versus
number of cyeles to failure parallel ench other for straight pipe
and other piping components. While this is not strictly true, test
data conform reasonably well to a law expressed by

SBNNE W Q.. iinas s ens s o AP

where 1 designates the stress-intensification factor, S the nominal
endurance strength (evelie moment’ applied at point of failure
divided by section modulus of matching pipe, rather than fitting),
.V the number of stress reversals to failure, and C a materials
constant.

From Rossheim and the author's tests (35), later confirmed by
tests run by the author's present company (114), a value ¢ =
245,000 nas established as suitable for Grade B carbon steel at
room temperature. From additional unpublished test data in
the author’s company's files, a tentative valye ¢ = 281,000 was
deduced for stainless steel, type 316, at room temperature,
Finally, Stewart and Schreitz's tests (116) suggested a1 value ('
= 183,500 for stainless steel, type 347, at 1050 F,

In view of the all too common misconception that fatigue is
always associated with a large number of loading cycles, it appears
pertinent to point out that the author has found Equation [4] to
be as valid for the determination of stress-intensification factors
at 20 as at 2,000,000 cycles. The author has observed no evi-
dence of leveling off of the 8-V curve at ecither end, except in the
case of straight pipe which to some extent tends to follow the
trend of polished-bar tests. The endurance limit of commercial
piping components is not reached as soon as in the ease of polished
bars. The thought suggests itself that possibly the number of
cycles defining the knee in the S-V curve is the higher, the higher
the stress-intensifieation factor.

The foregoing gives the general approach used in setting stress.
intensification factors.  In the following the detailed sources
are given from wihich the values of i published in the Propased
Rules are taken. At the same time, isolated additional test data
are adduced from the fatigue-test files of the author's company
to round out the picture.

Pillings for Dhirectional Changes. Thoese can be treated as a
group heeause of their striking similarities in behavior under bend-
ing fatigue. In the course of eviluating and correlating fatigue
testa on mitre hends, forged and fabricated tees, similarities in

! Where the stress amplitude applied in the tests exceeded the vield
strength in bending, a fictitions moment based on a stracht-line ex-
tension of the elastic moment-deflection curve was eomputed to con-
form with usual calculation practice.
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crack location and direction obtruded themselves upon the
author's observation. It seemed as if all these Bttings con.
formed to some extent to the behavior of eurved elbows or bonde
This led the author to suggest a common empirical exprission
for the stressantensification factor (114) which is

.9
- :l/.: 21 . . 151
where
he = ¢ (LR, /r?) = effective flexibility characteristic (dimen-
sionjess |
e = (1, 1)"% = section-modulus correction factor {(dimension-
less )
= 1 wherever fitting has sume thickness as matching pipwe
t, = effeetive fitting thickness, in.
= average of crotch and side-wuil thickness, for welding
teest
= pipe-wall thickness increased by one-half excess thickness
provided in either run or branch, by use of thicker piping
or pad or saddle, for reinforced fabricated intersections
= for welding elbows, curved or mitre bends, or unrein-
forced fabricated intersections of a thickness equal to
that of matehing pipe
thickness of matching pipe, in.
mean radius of matching pipe, in.
effective bend radius, in.
R = radius to center line of curvature for elbows or
smooth bends
r + r, for welding tees, where r, designates crotch radins
r for single-mitre hends and unreinforeed and reinforeed
fabricated 90-deg branch intersections

&
RN

1A

';f cot a; < é(l + cot a) for multiple-mitre bends, where
s designates mitre spacing at center line, in., and a
designates one-half angle between adjacent mitre aves,

deg

The condensed information given in the Proposed Rules is
directly derived from reference (114). The correction factors
h"*and h'" proposed to account for the effect of end flanges on
the stress-intensification factor for curved or mitre bends have
been discussed already under the heading Flexibility Fuactor.
Note that the higher of the stress intensifications for the Hanged
elbow and the flange itself must be used.

Corrugated Pipe. This type pipe and corrugated or creased
bends have been assigned a stress-intensification factor of 25 1n
the Proposed Rules. This substantially follows the recommenda-
tion given by Rossheim and Markl (35) in a paper evaluating the
information availsble up to the year 1939; the value selected is
that for “noneyelic’” service sinece correction for definitely eyelie
service is effected under the Proposed Rules by the application of
a stress-reduction factor. Considering the important influence
of the diameter-to-thickness ratio of the pipe, as also the shape,
thickness variation, height. and pitch of the corrugations of any
specitic manufuactured product of this type, the ussignment of a

constunt stress-intensitication factor obviously represents a gross”

oversimplification. A more thorough theoretieal and experi-
mental exploration of this type of construction appears urgently
needed, if it is to be used in severe services,

Bolted Flanged Cinnections. These present a dual problem
from the standpoint of piping-flexibility analysis. It is Necessary
not only to guard agiinst ultimate failure by rupture but alo
against disablement of the joint through leakage across t e

¢ For welding tees conforming to ASA Standard 1816 9. assurnption
of R, = 1.35r and &, = 1.60 t usuaily will produce conservative esti-
mates of & on the basis of representative measurcments,
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gasket. The values of the stress-intensification factors shown in
the Proposed Rules are taken from a paper by Murkl and George
(97) and serve to prediet ultimate rapture in joints bolted to
about 40,000 psi stress. With lower bolt stresses there 18 the
posaibility of premature leakage.  Although there are no pub-
lished data on the subjeet, the author judges from isolated test
runs conducted by his company that feeedom from leakage can
be assured by application of a factor 1 of the order of 1.5 regard-
less of the type of flange, except in the active creep range where
periodical retightening may become necessary.

Pipe Jounts. These joints when made by butt welding form
the basis for comparison for all other fittings, and hence take a
factor of 1. Fillet-welded and screwed joints are assigned the
same values as single-fillet-wvelded and serewed flanges, since the
failure of a tlanged connection of a ductile material usually occurs
in the attachment to the pipe.

Tapered Transitions, Components such as are used for con-
necting pipe of different wall thicknesses or for the hub ends of
flanges or valves can be given the following approximate stress-
intensification factors on the basis of isolated unpubbshed tests
run by the author's company

15-deg taper,: = 1.1

30-deg taper, 1 = 1.2
45-deg taper, 1 = 1.3

Only the small end of the hub need be considered in such an
analysis, since possible higher stress intensifications at the large
end, of course, are compensated by the relatively lower stress
level corresponding to the increased thickness (which also ex-
plains why ASA welding neck flanges always fail at the attach-
ment end, never at the root of the hub). Incidentally, it will be
noted that the fuctor of 1.3 for a 45~deg taper is the same as for a
fillet weld, the two representing the same geometrical shape,

Other Components. Components such as reducing elbows and
tees, box-type fittings, anchor structures, and the like, in the
abeence of directly applicable data must be evaluated by analogy
with fittings for which factors are available.

It already has been pointed out that neither the flexibility nor
the stress factors given in the Proposed Rules are made manda-
tory., While the formulas and values given are based on the best
available information, they are by no meuns to be taken as sei-
entific fact. The prime purposes served by their publication are
to call attention to the existence of such stress intensifications, to
provide standardized assumptions in place of complete chaos, and,
finally, to stimmulate further research by all connected with the
piping industry,

PRIMARY ANALYSIS

For the purposes of a brief study of available methoda of analy-
sis of piping systems under thermal expansion, let it be assumed
that the system be installed with 100 per cent cold spring, ie.,
that members be cut short by the full amount of their anticipated
expansion and then pulled into line, Fig. 2. Let it be assumed
further that the proportional limit of the material should not be
exceeded at any point during this initial presiressing. It follows
from these assumptions that the system will be free of expansion

L
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stress in its hot or operating condition, and will not undergo
inclastie action leading to reliaxation, the consideration of which
will be discussed i another seetion of this paper.

The evaluation of the forees, moments. and stresses existing in
the initial prestressed cold condition evidently reduces to the
analy=is of a tubular-frame structure under the influence of given
end and intermediate displacements and rotations. This is a
standard structural problem, but for the need of correcting the
deflection and computed stresses of eertain members by the appli-
cation of the flexibility and stress-intensification factors dis-
cussed in the text preceding.

The initial cold reaction® & ut the line terminals and the con-
troiling stress S, in the line for 100 per cent cold spring are given
by the following generalized expressions

ZF,
5 S‘ e FS‘

R=¢eEIF, = i,

. [6a]

S. - GEJ '-zr-.. .

where e is the unit expansion from installstion temperature to
maximum operating temperature upon which the amount of cold
spring was based; E, is Young's moduius at the installation tem-
perature; [ and 7 are, respectively, the moment of inertia and
section modulus of the pipe; 1 is the stress-intensification factor
at the controlling point; F, and F, are shape factors expressing
the over-all effect of line configuration and axial dimensions,
including flexibility factors; and F is a composite {actor relating
the reaction to the controlling strese,

While general solutions of this problem have long been availa-
ble, their application to piping-flexibility analysis has been
restricted because of the specialized knowledge and formidable
expenditure of time required to carry out a calculation. Fqua-
tions [6a] and [66] arc deceptively simple, but the shape factors
F, and F,, appearing therein, in themselves generally represent
extremely complex mathematical expressions. To reduce their
computation to practical limits, some of the foremost piping-
stress analysts have expended considerable effort and ingenuity
in devising simplifications consisting either of preorganization of
parts of the solution without affecting accuracy, or of making
approximations of greater or lesser validity.

Among devices of the first kind applied primarily to strictly
mathematical solutions, the following are the most important:'?

1 Preintegration of recurring shape coefficients (17).

2 Introduction of virtual center of gravity or elastic center
(38).

3 Introduction of conjugate axes (41).

4 Application of prineiple of eyvelic permutation of co-ordi-
nates'! to reduce multiplane problem to single-plane problem (61).

5 Exploitation of symmetry of simultaneous equations to
reduce number of operations required (G1).

6 Application of matrix method to provide clearer visualiza-
tion of components entering into the problem (117).

* For clarity, the developments in this and the following seetinn
refer 1o a single end foree whieh i all that s needed n the ease of o
single-plane bend with two hinged ends,  The Jdelintion of R can be
expanded to relate to the 3in ~ 1) foree components and 3(n — 1)
moment components ereated by cold springing or thermal expansion
of a space svstem with 2 points of fixation without loss of validity of
the eonclusions derived.

® The scope of the paper permits no more than a briefl enumeration
of various anproactus.  To enable interested readers to aegquaint
thetselves with them, parenthetieal references are given to the better-
known sources emnploving them without, however, implying that they
are necessanily the orimnal proponents,

1 First application of this concept 18 credited to G. W, Watts and
W. R. Burrows.

423




Among approximeite assumptions leading to & variable degree
of accuracy, the following are probably the most common:

1 Subxddivision of line into short clements, the mass of which is
concentrated at thewr mid-pomnts (51); if the elements seloeted
are short cnongh, this wethod is practically precise,

2 Substitution of square corners for curved members: this
widely used approximation ignores the iereased flexibihity of
elbows and lewls to an oversstimate of reactions and either an
over or underestimate of the stresses depending upon whether
the stressantensification factors are considered or ignored.

3 Correction of developed squiare-corner length of system by
addition of & virtual length representing the excess flesibnlity of
all the elbows (105); in cffect, this distributes the excess elbow
flexibility unifurmly aver the entire system. The accurary of the
results is consuderably improved as compared with the foregoing
approach,

4 Concentration of the excess flexibility of each elbow in a
single point located at the interseetion of its two tangents ( 120);
this modification of the square-corner solution is somewhat more
complex and more accurate,

5 Introduction of two or more weighted points for each
elbow; this further refinement of the square-corner solu-
tion leads to almost precise results with proper selection of the
weights assigned to the points,

6 Assumption that neutral axis parallels line connecting
anchors (20); this produces precise results for symmetrical
cases, but the accuraey very rapidly diminishes as the shape de-
parts from symmetry or becomes antisvmmetrical.

7 Assumption that neutral axis conneets the anchors directly;
this, in effect, assumes a hinged system, and may lead to major
error where the ends are rigidly anchored.

8 Assumption that bending and torsional rigidity are identi-
cal (30); taking the shear modulus equal to one half the elasticity
modulus in tension simplifies the solution of space problems with-
out leading to excessive error.

9 Assumption that the stress-intensification factors are
identical for in-plane and out-of-plane bending (114); use of the
higher oi the two for either condition leads to a conservative
error not in excess of 20 per cent for elbows and eommon fuil-size
intersections. The suggested stress-intensification factors tabu-
lated in the P'roposed Rules utilize this assumption.

In addition to purely mathematical approaches (to which the
preceding text primanly refers), there are graphoanalytical
methods (7o) of equal range of accuracy, in which the moments
are built up from one end to the other with the aid of precaley-
lated solutions for cach element of the line. Furthermore, a num-
ber of chart sulutions have been published which represent niore
or less complete preealeulations of entire systems of unit stiffness
and displacement (33, 37, 103); the latter obviously are restricted
to simple confimirations.

While many methods are theoretically suitable for application
to systems with any number of terminal and intermediste re-
straints, the computation work inereases rapidly with the num-
ber of redundunts.  For this reason mathematical and semi-
mathematical methods rarely have been applicd to svstems with
more than three points of fixation. To sapply t » need for a
means of evauluating the flexibility of lines with many branches or
intermediate restrants, such as guides or wind braces, model-
testing methods have boen devised wherein the reactions caused
by given end displacements are measured by either springs (52, 54,
60) or clectric strun gwges (78).  Of late, memorv-endowed elec-
tronie or other computing deviees have been utilized by at least

4’4

two companies (123).  Once the operations are coded properly,
which is a time-consuming task for experts in this field, these
machines are capable of solving any problem of the same typm
and thus serve to expand greatly the number of systems which
can be caleulated within a given time,

SeLr-Sprivg avp Coup-SeriNG Errecrs

In order to focus the reader’s attention on “methods” of i yv-
sis, the problem of caleulating forees, moments, and stresses in
the foregoing has been reduced to a familiar structural probiem
by imposing special conditions.  In what follows, the scope of the
investigation will be broadened to embrace all econceivable von-
ditions of nstallations and temperature or stress which might
be enconntered in actual practice,

Let it be assumed that a svstem be installed cut short an arli-
trary amount, so that a gap cel is left between the end of the
line and one terminal.  This problem is identical with that shown
in Fig. 2 and is solved in general terms by Equations (6a) and
[6b], exeept for the introduction of the so-called cold-spring factor
¢ which ranges from zero (for no cold spring) to unity (for 100 per
cent cold spring). Equations [6a] and [6b] are based on ¢ = 1.
Obviously, both the initisl cold reaction und the initial coll
stress for the more general case will differ from those given by
these equations by a fuctor ¢, Actually, since reaction and stress
are interrelated by a factor ¥, which is constaat for any line of
given shape and dimiensions, a study of the behavior of the svstom
can be restricted to a study of the controlling stresses created
therein by changing temperature conditions. The initial cold
stress is

S.' - fs.....

As the line 13 brought up to temperature this stress decreases,
becoming zero when the line has expanded by the amount ce per
unit length. Upon further expansion by the amount (1 — ¢)e re-

-maining to give a total of e, a stress of reversed sign'? is produced

(initial hot stress)

E
Sy = (1 —¢) E. " SOy, 1 .18}

where £y is Young's modulus at the hot or maximum operating
temperature.

In the absence of vielding or ereep in ecither the cold or hot
condition, the controlling stress thereafter will alternate between
the two limits given by Equations (7] and [8) during successive
eycles of cooling down and heating up.  This is generally true
of moderately stressed lines operating at temperatures at which
the metal is not subject to ereep, and also of lines operating ut
elevated temperatures which have been cold sprung sufficient|v
to keep the initial hot stress below the creep limit.

Where these conditions are not met, initially high stresses,
particularly in the hot condition, will relax with time until they
reach a level which can be maintained indefinitely; this phe-
nomenon is illustrated by the recordings traced in Fig. 3 which
are taken from laboratory tests of a small-seale expansion loop
which was alternately heated to approximately 950 F and allowed
to cool to atmospheric temperature. Tt will be noted that the
controlling hot stress (and therewith slso the hot reaction)
dropped off to a constant level after the first fow eyveles; the line
has sprung itself, whence the designation “self-spring.” 1f the
asymptotic value toward which the hot stress tends be desig-
nated as S, then the ultimate hot stress after adjustment be-
comes

' All expressions are shown as absolute values.
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Fic. 3 Ervect oF REcaxation UPON REACTIONS AND STRESSES

Upon cooling down, each unit length of the line contracts
again by an amount ¢, the stress reverses, and the ultimate cold
stress becomes

8wy~ =K... (10]

The preceding four equations fully circumsenbe the extreme
stress conditions encountered during the service life of a svstem,
whether it be installed with cold spring or not, and whether it be
subject to relaxation or not.

Now, as Stromever (6) pointed out in 1914, and Dennison (45)
re-emphasized more recently, service failures are associated with
eyclie, rather than static-stress application. Fatigue, with cor-
rosion usually an important coatributory factor, must be ac-
cepted as the primary cause of {wilure. Resistance to fatigue is
measured by the so-called endurance limit (fully reversed stress
sunported over an indefinite number of eyeles, in the nullions)
or by the endurance sirength (stress supported over a given
number of cycles), the latter being of more direct significanee to
the present problem, since even in the process industries the num-
ber of major temperature cyeles rarely exceeds six per day,
corresponding to approximately 40,000 over a 20-vr life.  Actu-
ally, the stresses usually are not fully reversed in actual piping
installations, but since the mean stress is indeterminate, particu-
larly where relaxation oecurs, and of subordinaie importance to
the stress range, the latter is taken as the sole eriterion in the
Proposed Rules,  For.simplicity, these set the value of the
“caleulated-stress range” equal to the stress Sg produced by 100
per cent cold spring; that this is a reasonably correct or at
least conservative assumption will be shown in the text that
follows.

For the initial condition (which is maintained throughout
where no adjustment oceurs), the stress range is given by the
summation of the stresses given by Equations [7] and [8]

For the ultimate condition in the case where relaxation does
oceur, it is given by the summation of Equations (9] and [10]

57+ 8, =5+ (1 - i) 8, [12]
A

As one limit, applicable to lines of small temperature change,

set B, = E_ then
S 4+ 8 =8;... (11a]
8+ 8" = 8g. ... |12a]

As a second approximate limit, for hot lines where the relaxa-
tion limit S, is small, set B, = 3/ ,E,; then

P E TTS L  C (18]
3
e kg
874 80 = 85—, 8, .. 12b]

Note that at one limit the stress range equals Sg; 1.e., is constant
and independent of the amount of cold spring, and that at the
other it is lower than S, and affected only to a minor extent by
the values of ¢ and S,

In the following four equations the corresponding reactions
are given as obtained by multiplying the right-hand terms of
Equations [7] to [18] by R 'S¢

R' = eR..... ... oooveininn. (13]
E,

R =(1—e¢)2R. o
vea—agR (14]

B w29 (15
A rd ]

E, 8 ;

’ - o _f »_’ Y .

R, (l 1 Ss) R (6]

Detailed diseussion of the relaxation limit 8, has been deferred
to this point beeause, under the Proposed Rules, 1t is considered
to affect only the computation of reactions.  With the establish-
ment of the approximate stress range Sg a8 the primary enterion
of the flexibility of the piping svs<tem proper, individual stresses
at anv one time during the temperature evele have come to be
ignored.  In the ease of the reactions, on the other hand, the
extreme values in the hot and cold conditions are taken to eontral
direetly; the reason 13 that strain-sensitive equipment, such as
pamps or turbines, can be seriously damaged by a single overload,
even though this may be promptly relaxed as a result of yielding
or ereep somew here in the sy stem,

The relaxation limit S, can be detined as the asymptotic value
toward which the stress in a prestressed structure with a fived
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distance between ita terminals tends as the material flows as a
result of yielding or ereep. [t is not possible to assign an aceurate
value to thi= property, at least under bending (the predominant
type of luading mtroduced by thermal expansion) where higher
stresses are necessary to produce flow than under tension (the
type of loading for which most of the yield and creep data have
been developed). Ilowever, it appears eonservative for the pros
ent purposes to =t 1ts value equal to the lesser of the tensile
yield strength ant 160 per cent of the stress producing 0 01 per
cent creep in 1000 hr at the given temperature; this corresponds
to 8, = 1.6 3, where S, is the allowable S-value at aperating
metal temperature.  The selection of S-values in the Power
Piping Section'? is based on the rule given under Table P-7 of
Section I of the ASME Boiler Construction Code, which states
that the S-value equals the lesser of 25 per cent of the tensile
strength, 62'/; per cent of the yield strength, 100 per cent of the
stress producing 0.01 per cent creep in 1000 hr, and 60 per cent
of the average or 80 per cent of the minimum stress producing
rupture in 100,000 hr.

Actually, the Proposed Rules rest on a much more conservative
basis; in effect, they assume S, = S, In addition, they eredit
only two thirds of the designed cold spring in the computation
of the initial hot reaction, while requiring the use of the full
amount of the cold spring in computing the corresponding eold
reaction. The ultimate hot reaction is, of course, ignored, since
it is never greater than the imtial hot reaction. This leads to the
following equations:

1 Extreme hot reacuion, paralleling Equation [14]
2 El -
R.-(l —--3(:) E. . sis “.a,

2 Extreme cold reaction, greater of values given by Equations
[13] and [16] after substituting S, = §,, with the further proviso

N il
- i z

Fic. 4 Reration oF Reactions CosrrTen ay PRoPosED Rures
™ TrEoseETICAL REvcTIONS

that (S,/Sg)(E. E,) not be taken greater than unity (reaction
otherwise would obtain <ume sign as B, which alwavs is higher)

R.-cRor(l—E' 3?‘-)11 o 18]

Fig. 4 gives a qualitative compari<on of the ractions computed
by the Proposed Rules (heavy solid lines) and the corresponding
theoreticul vulues; the dush lines indicate the magnitude of the
reactions in the sheenee of relixation, while the dash-dot lines
illustrate the moditication of the latter us a result of relaxation.

' The author would prefer basing the “xpansion stresses for all
services on the S-values in this section.
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ALLOWABLE STREss RanGE

It has been suggested carlicr that S, = 1.6 S, represents
conservative estimate of the stress at which flow starts under
bending moment at elevated temperature. By the same tuken,
S, = 1.6 §,, where 8, is the S-value at the minimum or (usuailyv)
installation temperature, might be taken to express a suital,i.
condition for low at the minimum temperature. The sum of
these two limiting stresses, or

See = 16(S,+8) .......... s 11

then could be considered the maximum stress range See to whii,
a system could be subjected without producing flow at either
limit.

In the Proposed Rules, the allowable range of the expansion
stresses by themselves has heen established tentatively as fol-
lows

S, = f(1.258, + 0508). .. ....... (20]

Herein f is a stress-range reduction factor for eyelic conditiona,
varying from f = 1 for N < 7000 evcles, to f = 0.5 for N > 250.(x%)
cyeles, as shown in Fig. 5. The variation roughly follows the luw

24 cycles per coy
I'!:rzomrh'o

|

i

w

A

i

Stress Reduction Factor
~N t{l

A

' fotal number
of cycles

S 10* 2 5 i0* 2 5

F16. 5 Prot or StrRess-Renverron Facror CONTAINED IN
Proroseo RuLes

w\

which parallels the correlation of fatigue-test data on piping com-
ponents suggested by the author (87) in 1946: see also Equation
{4]. The motive for selecting 7000 cveles as the starting point for
the application of the fuctor § was to free the ealeulation of every-
day systems from this added complication: T000 eveles roughly
conform to a cvele per day over a period of 20 vears, which is
more than most systems are subjected to.

To obtain the muximum combined-stress range, the allowance
Spw = 0.75 Sy sct aside in the Proposed Rules for pressure and
weight stresses has to be added to the allowable expansion-
stress range given by Fquation [20]; this is done here on the
assumption that f is unity, which covers the usual range of
eonditions

S‘ + Spw = |.25 (S. + ‘\'Q) . l:‘-‘

By compurison with Fquation [19], it will be noted that the
Proposed Rules as written utifize gt most 78 per cent of the
avatlable stress range Sy dedueed in the opening paragraph of
this seetion;  however, seleetion of a proper value for the
factor on the right <ide of the equation is open for diseussion and
Feview |

An estimate of the average safety factor agdnst rupture inher-
ent in the Proposed Rules in the range between 7000 and 230,060
eyeles is derived in Tuble 1 from the limited experimental duta
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TABLE 1 ESTIMATLE OF SAFETY FACTOR FOR A LIFE OF 7000 CYCLES

Material

Grade

Constant test temgperature
Teata conducted by

Factor C in formula SN = ¢

Average stress rangs Ny' o= 20 TONET 1o produce

fadure under reversed hending in 7GR ey cles
Bection of Code fur i'ressure 'ijung

Allowable stress Ne = Sy psi st gven tewperature

under given section of Code for Pressuee iping

Allowabie striss range Sq + Spw = L25 (S + Sa)

pst per Proposed HRules®
Safety fuctor in teri of stress = 84" /i8N + NP8
Safety factor in terms of lifc = [Sa7 /(84 + apwa?

® See Equation [20).

svailable. In terms of stress, the sufety fuctor is found to be of
the order of 2; in terms of evclic life, it is of the order of 30
The very least safcty factor available, considering the 25 per
cent spread encountered between individual test data, nught be
estimated as 1.25 in terms of stress and 3 in terms of life.  This
emphasizes the need for making 4 conservative estimate of the
aumber of cycles of major temperature change a system is likely
to undergo.

Tn the range below 7000 cycles, the safety factor provided in
the Proposed Rules increases.  For example, for one evele per
week over 20 vears, or a total of approximately 1000 eveles, the
safety factor in terms of stress would increase by roughly 50 per
cent. The minimum safety factor probably would be cluse to 2,
which would be more than ample, provided the actual stresses
are evaluated properiv.

As far as the zone from 230,000 eveles upward is conecerned, no
estimate of the safety factor will be ventured, since the propor-
tionality between the moment supported by pipe and fittings will
be progressively lost. Fortunatelv, this zone has little practical
significance with regard to expansion problems. '

A note of caution is ‘n order. The provisions of the Proposed
Rules do not tuke into account corrosion which would lower the
endurance strength an unpredictable amount.

ArvowasLE REacTiONS

The degree of flexibility required in a piping system is oiten
controlled by the forees and @ ~ments the connected equipment
ean sustain without beeoming inoperitive or requiring excessive
maintenance. Most frequently, the problem of setting allowuble
reactions arises in connection with equipment contaimng moving
parts such as pumps or turbines, but it sometimes also requires
consideration for other strain-sensitive cquipment, sueh ax Lirge-
diameter, thin-wall pressure vessels or exchanger shells with
removable tube bundles fitting with close clearances.

With good logie, piping-stress analvsts expeet to be able to
turn to equipment manufaeturers for guidanee in this matter on
the premise that the latter should be in a position to advise
what provisious have been made for alworbing piping reactions in
the design of individual parts of their units and the completed
assembly. The attitude often encountered in the past, that pip-
ing strains are nodicect concern of the equipment designer, i fast
disappearing, and it is beeoming more and more recognized that
lines connecting pumips or turbines or similar equipment would
present no more of a problem than other lines, but for the fact
that the piping has to absorh not only the expansion of the line.
but also to protect the equipment from the vifeets of its own ex-
pansion. [f this were not the ease the piping engincer conbd
very simpiy discharge his task by ngndly anchornng bis line adja-
eent to the equipiment.

Unfortunately, only a few of the mujor manufacturers publish

14 The rules are not intended to cover transmitted vibrations or
pressure pulsations.

Carbon steel Stainleas steel
Grade I Type 2 Fype 347
Room Koo 1050 1
Author s Author's UCo.  Stewart ard
company (87)  (unpnbicbhed) Schreeits (116)
245 81 181500
K400 G660 #2470
Power Ol (T Oul or
pane  piping pipiog power
13000 20000 18750 13100
STI00 50000 46875 32750
222 1 67 .04 i v
4 13 3% 25

allowable thrusts zad moments for their standard units (106,
115) or are prepared to advise whether the reactions computed
by their customers fur a specific installation can be tolerated.
In general, even they are inclined to understate the capacity of
their equipment, primarily beeause of a fear of discrepancies be-
tween the results of caleulations based on simphiyving assumptions
and the reactions imposed upon the unit in actual service. It
would appear that a change in policy toward permitting more
liberal allowances would be contingent upon the following de-
velopments:

1 More general adoption of assumptions and methods of
analysis of proved accuracy or conservatism; to foster this is
one of the purposes of the Proposed Rules.

2 Improved understanding of the necessity of realizing the
assumed design conditions in the actual installation. This im-
plies proper specification and supervision of cold spring; also, a
elear realization of the fact that ealeulations based on the as-
sumption of a weightless system and frictionless supports can
grossly underestimate reactions caused by thermal expansion
where these are small in relation to the weight of piping sup-
ported.

3 Publication of information on the order of magnitude of the
various components of piping reactions expected to be produced
in well-designed piping syciems leading to und from straine
sensitive pieces of equipment. ™

Until better information beeomes available, piping designers
wiil be forced to continue to resort to rules of thumb to guide them
in preparing their layouts. Some of these are given in the form
of blanket limits upon thrusts: as an example, Baggerud and
Jernstrom (51) suggested 3000 1b as an upper linit for ships’
turbines. Others provide linits for both the resulting thrust and
the resulting moment, the moment in foot-pounds often being
taken equal to the thrust in pounds. Otlers consider the com-
punents of the reactions soparately for different directions. higher
limits usually being assigned to downward lowds than to Eateral
thrusts, Al of the rules cited seemingly disregard the size of the
unit, although they are actually intended to apply to conditiong
customarily encountered in specfie fields of engineering,

To tike care of the size effeet, some rules qre given in terms of
pounds thrust per diamcter ineh or peripheral inch of the nossie.
Paul (79, for example, suggests 100 ib per peripheral inch of
turbine nozzle as a reasonable thrust,  Another rule of this
charneter, which hoax been [munw‘d by Waolosowiek (102), relates
the thrust to the sum of the nominal dinweters of the suenon and
discharge piping awd at the same time differentiates with respect
to the anchorage of the unit,  Rules expressed in terms of Kilowatt
rating or cquipment weight attempt to accomplish the same
purpose,

15 The tabulation of average reactions against pumps on p. 453 of
the paper by D, B, Ros<hivim and the anthor (35) s indieative of the
type of information desired.



Finally, there are a number of advocates of expressing the
limitation in terms of the piping stress at the terminal.  For
example, Hoath (90) suggests a nominal bending stress of 9000
pei (with no eredit for cold spring) as a satisfactory design hasis;
other experienced stress analysts have established individual
limts depending upon the type of cquipment connected.

The foregoing reeital of different approaches has been given
with the thought of stimulating discussion by those who are more
familiar with the subject than the author ean clsim to be. It is
hia thought that reasonably conservative empirical rules of some
form will always be necessary as a first general guide to a piping
designer; if the reactions obtained thercfrom should be exceeded
in a specific lavout of visually adequate proportions, consulta-
tion with the manufacturer is advised, at least in the rase of im-

portant uniis.

WaaT 81 rems REQUIRE AvaLysis

The foregoing review of the theoretical considerations and ex-
perimental data underiying the Proposed Rules inescapably
leads to the conclusion that, even after considerable simplifica-
tion and idealization with resuitant loss in accuracy, the fexi-
bility anaiysis of any but the simplest piping system presents a
formidable task, and that accordingly it would be unreasonable
to demand that each line be analyzed by the most precise ap-
proach available. Approximations must be permitted, provided
their effect can be at least roughly evaluated snd compensated
for. This is not enough; in many instances, perhaps in the
majority of cases, appraisal of the tlexibility by visual inspeetion
or comparison with similar layouts with satisfactory service
performance must be accepted in lieu of a mathematical analysis
or tests,

The group formulating the Proposed Rules has attempted to
reflect this point of view in the following general clauses contained
in paragraphs 620(a) and 620(b):

1 Formal calculstions or model tests shall be required only
where reasonable doubt exists as to the adequate Hexibility of a
system.

2 Each problem shall be analvzed by a method appropriate
to the conditions.

3 Where simplifying assumptions are used in ealeulations or
model tests, the likelibood of attendant underestimates of forces,
moments, and stresses shall be taken into aceount.

These clauses admittedly are vague and offer no concrete guid-
ance toward arniving at a decision whether analysis is necessary

in any specific case, what degree of approximation will be acerpta.
ble, and how it 13 to be compensated for; furthermore, they 4o
not indieate whose judgment in this matter is to be aceepted, t),.
engincer’s, the customer’s, or the inspection authority's. Ty,
furmulating group devoted earnest consideration to these (i«
tions, but came to the conclusion thut the variables involve.]
flexibility analyvsis are too numerous, and their individual 1, .
too unpredictable, to permit the establishment of & simple <1 (¢
explicit rules, observance of which would assure protecting 1.,
life, health, and investment without imposing an impossible bir.
den of work on piping enginecrs.
Variables fall into three major classifications:

1 Material and temperature-dependent physical propertic«

2 Cross-sectional properties.

3 Shape factors, i.e., properties associated with the din .
sions and configuration of the line axis.

In the first group the expansion coefficicnt and the elasticity
modulus assume primary importance 83 measures, respeetivi i,
of the amount of strain introduced into the system and the ol
resistance opposed by the material.  Yield and creep strengil,
reflect modifying influcnces of plastic flow upon the resist:un .
and at the same time provide important vardsticks for the -
termination of the allowable stress range, which is further condi-
tioned on the endurance strength of the material,

Among the cross-sectional properties, the moment of inertiy
and section modulus of the pipe similarly provide measures of ti
forces and moments generated and the resistance of the pipw
thereto; the influence of the latter is modified by any stro«s
intensifications present.

While the foregoing properties enter piping-flexibility caleul-
tions more or less directiv as factors, the dimensions and contizu-
ration of the line axis and the shape of its components (as refloetod
in their flexibility factors) exert a much more complex effect on
the forces and moments, and therewith the stresses.

It will be apparent from the foregoing that any rule or formula
intended to provide a demareation line between flexible anid
stiff, or understressed and overstressed layouts must contin
factors representative of the material, the temperature, and the
line size, length, und shape. The first three major variables cun
be taken care of readily, but attempts at reducing the effects of
line length and configuration to a simple snd reasonably accurite
shape factor meet with almost insuperable difficulties.

The most promising approach toward a first approximation
i3 to express this factor in terms of the ratio of the developed
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line length L, to the distance U between anchors. What ean be
accomphshed by this approach is shown in Fig. 6 which was
developed frome o study published by the wuthor in one of his
company's bullctine (105)."% Tlus 1= bused on square-cornes
assumptions ard embraces almost all conecivable proportions
of single-plane vonhigurations of the L, Z-, Us, and expansion
U-typrs. The absctssas are ratios I., l'.‘ the ordmates rewd the
ratio f of the contrulling stress in a berd of any of the shapes 10«
westigated to that in a square Lbend of cgual anchor distanee,
pipe size and matenal, amd tempersture change. It will be noted
that
fo —t—— 123]

2 (LJU —1)®
roughly describes the upper bouudary of the entire fanuly of
curves except that applyving to uncommon proportions of a
U-bend with unvqual legs, for which it may produee a gross under-
estimate of the stresses.  As a rule, however, the stresses will be
overestimated. For example, a stress ratio of the order of 6 is
obtained for the square L-bend (L7 = + 2), whereas by defi-
pition this should be umty. Obviously, the eriterion is too in-
sensitive to prodict even the results of a square-corner solution
with any degree of reliability.  Sines the latter itsell often pro-
vides no more than a erude first approximation. it becomes evi-
dent that a formula of this simple character will not serve to pro-
vide a reliable meuans of distinguishing systems which must be
caleulated from those for which culeulation can be waived.

This same eriticism applies to the formula given in the alternate
version of parsgraph 820(c) of the Propesed Rules'” which
aseigns a definite limiting value to the stress ratio f

U 1

T N sy 17 4
00 o7 2 0 — 108 Rl

where U and L, respectively, again designate anchor distance
and developed line length (ft), and D and ¥ are the nominal pipe
gize and the resultant of the restrained thermal expansion and
net linear terminal displacements (in.). The left-hand term in
this case also contains approximations; specifically, it assumes a
constant relationship between the allowable stress range and the
modulus of clasticity,

Assuming that it would be possible to establish a criterion
enabling the piping designer to elimmnate amply flexible systems
from consideration, the next problem is that of distinguishing
the remaining svstems with respect to the aceuraey required in
their caleulation. Systems carrving flammable, noxious, or other-
wise dangerous flunds, or failure of which would entail a major
financial loss, obviously are more in need of precise analysis than
those where a break is merely inconvement and readily repaired.
Ia the latter instances the applicaiion of approximuate methods
would appear economically justificd from a standpoint of time
saving; the use of approximations also may be necessary for more
eritical piping svstems involving branch lines or intermediate
restruunts.

Wherever approximate methods are used, the question immnies
diately arises how to compensate for the attendant error. Agun,
po simple rule can be advanced. The onlv adviee which can be
offersd is to compare tie results obtained by the approximate
method it 1+ pl’up‘m'nl to use, with those of precise ealeulations
for a suthcient number of cuses covering the extreme conditions
it is expected to encounter, and to Jderive correction factors theres
from. Ia some methods, such as those published by the author’s
company (103, such a check has aiready been made by the
proponent of the method.

¥ See “Study of Shape Factor."
¥ Transcribed in Appendix 2.

CoxcrLusioN

The Proposed Rules present an atteapt by some of the coun-
try's lewding piping engineers gathered as o task furee eperating
under Sectionad Comnuttee ASA B311 to reduce the complex
problem of providing adequate flexability in o piping system to o
few simple guide lines reflecting the larest advances in theoretieal
understanding and asceumulated practical experience. It has
been the author's assignnent to assemble the factual evidence
underlving this docunment and explan cortiin coneepts, such ns
stress-intenstheation factor, stress range, seif-spring, which have
been inherent in past formulaticns of the chapter on “Expansion
and Flexibality,” but are more openly referred to in the new
draft.

On reviewing the evidence, numerous gaps in our knowledge
of the magnitude of eertaun properties enterning into the problem
have become apparent.  On the other hand, not all the present
knowledge available on certain phases could be utihzed in fram-
ing the Code Rules because of the need for keeping them simple.
This has necessitated a weighing of the signiticanee of the various
fuctors and their effect on the over-all accuracy of the prediction
of reactions and stresses,

While the Proposed Rules represent the group's best effort,
the interpretation of the facts given theremn is not necessarily the
only one possible. Publication of the thought processes leading
to their adoption is intended to provoke discussion by engineers
at lurge, to uncover additional data not avalable to the group,
and ultimately to lead to an improved formulation, particulariy
with regard to the clauses intended to promote uniformity of
practice and intelligent enforcement.
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{(Nore: The provisions of this chapter are not applicable to
gas, air, and oil ecrosscountry transmission (underground)
piping.)

617 Preamble. (a) Piping systems are subject to a diversity of
loadings ereating stresses of dilferent ty pes and patterns, of which
only the following more sgnificant ones need generally be con-
sidered i piping stress analysis:

1 Pressure, internal or external.

2 Weight of pipe, fittiugs and valves, contained fluid and
insulation

2 Thermal expransion of the hine
The first two loadings produce sustained stresses which are evalu-
ated by conventional methods. The stresses due to thermal ex-
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pansion, on the other hand, it of sufficient initial magmitude will
be relaxed as a result of local fow in the form of yielding or in
the form of creep. The stress reduction which has taken pince
will appear a3 a strees of reveorsd ~1&n in the cold condition.
This phenomenon is designated as self-springing of the line and is
similar in ¢fect to cold fpringing. The amount of such self-spring.
ing will depend on the magnitude of the initial hot stress wnd the
tempersture, Accordingly, while the hot stress tends to dimimish
with time, the sum of the hot and eold stresses during any one
eycle will remain substantiJiv constant.  This sum is referred to
88 the stress range. The fact that the stress range is he deter.
mining fuctor leads to the selection of an allowable eombined
stress (range) in terms of the sum of the hot and cold S-values.

(8) The beneficial effect of ndicious eold Springing in assisting
the system to attain its most { averable condition sooner is recog-
nized. Inusmuch as the life of a system under eyelic condition
depends primarily on the stress range rather than the stress level
at any one time, no credit for cold Spring is warranted with regard
to stresses. In caleulating end thrusts and moments acting on
equipment containing moving or removable parts with close
clearances, the actual reactions at any one time rather than their
range are significant and eredit accordizgly is allowed for cold
spring in the caleulations of thrusta and moments,

618 Materiais. (a) This chapter applies to all classes of ma-
terials permitted by the Code

(8) The thermal expansion range e shall be determined from
Table-'* a3 the difference between the unit expansion shown for
the maximum normal-operating metal temperature and that for
the minimum normal operating metal temperature (for hot lines,
this may usually be taken as the erection temperature). For
materials not included in this table, reference shall be made to
suthoritative source data, such a3 publications of the National
Bureau of Standards,

(¢) The cold and hot moduli of elasticity, E, and E\, respec.
tively, shall be taken from Table - 43 the values shown for the
minimum and maximum normal-operating metal temperatures,
respectively. For materials not included in this table, reference
shall be made to authoritative source data, such as publications
of the National Bureay of Standarda,

(d) Poisson’s ratio may be tiken a8 0.3 for all ferrous mate-
rials at all temperatures. (Elsewhere in the Code there will ba
found tables of values of Poisson’s ratio for varions materials
which tables are given for general information.)

(e) The S-values, S, and 3, at the mivimum and maximum
operating metal temperatuyres, respectively, to be used for de-
termining the allowable expansion-stress range S, shall be tuken
for the type of piping system involved from the applicable tables
in the respective sections of the Code In the case of welded pipe,
the longitudinal-joint efliciency mav be disregarded.

819 General. (a) Piping svstems shall be designed to have
sufficient fexibility prevent thermal expansion from causing
1—failure from overstress of the piping materiul or anchors, 2—
leakage at juints, or 3—detrimental distortion of connected
equipment resulting from excessive thrusts and moments,

(b) Flesibility shall be provided by changes of direction in the
piping thr ugh the use of bends, loops, and off-sets: or provision
shall be made to absorh thermal straing by expansion joints of
the slip joint or bellows typea'® If Jesirable, fexibility may he
provided by creasing or corrugating portions or all of the e,

(¢) To order to modif ¥ the effect of expansion and contraction,

W Tables of thess propertics will e provydod upon afontion of those
sules. [u the meantine, data pmblishod in Fiping Handbowoks or
eatalogs may be used.

® In this case, snchors OF tioa of sy e sreagth and rigidity shall
be installed to provide for end forces due to Huid presstire and other
causes,

a2

runs of pipe may be eold sprung.  Cold spring may be taken int,
Account in the calculstion of the reactions 48 shown in paragrapl,
621(4) provided an effective method of obtaining the dewgneg
cold spring is specitied and used,

620 Basic Assumptions and Requirements, {a) Formal ralenls.
tions or maodel tests shall he required anly where reasonahie doyhy
CXIStE as to the adequate flexibility of a system. Each probjin,
shall be analyzed by & method Appropriate to the conditinna.

(b) Standard Assumptions and requirements are Riven iy
paragraphs (d) o (g). Where simplifying assumptions are Tsin
in ealeulations or modol tests, the like'ihood of attendunt under.
estimates of forces, moments, and stresses shall be taken into
account,

() In caleulating the flexibility of a Piping system betw. g
anchor points, the system shall be treated as g whole, The
significance of al] parts of the line and of all restraints such g
solid hangers or guides, shall be considered,

(d) Caleulations shall take into account stress-intensification
factors found to exist in components other than plain strighy
Pipe.  Credit may be tsken for the extra flexibility of ~uch
components. In the absence of more direetly applicable dat. the
flexibility factors and stress-intensification factors shown 1n
Chart I may be used

(e) Dimensional properties of pipe and fittings as used in
flexibility caleulations, shall be based on nominal dimensins

(/) The total expansion range from the minimum to the
maximum normal-operating temperature shall be used ia all
caleulations, whether piping is cold sprung or not. Not only the
expansion of the line itself, but also linear and angular movements
of the equipment to which it is attached, shall be considernd

(9) Flexibility calculations shall be based on the modulus of
elasticity E, at room temperature,

621 Stresses and Reactions. (@) Using the above assumptions,
the stresses and reactions due to expansion shail be investigated
at all significant points.

(6) The expansion stresses shall be combined in accordance
with the following formula

Se = V8 + 43
where

Sy =i My/Z = resultant bending stress, psi
S, = M,/2Z = torsional stress, psi
M, = resultant bending moment, b /in.
M, = torsional moment, Ib/in.

Z = section modulus of pipe, in.?

T = stress-intensification factor

(¢) The maximum computed expansion stress, Sp. shall not
exceed the allowable streas, Sy, where

Se=f(1258, + 058,

subjeet to the limitations of paragraph 622(h)
where
S, = allowable stress (S-value) in the eold condition
S, = allowable stress (S-value) in the hot condition
S, and S, are to be taken from tables in the applicable sections
of the Code,
S = stress-range reduction factor for cvelic conditions to be
applied; in the shsence of more applicable data the
values of f shall be taken from the following tabie:

Total no. of full Stress-reduction
temp cyoles over factor
expected life E
TO00 and ll"‘! B
13000 . PR 09
2200n) 08
500 07
100000 08
250000 and over. ... 0s
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(d) The reactions {forces and moments) Ry and K. in the hot
and cold conditions, respectively, shall be obtuned as follows
from the reactions R derived from the flexibulity caleulations

2 \E,
R. -(l—it)E‘R

R, = cR

S8, E
= {1l——== fIR
R ( Se Es)
whichever is greater, and with the further conditions that

(Sy/SE. E) 1slvsathan 1,
where

¢ = cold spring factor varying {rom zern for no cold spring to
one for 100 per cent cold spring

S = maximum computed expansion stress
E, = modulus of clasticity in the cold condition
E, = modulus of elasticity in the hot condition
R = range of reactions correspondiag to the full ~ypansion

range based on E_

R, and R, repre<ent the maximum reictions estimated to oceur
in the cold and hot conditions. respectively,

(¢) The reactions so computed shall not exeeed limits which
the attached equipnwnt ean safely sustain.

622 Supports. (a) Pipe supports and restraints not expressly
considered in flexibility caleulations <hiall be designed to minimize
interference with the thermal expansion ot the line.

(b) The design und <pacing of supports shull be checked to
assure that the sum of the longitudinal stresses due to weight and
pressure does not exeved S, Where this sum exceeds */, S, but
does not exceed 8, the amount in excess of ¥y S, shall be sub-
tracted from S .
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620 Basie Aesumptions and Roquirements. (a) Formal analysis
or model tests shall be required for pipe lines whach simultaneousiy
satisfy the {ollowing conditions:

Maximutn normal operating metal temperature over 800 F,

Nominal pipe diameter over 6 in,

Rated service pressure over 13 psi,

The method of investigation shall be appropriately selected to
coniorm with the condition of the problem ander examination,

{8) The requirements for analvsis shall be considered satistied
for duplicate units of suceessfully operating installations or for
replacements of piping svstems with a record of satisfactory
service,

() [tis recognized that for operating conditions not satisfving
concurrently the provisions of paragraph (a), an analysis for ewch
piping svstem is cconomieally impraerical.  An analysis s, theres
fore, mand.tory only if the following approsimate eriterion i not
satisfied

————D)' S
UNR — 103)"

<003

The constants 105 and 003, 14 we'l a3 the saponent of 37,
represent only approsimate values, wioch will be subyeet to fur-
ther investigation and correction as needed.

In the foregmng equation

D = nominal pipe size, in

} = resultant of restrained thermal expansion and pet linear
terminal displacements, in.

U' = anchor distance (length of straight line juining anchors),
ft.

R = ratio of developed pipe length to anchor distanee, dimen-
sionless,

() Standurd assumptions and requirements are given in para-
graphs (f) to (1).

(¢) In ecalculating the flexinility of a piping system between
anchor points, the system shall be treated as 4 whole, The signifi-
cance of all parts of the line and of all restraints such as solid
hangers or guides, shall be considered.

(f) For caleulations made in conformity with paragraph (a),
stress-intensitication and tlexibnlity factors may be omitted if the
piping 8y stem is not subject to more than 2000 stress eyveles during
its expected life.  For lines subject to more than 2000 stress
cycies, caleulations shudi take into account stress-intensification
factors found to exist in components other than plain straight
pipe. Credit may be tiken for the extra teability of such
components.  In the absence ai more directly applicable data, the
flexibility factors and stress-intensification factors shown in
Chart [ may be used,

() For thermal-expansion analysis, dimensional properties of
pipe and fittings shall be based on nominal dinensions.

(h) The total expansion range from the nunnm to the maxi-
mum normal operating temiperature shall be used in all caleula-
tions, whether piping i= cold sprung or not.  Not only the expan-
sion of the line itself, but al=o hinear and angular movements of
the cquipment to which it is attached, shall be considered.

(1) Flexibility ecaleulations shall be based on the medulus of
elast.oity E, at room temporature,

621 Stresses and Reactions. (¢) The masimum combined pres-
sure and expansion stress shall not exceed 0.75 times the rated
ultimate tensile strength of the annealed material at room tem-
perature. The maximum eomputed expansion stress Sp shall not
exceed the following allowable value

S, =7(1258, +0258)
where

S, = allowable stress (S-vilue) in the cold condition
S, = allowable stress (S-vilue) in the hot condition
(S, and S, are to be tuken from the tables in the applicable
sections of the Code.)
f = stress-reduetion factor to be apphied for evelic service;
in the absence of more applicable data the values of f
shall be taken from the following tble:

Total no. of full Stress-reduetion

temp cycles over {actor,
expected hife
TOO0 and less ., .. 18
1 R N 09
SRIIREL £ 3 5 vixr et Bn v % AR ey R A 03
45000} 07
100060 ., 06
250000 and over 05

If the sum of lonmtadind pressure amd woight stresses is loss
than S,, the dilference bitweon S and the sum of these stresses
may be added to N

622 Supnorts. 10 The deign and spacing of supports shall be
cheeked to assure that the sum of the longitudinal stresses due
wr Wy xghl

il pressure dowes not oxeesd S The analysis for

presanre stresses shall be besed on the eroded dinensions of the
pipe.
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Appendix 3

Frexisiaty Facrors ror Creven Pire

In the following, the three successive approximations of von
Kérmén's flexibility factor are shown both in the form in wiach
they are usually found in literature (117) and in a reformulation
by the author which makes them easier to compare

12A* + 10

105 + 4136k + 48004
3 + 536A* + 48004

9 + 0.255000 h*
12t 4 1.3400 + 0.007500, h*
b o B2+ TAOIN + 2446.176A" + 28224004
i) AR —
3 + 3280A° + 320376k + 2822.100A*
9 + 0.300306 A* + 000105867 /h*

12h + 1.4004 + 0013046 A* + 0.00001276, A*

ky =

-1+

-1+

In discussing Shipman's paper (17), Jenks gave the following
formulation as reflecting the nth approximation of the von
Kérmdn flexibility constant

12A* 4+ 10 —j 9

ko = |
T T p— tm 11—

where j is a complex function of A which has the following values:

A 0005 01 0z 03 04 0.5 075 1.00
3 1 0.7625 0. 5684 0.3074 0 1764 0 1107 0 07488 0.03528 0.02026

The flexibility factors obtained from the preceding four formu-
las are compared with those obtained from Equation (2]
1.65
kg = —,
8 . &1

for four values of h covering the normal useful range. It will be
observed that this simple approximation gives values closely com-
paring with the more precise of the other formulations:

Flexibility » aracteristic A = 005 01 05 1
von Kirman first approimation. &y = 974 904 325 1869
von KArwan second approximation, ks = 26 4 186 329 1464
von Kérman third approvimation,. ky = 34 0 173 329 169
Jenks nth approvination, kn = 336 173 3.29 149
Approximation based on Besain, kg = 330 183 330 1.65
- -
Discussion

Joun E. Brock.® This is one of the most important papers
which has ever been written on the subjeet of piping.  The entite
industry is indebted to the members of the Task Foree and of the
working group for the study and inventive effort that is repre-
sented by the Muay 4, 1953, Report, and the present paper govs
beyond this in presenting not only the resuits but also the
rationale, Further, it should be remarked that the manner of
presenting not only this paper but also the Tisk Foree Report is
in keeping with the excellent tradition established in connec-
tion with the development of the ASMIL Boiler and Pressure
Vessel Code and carried on in the ASME-sponsored American
Standurd Code for Pressure Piping—a tradition of ordeily de-
velopment incorporating contributions by as many inten <ted

® Director of Research, Midwest Piping Company, St. Lows, Mo,
Mem, ASME.

persons as possible, with full and sympathetic study being given
to all minority viewpoints, and with active solicitation of all kindds
of eriticism. A special word of praise is due to the author of this
paper, for although the Task Force Report represents a joint
eifort, it is evident that at least in the proparstion of this excel-
lent paper, the author has gone far bevond the eall of duty.

The writer's further comments will be given under the headings
of the section titles to which they pertain,

Fleribility Factors and Stress-Intensification Factors. The prac-
tical piping engineer is not in a position to scleet from all the
theoretical and experimental data which have appeared on the
subject of tlexibility fiuctors and stress-intensitication factors in
piping components. The sclection represented by the simplified
Formulas [2] through [6] in the text of the paper and in Chart |
of the Report will be of great copvenience.  While it is not un-
likely that further research in years to come may suggest moditica-
tion of some of these formulas, it may be fairly stated that they
represent as good a sclection as may presently be made and
they are a great improvemcnt over previous formulas in <im-
plicity and convenience. It is particularly striking that, with
proper interpretation of the quantitics involved, Formula (5]
18 valid for so many different piping components, and the author
ie to be thanked for having introduced this formula in his paper,
reference (114).%

The author mentions that the bend-flexibility factor given by
Formula [1] or [2] or other similar formulas was used only for
“in-plane” bending before Vigness (70) showed that it also
should be used for “out-oi-plane” bending. Unfortunately, the
appearance of the Vigness paper was not sutficient to change a
rather firmly established practice. The Tuask Force Report does
not emphasize the applicability of this factor to both tvpes of
bending, and many analvsts continue to ignore the increased
out-of-plane flexibility. In the writer's opinion, the Report
shiould foreibly direet the reader’s attention to this development.

One other remark is in order concerning stress-inteunsification
factors. The second paragraph oi the section headed Stress-
Intensification Factors adequately defines these factors for the
purposes of the paper. However, there are other tvpes of stress-
intensification factors appiying to pipe loadings other than those
of interest in piping-flexibility analysis. For example, the factor

§ o ————
"RW _ QDD:F'
gives the intensification of hoop stress due to internal pressure
which takes place at the throat of a pipe bend or elbow (118).

Primary Analysis. The author's exposition is the first, of
which the writer is aware, that lists the sources of inaccuracy in
analytical evaluations of what he calls “shape factors.” It is
vitally important that these sources of crror be recognized, for
otherwise the analvst and those to whom the analysisis submitted
cannot have a meeting of minds, That is definitely not to say,
however, that the corresponding errors should be eliminated or
outlawed: a good anaivst is on the lookout for approximations
which afford a considerable saving in effort at the expense of but a
small and tolerable loss in aceuracy. However, the approxima-
tion should not be hidden or denied: instead, it should be deline-
ated fully and its effocts on the final results should be evaluated,

Substitution of square corners for curved members is only one
of the manv wavs that an aetual piping configuration may be
“idealized” prelininary to the actual matheinatical or model
analvsis.  Frequently it is justitied to negleet relatively <hight
changes in direetion, small offsets, and so on, in order to simphiy
the contignration actually subjeeted to analvsis; however, the
exrent of such “idealization” should be made elear.

31 Numbers in parentheses refer to the author’s bibliography.
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The “square-corner approximation” whirh is widely used still
bas never been evaluated fully,  Life is <hort andd problems are
difficult so that this ideslization teantie to be used, bat it is
to be hopead that further developments will enable us to make
reliabie vstimates of its effects on ealenlted restlts snd that <till
other developiments will provide a tealy <inipile method of COrreet-
ing a squan—rorner analvsis so a5 to chisim resalts definitely
known to be within tolerabile limits of necuraey,  The writer is
aot particularly hopetul that thew dev: opments will be forth-
eoming in u mtter of just a fow ve s, thongh,

One invhieation of how deceptive this arca may be, may be seen
from the wuthor s statoment thist the square-carner approxia-
tion . leads to an overestingte of reactions. "' This wus an
opinion which the writer shuped until he wis hrought up short hy
& statement of Dr. F. G, Baker: “\ serions objection (to the
square-corncr approximation) has been thet SOUEATC-COFNer errors
are usually on the wrong suie, that is, floxibility g OVOr-est j=
mated."* An attempt to reconcile the difference leadds the writer
to the conclusion that both statements are corrcet—if applicd to
the proper type of configuration. The writer's experienee, amd
presumably also that of the author, have boen mainly with st
tionary installations whereas that of Dr. Baker is with marine
installations, A bend or elbow, as compared to a square corner,
bas two opposing effects on flexibility,

On the one hand, the l\’;inn;m-llm'zanrd-\'igm-ss—noskin. ete.,
flexibiiity fuctor causes the bend to be more flexible than the
corner; on the other hand, the hend or elbow “short-cuts™
the corner and grometrically offers a stiffer path. In stationary
installations, the bend radius is small compared 10 a representa-
tive dimension (sav, the straight-line distance between end
points) that characterizes the ronhizuration, and consequently
the increased flexibility is of greater influence than is the short-
cut effect. On the other hand, marine installations are likely to
be more confined and the bend radius is a larger fraction of the
corresponding representative dimension so that the short-cut
effect predominates,
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Fra.7 Compiarson or SQUaRE-Connr r ApproXMATION AND Ex wer
SoveTon For Equar Les L-Besn

That the squarc-corner approximation ean give values of roae-
tive forees and moments which are sometimes too hich and Somes
times too low mav Lo seen from Fig. 7 of this diseussion, wheen
the simplest possivle case is analy zed—that of an equal log 1~
bend. (In preparing Fig. 7, values wore caleulated only for LR
= 0,1, 4,9 and intinity.) 1If the tangonts are short relitive to
the bend rudius, the short-eut etffect governs and the sSquUATe=
comer approximation urdersstimatos reactions, For longer
e

" Private commumnication, April 29, 1953,
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tangents, however, the increased flexibility of the bend gonver,.
=mi the reactions are overestimated in the SQUAPS-COPNer (i
mation.  OF course the offect depends upon the value of the 1y tisf=
flexibality factor, &,

Another point shonkd be paised eone ring the nature of 1.
approsimations implicit in eertain analvtieal solutions, |y,
strictly two-dimensional cases, there s such a thing as a “‘neuty )
axis' and the resultant force svstem ean be reduced to g i,
force passing through the “elastic rentroid” of the confignrity
and iving along the neutral axis. In svmmetrieal cases thye
neutral axis does indeed parallel the line-conneeting anchaors,
bt as the author i licates, errors result from nEsRIng this assunig-
tion i nonsvmin trical eases.  In eeneral  three-dimen<ion
eases, there is no <uch thing 4 a neutral axis. The resultant foree
system eonsists of three moment components and throe forec vo:
ponents all of whih ¢ian be represented in VAPIOGS Ways, nanu .
as o wreneh, as a motor, as a combination of 4 line vector ani
a froe veetor, and <o on

Only in very special cases does the o rench or motor beeon
singular, reducing to a line veetor of foree with the free-maonient
veetor vanishing, and only in these eases is it possible to speak of
a neutral axis.  Attempts to represent a three-dimension:|
problem i terms of a neutral axis imply doing some violenee
to the fundamental principles of mechanics, Again, this is not
to sav that the attemipts are not wirranti if they suceeed iy
affording a great simplification with but little loss in accurwev,
but it does not appear that the question of how much the ae-
curacy suffers has been explored adequately.

Finallv, some inaceuraey is involved in negleeting secondary
bending terms for hends and elbows.® [y almost all cases the
error is slight and the simplifieation great: however, for tight
configurations involving short-radius thin-wall elbows, the
secondary terms mav beeome of great importance. In fairness
it should be mentioned that no great difficulty is involved in
taking the secondary terms into account in using the Piping
Handbook method of analysis,

Self-Spring and Cold-Svring Effects. The analyses of the Re-
port and of the paper assume that there is a single quantity ¢
which characterizes the «mount of cold spring in the system. In
certain actual designs, however, different degrees of eold spring
are emploved in two or three of the co-ordinate dimensions. It i«
not clear what computational procedure may he implied in such
cases by the rules incorporated in the Report,

The writer invites the author's further comments coneerning
the factor ¥/, which anpears in Formula [17]. The use of this
factor thearetically resuits in an overestimate of the initial hot
reaction and this fact, eoupled with the oxtreme conservatism or
ostrichlike attitude of many manufacturers of rotating or recipro-
cating equipment, masy result in the rejection of some designa
which actually are adoquate, Tt is recognized that the %/, limita-
tion on the amount of eoli spring that can be counted for certain
ecomputational purposes has been s part of the Code for several
years. Daes the Task Foree have particular reason for reaffirming
this attitinle? Does the 2 o limitation retlevt recognition of the
fact that all computations and analyses are but imperfeet wavs
of predicting physieal hehavior, and that no matter how earefully
cold-springing is e Jeulated and performed, actual reactions are
not likele to be reduesd 1o lose than one third theie ecaleulatod
valaes withoaut eold spring? If this is so, the « riter would suggest
that the formula for 2, hecome
ar

P.
Ry = (l —gc) 'E,_ R

¥ Author's reference (75, p. 801,

e
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R, = .F*R
3E,

(whichever is Lurger) so that cold spring in exeess of 100 per cent
might net be employed to reduce the theoretical value of R,
below what 1= reasonuble,

The statement . serviee failures are assoeuited with eyelie,
rather than statie stress apphieation. . appears in support of the
stress-range concept,  One may remark in passing that the service
failures to which referenee is made are clearly those in piping and
connections and not in rotating or reciprocating mechian icad equip-
ment where 4 mal- or nonfunction is more usually the result of
static overload. However, there are practical cases where statie
stress rather thun stress range governs the integrity of the piping
itsell. In very “tight” configurations composed of very thin-wall
piping and componen s, loeal erippling may govern, The phe-
nomenon is one of instability rather than of strength and 1t 1s
recognized that the Code cannot include rules for such exeeptional
cases,

Allowable Stress Range. The writer believes that the stress-
range conerpt is useful and generally valid and is pleased to see
it recognized by the proposed ruies of the Task Force Report.
However, he fecls that there should be leeway for designer and
user, if conditions call for it, to agree upon other criteria appro-
priate to the particular situation involved,

The last paragraph of this section of the paper should not eseape
attention and the Code rules themselves should contain an
admonitory remark concerning the effect of corrosion.

Allowable Reactions. The writer would like to commend the
author’s evaluation of the lack of realism retieeted in the limita-
tions on allowable piping reactions presentiy established by manu-
facturers of the equipment to which the piping attaches and of
the economies which would result from an upward revision of
such limitations. The writer understands that this is a question
under consideration by a group of users of major rotating equip-
ment,

What Systems Require Analysis? It would be most helpful if
the proponents of Formuls (23] would present an evaluation of
the applicability and accuracy of this formula and if others were
to contribute o the subject. Formulas like this constitute, in
effect, greatly simplified methods of analvsis which, if their range
of validity could be assessed, would be verv useiul for ranging
shots and highly approximate analysie, However, the writer
sides with the majority apinion of the Task Foree in not wishing
to raise this or a similar approximate formula to the dignity of a
criterion for mandatory requirement for analvsis,

Conclusion. The writer has subniitted comments on the May
4, 1953, Report direetly to the Task Force (and it should be haped
that all persons having an interest in the problem of piping flexi-
bility will similariv contribute their comments). One point which
was developed in these comments deserves mention here, The
Code should definitely provide for alternate procedures of inter-
pretation in certain exceptional cases where all interested parties
can agree upon an answer hased upon sound encineering principles
even if this implies deviating from a strict and literal appiication
of the Code rules, Otherwise, logal or contract techniealitivs,
enforced by inspwetars powerless to make exeeptions, may require
uneconomical design.

F. M. Kamarck.®™ Referring to the Preamible 617 of the Pro-
posed Rules for Chapter 3. Section 6. of the Code for Pressure
Piping, and also to the fourth and fifth paragraphs under Selt-
Spring and Cold-Spring Effeets of the present paper, dealing
with the relaxation of the first hot cyele of a piping svetem, the
following comments are offered :

——

“3;!‘ Engineer, Birns and Roe, Inc.. New York. N. Y.

R D —

The first stress evele indieates that the stress exceeded the
elastic limit in one or more areas and mast have produeed loeal-
ized deformation that later showed up as self-spring and stress
when the line was allowed to become colid. This overstress is not
desarable and neither is the change of grun structure that will
take place in these deformed areas,  This changed grain struetare
will have a higher ereen eate from the rest of the pipe where the
graan stracture was not radically altensd by overstress 5% Iy
other words, any piping svstem that shows a rapid relasation
(other than the normal creep characteristic for the designed
stress) has been weakened i some nrea or areas and its streagth
is no longer certain.  This, the writer submiits, is not a good
approach to the design of high-temperature piping.

The writer behieves that it has been fairly well established that
this localized deformation does not take place in the cantilever
portions of the piping system (exeept possibly for a very small
distance adjacent to bends and elbows when these contain over-
stress), and that this relaxing deformation oceurs in the bends
and elbows of the piping system with the present approach to
design,

For most load-resisting members any permanent deformation
or set that accompanies stresses below the yield point of the
material does not damage the members seriously. It is the per-
manent deformation that occurs st the yicld point that is dan-
gerous.

The problem should be tackled at its souree, bends, and elbows,
and something should be done at these points. The writer also
believes it to be incurrect for the proposed Code section to accept
loeal overstress in any part of a piping system. Reinforcement
would be added in any other place where it was known that high
local stross was present.  Why not at bends and elbows? It
appears that the stress-intensification factor for bends and elbows
requires serious re-cvaluation and revision upward,

It is fuit that the proposed Code section should riquire higher
schedule thickness for bends and elbows (also possibly tees) than
the required pipe thickness so as to eliminate or minimize local
deformation eaused by exceeding the elastie limit,

Such a requirement also will aid the more economical design of
piping svstems. At present too high a priee is being paid for the
false Hexibility of bends and elbows by a stress-intensification
factor that not only caneels out any apparent gain but causes an
overdesign of the whole piping system in order to prevent the
stress-intensification factor from earrving the stress in the elbows
over the allowable stress limit. Thickening the elbows will tend
to eliminate what is generaliy a minor source of flexibility of the
piping svstem, but will bring the stress characteristie into line
with the rest of the piping design.  Relaxation, if it should oceur,
should be through slow ereep and uniformly relative through the
various stressed portions of the piping svstem,

H. C. E. Mever.® To the author should go the thanks of the
Society and industry in general for his most excellent paper,

Many vears ago the writer discovered that when he became
involved in the subject of stresses in piping as the result of thermal
expansion he was entering a labvrinth from which he has not been
able to extricate himsell to this day

That the subjeet is 4 most complex one is attestedd by the long
Bibliography accompanving the paper. and soine of the names
that appear in this Bililography are ones that will long be remen-
bered. Such men as Prof. William Hovgnard, Mr. Sabin Crocker,
Mr. D. B. Rossheim, Mr. A, R. C. Markl, and many, many others

" “Analysis of Basic Problems of High Temperature Creep,' by
0. D. Sherby and J 1. Dopn.

» “Metallurneal Aspeets of Strength at High Temperature.” by
G. V. Smith.

" Gibbs & Cox. Ine., New York, N. Y.
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have done much to throw light on the subject and provide means
to caleulate the stresses and reactions which may be encountered
in service as u result of the expansion of piping.

The mere ditheulties involved in computing the physical char-
aeteristics of clabarate piping systems are in themselves enor-
mous, and we owe an everlasting debt of gratitude to Professor
Hovgaard for the busie cquotions b developed,

On the surface it wonld appear that once we had methods for
determining the stresses, all that would be necessary would be
to set satisfuctory limits on such stresses for various conditions,
and that would be the end of the matter.  However, in a paper
by Mr. D. B. Rosshietm and Mr. A. R. C. Muarkl in July, 1440,
the conception of 4 stress range came into prominence.

When the writer was first asked to aceept membership on the
Subeommutter on Flexibility, he was still very much of the opinion
that, by determining the stresses »3 sceurately as practicable and
establishing limits for these stresses, all would be well, as this
method hud given satisfactory resuits in the many Naval vesseis
where they were applied.

But then the stress-range concept began to enter the picture
and, while it took the writer some time to get even a haz' view
of the importance of this conception, it became a part of the pro-
posed revision to the Code as the result of two very fortuitous
circumstances.

The writer was required to spend considerable time in Europe a
year ago, but before leaving asked a small group to work on a
draft of the proposed revision. This group consisted of Messrs,
Markl, Spielvogel, Bluir, and Wallstrom, and the writer cannot
refrain from stating once more his appreciation to these men for
the wonderful work thev did in coming us with a proposed draft,
which, after the committee as a whole met, was submitted to the
Executive Committee as a report, and has been circulated to
the membership.

The second fortuitous circumstanee is that for the past vear the
writer has been somewhat “under the weather” which perhaps has
given him more time to think. and as a result has come to accept
the concept of the stress range not merely with some reluctance
but enthusiastically as a stroke of genius. :

In order to come to this conclusion, he had to develop a certain
few mental images which would make it clear what was involved
in using the stress-range concept.

The first point was that in Professor Hovgaard's work he states
that where a pipe is increased in length between two anchorage
points as the result of temperature, the stresses are substantially
the same as would oceur if the anchorage points were moved
mechanically by an external foree which produced a displacement
equal to the increase in length due to temperature, except for dif-
ferences due to changes in moduli of clusticity,

The second point was that based on the foregoing statement :
if we were to erect a piping svetem cold with 100 per cent cold
spring in all directions, we could compute the stresses in the
cold condition and when this svstem was heated up to the full
temperature, the stress in the hot condition would be zera,

On the other hand, if the system were erected with zero cold
spring, the stresses would be equal to those occurring in the
cold condition with 100 per cent eold spring exeept that they
would be opnosite in sign and that they would be somewhat less
because of the differences in moduli of elasticity,

Next, when establishing limits of stress for the stresses as com-
puted for the cold condition with 100 per eent cold spring, the
stress which can oceur under any future conditions is limited,
whether cold spring i used or not.

We have the phenomena of seli-spring and relaxation to con-
sider, and while these factors will not afect the stress panes to
which the pipe will be subjected, they will tend to relicve the
maximum stresses in either the hot or cold condition.
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Thus the use of cold spring in so fur as stross is concerned b
comes of little importance, but is of importance where the rege-
tions and moments at attachments to equpnient are coneerned

The proposed revision to the Code includes the DECeSssUry
formulas for dealing with these reactions,

In considering this complex subjeet, the committee has kept
stronglyv in nund three fundamental prineiples:

(a) Any requirements in a Code must be kept as simple ;s
pessible, sinee 2 Code 15 not & textbook, but an attempt to est:ihi-
lish signposts as to when danger might exist,

(b) The greatest curse of regulations is that they regulato
too much and, by so doing, eramp the freedom of the designer.
and sometimes even result in freak designs being developed 1o
eircumvent unreasonable regulations.

{£) Sinee the whole subject is exeeedingly complex, the deter-
mination, as to the method to be used for making analyses and as
to when such computations are required, should be left in the
hands of the designers who, on the other hand, should be prepared
to provide necessary data, if and when a serious need for same i3
indicated,

In conclusion, the writer wishes to thank the author and all the
members of the committee for what they have accomplished :nd
state that it is his belief that the sooner this proposed Code ean
oe adopted, the better it will be for industry,

There are many comments that still have to be digested but it
is hoped that before long the conmittee can meet again and clean
up the loose ends.

L. Pacu® The author’s paper and the reports of the Tusk
Force are valuable contributions to a better understanding and
clarification of the many probiems involved in the growing field
of pipe-stress analysis,

This diseussion is concerned only with the brief statements
given by the quthor on approximate assumptions. Sinee detailed,
correct pipe-stress caleulations are very time-consuming, a lacge
volume of work is done by usitg approximate assumptions.
Therefore 4 more detailed conimeat on some of these assump-
tions seems worth while,

While the author’s statements hold for the majority of pipe-
stress problems, some exceptions riay oceur.  Regurding the sub-
stitution of square corners fur curved members, there are pipe
bends having large radii (R = 3D, or larger), and heavy wall
thicknesses, whose virtual lengths are smaller than those of the
substituting square corners.  This will be the case when the virtual
bend length, L’ = 1.371 AR i=less than the length of the square
corner, L = 2R, or for all bends, whose flexibility factors are less
than

K= H- X - 1.27
1.571
While there are fow bends with such low A-values, their existence,
nevertheless, should be noted.  Substitution of square corners for
such bends will tend to “looscn up’” rather than “tighten” the
pipe.

Whether the substitution of square corners for bends and elbows
will result in an over or underestimate of the stresses is diffienit
to predict. Besides the Aeabifity factor and stress-intensifieation
factor, the proportion of curved member lengths to total pipe
length, and the location of the eurved members with respeet to
the neutral axis (thrust line) will also affeet the end results, The
neutral axis itselt may shift considerably when the square-corner
substitution is made, thus changing the moment armas as well as
the forees, A shuft of the point of maximum stress for the two
assumpetions also may result,

#Oil Refinery Division. Arthur G, McKee and Co., Cleveland,
Ohio. Assoe. Mem. ASME,
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Regarding the assumption that the neutral axis parallels the
line connecting the anchors, this holds only for synunetry with
respect to a line. For pipes which are symmetrical with respect
to & point (such as a symmetrical Z-shape), this assumption
would place the neutral axis as passing through the anchors.
But such a position of the neutrul axis would result i zero-
bending moments and zero-bending stress st the anchors, which
obviously isincorrect.

C. S. L. Rosinson.® The stress range with emphasis on the
anticipated eveling is certainly of greater physical significance
than the maximum combined stress, It is better not to combine
(as we have been doing) stress components fike the pressure
longitu-linal stress and the weight-load stress with the thermal-
expansion strcss which may be relieved by vielding or by cold
spring. The pressure longitudinal stress mav be considered fuily
by conservative selection of pipe-wall thickness to necommodate
the pressurc circumferential stress.  With shipboard piping the
weight-load stresses are negiizible beeause numerous supports are
used to limit sway and vibration.

It also may be pointed out that the stress-range concept is use-
ful where the movement is not entirely thermal. Such an exam-
ple occurs in shiphoard piping. If a pipe extends over a considera-
ble length of the vessel, its flexibility may be increased to accom-
modate hull strains. Both this hull-movement stress and the
thermal-expansion stress will be reduced by any plastie strain in
the piping, and what are most serious about these stresses are
their periodicities.

However, it is undesirable to state: “‘Formal calculations or
model tests shall be required only where reasonable doubt exists
as to the adequate flexibility of a system.” This statement 1m-

plies that the approximate thermal-expansion stresses are readily
observable. Such is frequently not so. Furthermore, with higher
temperatures (above, say, 800 F) detailed thermal-stress estinates
are profitable not only because of the larger thermal movements

but also because of the greater cost of the alloy piping and of its
fabrication. With the current lessening of business uctivity more,
and not less, attention could be directed to thermal-stress details.
Our ASA Code may be too conservative but this should be cor-
rected by increasing the allowable stress or stress-range values.

Ervest L. Rorinson.® The writer wishes to emphasize the
importance of recognizing and trying to evaluate and limit the
maximum sccumulated total strain in any worst loeation,

The paper is an excellent exposition of the proposed new seetion
on flexibility of the Code for Pressure Piping. Certainly it is
highly desirable to take cognizance of the stress range and pre-
seribe a limitation for it. Certainly the initial stres< does relax
and tends to anneal awav. But, by this very process, it does add
to accumulated croep.

Creep is not uniform but it tends to be concentrated in the
most highly stressed elbows or runs of pipe while the lower stressed
lengths provide follow-up elasticity to multiply creep in eritieal
regions. It would be desirable to trv to evaluate the situation in
these plices and presenibe suitable limits,

The writer i tomewhat less than =«tishend with the comparizons
embodied in the aleebeaie formulations given in the Appendix to
the report of the Task Foree. These formulbitions represent only
one set of comditions whereas it would seom appropriate to give
cognizance to at least fuur sets of conditions: () hot eondition;
(B) cold condition; (¢) range of stress or strain; (d) maximum
total local creep.

¥ Pagineer, Central Torhnieal Dopsstment, Shiphuilidine Division,
Bethlehem Steel Company, Ouiney. Moso Mpm, ASMEL

®» Steuetural Fngineer, Turtune Divion, General Llectric Com-
pany, Schenectady. N. Y  Fellow ASME.

The Task Foree reported that the amount of relaxation is un-
known sad cannot be judged relisbiv. I this were completely
so, the writer would point out that this uncertainty would con-
stitute a very good reason for taking steps to assure complete
freedotn from stress in the hot condition in order to minmize
loeul ereep due to relaxation,  However, the writer would point
out that either the relaxation properties of piping materials are
well known or may be readily deteemined by well-known relaxa-
tion creep tests. I the proposed new section is to make no pro-
vision for estimating numerically the relaxation characteristies
of & piping system, the writer recommencds that it ought to give
definite encourngement to the elimination of all need for relaxa-
tion during the early periods of operation by requiring installation
to be such as will assure it to be free from stress when hot.

D. B. Rossuers® axo E. F. Suearrer.” The author is to be
congratulated for the broadly eomprehensive discussion he has
presented, which more than fulfills the purpose of the paper in
expluining the background of the Tusk Force Report. In this
paper the author has documented carcfully the aceepted facts,
and his well-thought-out conclusions are largely incontestabie
within the confines of present-day knowledge. Therefore this
disenssion will attempt to do no more than call attention to a few
points on which we feel further progress is mostly to be desired,

We note that in describing the Gencral Process of Solution,
wherein the author has listed significant physical properties of the
pipe material, he has omitted such propertics as tensile strenzth
and various measures of ductility, as weil as impact values and
transition temperature. While we do not have any specific pro-
posals to offer at this time we should like to suggest that fracture
in pipe materials often may be dependent upon properties which
at present are largely unassessed, and that a fully dependable
design basis awaits further fundamental research in the mecha-
nism of fracture made uader the co-operation of engineers and
physical metallurgists,

Under the subject Flexibility Factor, we should like o call
attention to what we believe is a noteworthy omission in not
discussing the work of Clark and Reissner (author's reference
167), who succeeded in obtaining an asymptotie solution of the
differential equations leading to the simple expression:

‘(Sﬂ—v_'j
k = A

k = flexibility factor
v = Poisson's ratio
k= Hlexibility charactenstic

Using a value of ¥ = 0.20 the flexibility fuctor is found to be

1.65
k = Yy

where

thus confirming by rigorous analysis the Beskin approximation
given as the author's Formula 12],

On the subjeet Stresselntensification Factors, it might be
woll to point ont that there is sone inconsisteney in attemptiog
caretuliv to evaluate loeal stresses and evelie effeets under thermald
expansion of piping while ignoring them in other forms of loading.
In both piping and vessel eodes at present, local effects generdiv
are taken eare of by 4 margin in the allowable stresses, and deti-
nitely evelie service i< loft ta the responsibility of the designers
With piping caleulations, stress intensitications at least have olten

1 Chief Mechanieal Voazineor, The M. W, Kellogg Company, New

York. N. Y. Mem. ASME
1 Meochanical Engineer, The M. W. Kellogg Company.




§one unasscased; thus past experience would not appear to sup-
port an extreme need for the detailod recognition of them which
i proposed.  Further supporting thia conts ation it is also recalled
that the author points out elsewhoers that a safety factor of about
2 is available at the proposed allowable stress levels, even up to
7000 cveles,

Regarding the author’s Formula [4], expressing a relation be-
tween fuilure stress and number of cyeles, there appears to be a
good possibility that the component 0.2 may vary considerably
depending on the material and possibls upon its condition ( Le,
cold-worked or heat-treated). Evidence of this appeared in
eyelic tests of 18-8 corrugated expansion joints where an exponent
of about 0.33 was indicated. Further data relating to this ques-
tion have been presented by T, F. Coffin.

Attention is again directed to the efforts of Clark and Reissner
from which a theoretical outer-surface circumferential stress-
intensification factor of

0813 Vi2(1 — ) 180
IR0 TR

may be obtained for pipe bends subjected to in-plane bending if
Poisson's rutio is taken as 0 29 If the stress-intensification factor
is related to the fatigue propertics of struight pipe, following the
author’s definition, the foregoing relation should he divided by
a factor of 2, representing the stress-inte nsification factor inherent
in plain pipe as compared to polished bars, The operation vields

1= ;,n"
which offers partial substantiation of the author's Formuia [3].

Regarding the section Self-Spring and Cold-Spring Effects,
we believe that designers should be warned of certain practieal
aspects of applying cold spring. If the operation is to be fully
effective, it is not usually sufficient to cut the pipe short and
simply pull the ends together for the closing wald: counter-
moments also should he applied when the last joint is made to
arrest angular displacements of the adjoining parts (as would he
required on the bend presented in Fig. 2 in addition to simplv
pulling the ends together through a distance +L). For the enld-
springing of high-pressure turbine leads in space configurations,
the writers’ company has found it axpodient to apply such counter-
moments by suitably located forees, the location and magnitude
of which are carefully caleulated.

The author's remarks regarding the so-called relaxation limit
invite some comments. At A temperature where viscous ereep is
significant, it would seem that the asymptotic value of residual
streas would be zero.  \t lywer temperatures, the process taking
place consists of locsl vielding accompanied by the usual strain
bardening. This leads eventually to a fully elastie action, and
the whole operation would scem to be dependent more upon the
shape of the purt than the material of which it is made. We
should be interested to have the author point out anv evidence
he has found 1o “upport the existence of the relaxation limit as a
bona tide muterial property

In his discussion of Allowable Reactions. the author directs
attention to x probilem which has Ivwn the s<oures of a vonsidory-
ble waste of pipe nutorial, W refee particulatly to the eqse of
pumps, turbines, and other equipment for which the manufie-
turers have been known to make it 4 condition of their warranty
that no piping meetions be impossl whatsoever A« the author
points out, such 4 requirement is quite impeactical stiee the pipe
ing must yanally ahsorb expansion of the cqupment ae well 4s
ita own expansion. It is hoped that eontinued emphasis of this
point will jndyee CMPIMEnt Mo turers to mvestignte and
provide for roasonable limits of allowable piping reactions,
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At some length the suthor has discussed What Syatemns o,
quire Analysis.  We concur with the wuthor and others op 14,
Task Foree regarding the impossibility of formulating sitpile
rules which will predict aceurately the stresses in anv Piping
svatem.  We further agree that the vague guidance which 1,
Task Force felt more or less rompelled to retain is quite <,
cient for a Standard of Good Practice.  The salient point, how.
ever, is that the Piping Code may be considered no loniger vl \
standard sinee it is rapidly being adopted as a Safety Code, i1y
rules becoming mandatory and enforeeable by law. Thy« the
proposed wording leaves the designer in a legally indefernsiti,.
position unless he takes on a full burden of ealeulations. Fur-
thermore, all permissible wording aperates to the detriment of th,,.
responsible manuficturer who would be obliged to live up to the
most stringent interpretation, whereas those who have no reputa.
tion to maintain would not hesitate to use the ioophole afforded
and prepare no ealeulations whatsoever

The solution of Alt. Par. 620 proposed to the Task Foree by our
representative, Mer, Wallstrom, is admittedly not bevond im.
provement. Besides changes to the values given, additional cry.
teria might incorporate such consideiations as sevenity of eveling
or hazard to personnel. Regardiess of the exact rules, however,
we are convineed that it is a step an the right direction to st "p
definite requiremonts stipulating that eert.uin piping be ealeuiated,
The fact that a precise deteetion of every case of overstress ran-
not be had, short of making detailed caleulations of each line,
should not lead to the other extreme of requiring essentiallv no
analysis at all. Even the most experienced piping-stress analv<tq
often do not anticipate correctly the results of their caleulations,
Hence we conclude that if 3 criterion exists which for the averige
user of the Code will even moderately reduce the guesswork in
this matter, such a eriterion still must be adjudged & worth-while
tool with which to encourage sounder engineering,

AvTor's CLosurge

The voluminous discussion of this paper is an encouraging
token of the wide interest commanded by its subject. The
author, the Task Force. and piping engineers at large owe a lyrge
debt of gratitude to the discussers who have eiven freelv of their
knowledge and experienee, either to highlight the improvements
made in the code formulation or direet attention to remuining
shorteomings—the latter mostly the result of oversimplification
in the interest of providing rules which could be followed by the
average engineer.

In order not to add unduly to the length of this paper, the
author's vlosing romarks will be confined primarily to those nhises
about which questions have been raised [t ig gratifving to note
that the gonera) approach has met with unanimous approval and
dissenting comments are largely of a cuutionary nature, intended
to warn against too mmplicit a reliance on the rules to the exely-
sion of good judgment.

The suggested tlexibility and stress-intensification factors
have heey aceepted generally na retlocting the best available 1n-
formation.  In fact. Messrs, D B. Ressheim and E. F. SheafTer
have gone further by demonstrating in detail how well the pro.
posed values fur enrvid members are confirmed by Clark and
Reissner’s anads “is Mre, J k. Brovk's suggestion, that equal
applicability of these factors to out-of-plane hending be erphy-
stzed in the Proposed Rules, has since boen acted upon by a
change in Nute | to ( hart 1 shown it the last, April 1, 1954,
draft of the Task Foree tepart,

Me. F. M. Kamarck is alone in questioning the flexibility of
cibows and bends and Fugzesting upward revision of the stress.
intensification factors:  the wthor entifesses 1o difieulty in fol-
lowing his motivation. Messrs Ruossheim and Sheaffer HpPear
to inchine to the opposite view; while accepting the values sug-
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gested for the stress-intensification {actors as proper, they ques-
tion whether it is really necessary to include them in ealenlations,
referring to pressure-vessel design pructice where sinular factors
are tacitly absorbed in the safety fuctor. While coneeding that
a similar precedent exists for piping-stress analvsis, the author
believes it unsound to submerge calculable varubles in the safety
factor, its function being to tuhe eare of residual uncertaintics,
If the safety fuctor now embodied in the rules was felt 1o be too
high —and there are experienced piping-stress anadvsts who in-
cline to this view—it would appear more logical to correet this
by expanding the allowable stress range, following Mr. C. 8. L.
Robinson's excellent advice.

Whether the rules are too conservative or not depends on their
future interpretation by customers and inspection authorities,
In the author's opinion, the stress range adopted is sufficiently
conservative to allow the designer a reasonable amount of lati-
tude, by which is meant that the error introduced by making
approximations coukd run to something iike 25 per cent without
causing concern,  In this phase of engineering, as in others of a
complex nature, hard and fast mles pever should he allowed to
take precedence over sound engecring judgment; they should
be used only to develop it or to supplement it.  Both Mr. 1. C L,
Meyer and Mr. J. E. Broek have warned aganst fettering the
stress analyst by too striet a regulation or too literal an inter-
pretation of any rales devised; the author would like to join them
in a plea for enlightened enforcement, neither too striet nor too
lenient. Perhaps the body of authoritative opinion encompassed
in this discussion may help to bring this about.

While still on the subjeet of approximations and accuracy, the
author wishes to signify his agrcement with the conclusions
reached by Mr. J. E. Brock and Mr. L. Pach relative to the ef-
fect of squarc-corner assumptions. It might be added that much
greater deviations from the mathematically accurate results than
are revealed in Fig. 7 of the paper would be obtained if the
complete range of flexibility factors (up to 23) for long-radius
welding elbows within the range of sizes and thicknesses of
American Standard B36.10 were considered.

The only remaining issue of importance concerns the effects
of local vielding or creep and the resultant relaxation. The author
concurs with Mr. F. L. Robinson that a complete analysis of a
piping system under thermal expansion should consider at least
several stages or factors deseriptive of its stress-and-strain his-
tory, and desirabiy should include the initial hot and cold stresses
and strains, the ultimate (relaxed) hot and cold stresses and
strains, the stress range and the mean stress (primarily for the

ultimate condition), and finally the total struin.  However, even
it the knowledge and experience were available to set hmits for
each of these items, the complexity engendered would be pro-
hibitive so that every single analysis would require the attention
of au expert.  To reduce the problem o s practical level, the
stress range, the initial hot reaction, and the ulumate cold reac-
tion were selected from this array as the most significant per-
formance vardsticks: and the limits for the stress range, and the
stress connoting the relaxation limit (an operating constant
rather than a true phivsieal property ), were related to the allowa-
ble stresses established elsewhere in the Code for Pressure Piping.

No separate limitation on the total amount of creep was estab-
lished. the reasoning being that the stres<s-range himitation would
at the same time serve to control the total strain, and this view is
still held by the Subgroup as applicable to the average piping
system. However, Mr. 11, L. Robinson’s comments led to an in-
vestigation of less usual configurations churucterized by small
branches where relaxation would not be effective as a result ot
elastic follow-up from the larger, lower stressed portion of the
line andd the long-time ductiity of the grain boynduary (which
could be as low as 1 per cent ) could be exhausted; to cover these
cases, a4 eautionary note has since been nserted in the preamble
(see April 1, 1954, issue of the Task Force Report).

Mr. Kamarck, while approaching this topic from a different
angle, appears to have been guided b~ the same fear as Mr. Rob-
inson. However, his statement that any stressing beyond the
elastic limit, even though it occurs orly onece, constitutes a dan-
gerous weakening 18 not borne out by experience, in the piping
field or elsewhere. [t wounld condemn as unsafe the bulk of high-
temperature piping instatled in the past 20 vears which has been
designed to stress limits not much different {rom, often consider-
ably higher than, those established in the Proposed Rules. This
includes carbon-molybdenum steel piping, which is known for its
low ductility under prolonged creep loading.

Of course, where legitimate doubt exists as to the ahility of a
material or system to absord creep 100 per cent cold spring re-
mains a solution. However, as Messrs. Rossheim and Sheatffer
point out, it is not as simple to cold-spring a system properly, a3
would appear at first glance. Incidentaliy, the %/, factor in the
formula for the hot reaction, about which Mr. Brock has raised
questions, has been put there to aliow for the uncertainty of at-
taining the designed cold spring in actual installation; the sin-
gle formula given in the Proposed Rules, however, is sufficient,
since the cold-spring fuctor ¢ by definition is limited to ucity as
a mavimum.

441



STRHEIUBA[
MEGHANI
i BFACT

Gk

9142

1IMO0

Aleigiy

.
|

votjesodio

£ TS VTG PR, T T OGN Gl . U T e, B i TV N 3

ot 4
“v—- X — . v i
B e S Ty
- ‘.. wn 3 o & : o < .no
Ql...' "‘ ¥ ’ ATE ¥ % : & .':’ ‘.'-.\’I v"'l'\
o A

R o

Al




L.
-

R N P

— T o s . -

~ g~

S 3 il v




IRy T >y
W

P

S
‘,‘12:-

.‘."‘

- it

>

L7 s

<

il




R o ‘|‘I0\-\.0

B o AT




i
i
{
i
¢
|
i
'

o TV TR ATy . S - - -
- : s T b e A
\ 3 g’ﬁ»s o o WO et 1 v ¢ ¥
s Gl iy PR A S o
PENA D Oy o N . % B : v « vk e i
AR NG EY N AR 7y SOPNE A Fop SO N NSRS S S, -A




.
| -
.
.







T T et

At

j—-—td“'w

gt > ¥4 b B0
'w!g«l‘Ba..‘tt.u».-‘._I;L,.N\\-.J’. Sat




p Vg s
i‘.n \..‘u,!&..‘ 5;: Yk ‘.-u..I, “y...)&




y ‘.ﬁi w»r Y %, A’- ~aek t....mx ‘! m." ..uhiv.m..d % .g./v.
e 5 SRR ’ N .. RA W 5%

15

SO g

P
2




b 34 35,5 R A ML




-
3

A Ve

T R o Il
R

e ey
."L."A‘“;.

- —— . ————— 5. o ST_IEI - —_. ™

Thuad & v T

o

-~

"

A

-

. -

-

o

.
wi

wy s Mk

A~

A3
..
LA )
!



