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ABSTRACT

The elongation of pipe due to internal pressure can have considersble
effect on pipe stress analysis, Owlng te ite significance, the pressure elonga-
tion has been iucluded in many popular pipe stress computer programs. However,
due to lack of proper interpretation, this so called pressure load case has
often been wisapplied resulting in unconservative analysis. This psper presents
a brief derivation of the pressure elongation, describea the approach adopted by
most computer programg, Investigates the nature ¢f the siress generated, and ex-
plains the mephod of evaluating the stress in complisnce with the Code require-
menta, . .
NOMENGLATURE
D - Means digmeter of pipe
E - Modulus of elasticity

& - Circumferential strain

&y ~ Longitudinal strain

P - Internal p;:'essure

R - Radiue ef curvature of bend

r = Mean radius of pipe = D/2

Sy Circumferential or hoop stress

8y - Longitudinal stress

t — Z;ﬁi;kﬁéss ;f .pipe.

£ - Change of bend angle due to pressure
M - Poisson’s vatio

H



@~ Bend angle
INTRODUCTTON

Whet plping ls pressurized, ite entire Inner aurface is subjected to a uni-
form preasure loading. This pressure loading creates stresses in the directions
normal te the wall, parallel to the pipe axls, and tangential to the croas seq-
tional circle, At the same time it elongates the pipe again in the axial and
circumferential dilrections. The siretch in the axisl direciion f{s generally re-
forred to ag pressure elengation. The effact of pressure elongation in a plping
systenr 18 equivaleunt to thermel expanegion, It cen creste bigh bending stress
in syatems which do not have adequate flexibility.

The effect of pressure elonmgation 1s partlcularly important in pipeline de-
sign, It can surpass the thermal expansion in 4 cross country transportation
plpeiine because of 'the low temperature rise and thin wall conatruction of the
line, Owing to its significance, the presgsure elongation has been included in
most of the pipe stress computer programs (1,2,3}. However, this so called
pressure load came has almo frequenkly been mis~EInterpreted due to the gap be-
tween the actual program formulstion and the wser's conception,

Calculating deflection due to pressure leading in a plping system is a very
complicated process. Ao accurate result can only be obtained by modeling the
plpe with three dimensional shell elsments. Unfortunately the three dimensional
shell element approach fs very costly and 18 mot suitable for large volume pro-
ductien apalyses. The current pipe stress computer programs are almost entlire-
iy based on beawm elements. They are not capable of hasdling internal radial
lording and hoop Atress. This inabllity to include the radigl pressure load
mzkes the pressure losd case less than what would be expected from 2 three
dimensional preesure snalyels. Due to this discrepancy, the pressure load case,
if wmisapplisd, can reeult in misleading answers. The pressure elongacion ia
generally insdignificant in normal plant piping.

In the following a brief derivation of pressure elongation iz made, the ap-
progach adopted by most computer progrems is describaed, the nature of the stress
generated is invenatigated and finally the wethod of evaluating the atress 18 ex-
plained. The article 1s Iistended t0 serve &8 an interpretation; therefore,
effort is placed mainly on presenting the phyeical pletures rather tham the rig-
orovg mathematteal derivatlions.

PRESSURE ELONCATION

Tn a pressurized pipe, the entire inside wall sustainz s uniform presaure T
a5 shown in Figure 1., Thils pressure loading develops a tri-axlal stress in the
pipe wall., The strese component normsl to the pipe wall s generally small and
will be ignored in this discussioun. The plpe is constdered to be avbject to
gtresses 3 2nd 51 in cirvcumferential and longltudinal directions respectively,
From Hook's law and Polsson’s ratlo the net strains In these two directions
can be written as {4):

w Tn o by
BTE T )
e =L . K (2
E E

The first term of the right hand side of Equations (1) and {2) is the elon-
gatlion due to the direct stress in & glven direction, while the mecond term is
the sghyinkage in a given direction caused by the elongation iu the perpendicular
direction. The elongation in cne direction depends on the stress In rhat direcw
tion as well ap the stress in the perpendicular direction.

{a} Straight Pipe

The pregsure stress In & thin wall straight pipe can be determiped by the
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Figure 2. Significance of Pressure Elongation
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atatie equilibrium hetween the pressure force and the stress force acting on a

symetrically cut-off section. That de (4}:
B = PD/2t {3
8, = PD/4e {4)

Substituting Bguations (3) and (4) in Fquatfon (2}, the longitudinal presaure
elongation strein becomes,

o g (-2 &Y

The eircumferential glengation, which 1= irrelev: at to this discussion, 15 omit-
ted. .

The significance of the pressure elongation can be hetter viavalized by
converting it to equivalent temperatutre. Figure 2 shows the relatlon between
pressure elongation Iun term of hoop stress, and eqaivalent fewmperature rise for
tow csrbon steel pipe., For plant plping the Loop stress ir normally maintailned
at less than 15000 psi (103,4MPs) which is equivelent to & temperature Increase
of 17.5°F (9.72°C}, In view of the hipgh temperature range normally experienced
in plant piping, the effect cof pressure elongation in plant pipiang is insigni-
ficant., On the other hand, the hoop stress in = cross country transportation
pipeline can resch 3000C pai (206.8MPa} or higher for high strength pipe. The
equivelent temperature rise due te pressure elongebion can easily exceed 33°¥

{1%.449C) which represents a4 high percentage of the design temperatute rise,
Therefore, the pressure elongation ls sn Impertant factor te he considered in

transportation pipeline deslgn.
(b)Y  Hend

The pressurization at an elbow or bend 19 & complicated prucess, Even for
thin wall bends there Is no fully matisfactory stress analysis for the effects
of internal pressure (3). As shown in Figure 3, when a segment of bend K-1-M-H
ia pressurized it moves to K'-1'-M'-N'. Its dimensions, bend angle, snd hend
radius all change. To investigate the bend deformation, the first step is to
eatablish the stregses Iln both circumferential and longitudinal directions,

Take the section a~b-g-d for instance, intuisnively we know the longirudinal
stresg 1s the same as in the case of straight plpe., If an Imaginary sectlon

18 cut along b-c we ¢an hardly tell the difference hetween the gection and a
straight plpe section. However, the hoop stress im somewhat different, By cut-
ting off along the plane of symmetty, the pipe wall a~b and ¢~d will have te
absorb the pressure acting at the ahaded area, Comparing with an eguivalent
straight plpe sectlom drawn with parsllel dotted lines, it Is easily pictured
that a~b takes more stress than in the case of straight pipe while c-d takes
legs, By consldering the bend ag a continuois torus, 1t can be shown that the
me-brane stresses {average through the thickness of pipe) due to interma
pressure are 16,1} :

SI-QR.M at k' - L {6a)
v 2t Z{R -~ 1}

¢ =E0. 2R+ ¥ at W - ¥° (6w
B2t (R + 1)

5, = PD/4t (7)

The next step is to conatruct a physical plcture to see how the bend de-
forme. When pressure is introduced to the bend, ir stretches the pipe wall
in radfal as well as In longitudinal directlons. If the elongation rate is the
game in all directioms, the case becomes a rigid bedy expansion Just like in
thermal expansicn. The bend angles remalns the same (8' = 9} butr the bend
radlus Increases (R'>»R}. In the real case, the elongation rate in the radial
direction 1s greater than that in the longirudipal direction due to higher mem—
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“brane stress in the circumferentiasl direction, The bend will tend te flstten
making the bend angle somewhat smaller and. the bend radius proportionally
larger,

The change in bend angle and the change in bend radiue can he estimeted by
assuming the average hoop streas 5y ™ PD/2r, we have

[ PO
P =D (142 ZtE "étz L0 _ {8}
T L rn ¥D D R~ &
K'-L = (R r)g“‘ * e };tﬁ Y RS Y 9
Wal' = (Rer)8(1 +rme = MED | R+ x (10)

Atz e 20 + 1)

The new bend angle is then decerwmined by

o= Mr'—:gl' - K"-:i' LI {1 -~ MIPDJ4LE an
il 1 (2 - p)PD/4LE

The change in bend angle is

Ph " {12)
SEH(Z - U3PD

The bend angle decreases meaning the pressure tends to open up the bend. Howe
ever, Lhig opening up effect should not be over emphssized, Tor example, a
forged elbow wmay have & thicker wall at the crotch area which would greatly
reducse the opening effect. The cross section of the bend will also ovallze
{7) as shown in Figure J which further resists opening. In fact tests have
shown (8} that a mirer bend when pressurized will cloase {shutting} the bhend
angle in the elsstic region. Owing to the above facts and uncertainties the
application of bend opening effect varies with cowputer programs. Some prow
grams {1} ignore the opening a2ffect and consider enly the uniform elongation
while others (2,3) conslder varying degrees of the opening effect,

frdce--

ANALYTTICAL APPROACH

A complete pressurization analysis requires the application of the uniform
pregsure load normal to the entire internal surface. The whole aystem has to
be modeled with numerous small three dimensional shell elementa, Thisa
wathod, may he feasible ia designing critical vessels, but 1w very impractical
for performing piping stregs analysis, Meorveover, a satiafactory element yat
has to be developed for simulating the bend distortion.

In piping stress analysis, the systems are considered ap a series of beans
which are not capable of handling the interunal radial pressure. The pressure
lead is seldom applied divectly to the system £o achieve the slongation effect.
Even the longitudinal pressure, which is within the beam element capability,
¢can mot be applied directly otherwise the sysbem will give incorrect elongation
of PD/4CE instead of the elongetlon glven by fZquation (57,

The analytical approach adopted by most of the computer programs fgnores
completely the origin of the pressure and econsiders only the net diseortion
caused by the pressure. The programg work with Equations ¢5) and (12} and
vensider these elongations the same way as they conslder thermal expansion,

The so called pressure load case ls somewhat misleading and sheuld be more
accurately rermed as pressure elongation load case,

HATURE OF STRESS
When piplng is pressurized, the plpe shell develops stresses to resist the

pressure. The stresses, 8y and 57 in circumferential snd leuwgltudinal direc-
tions respectively, required for stativ equilibrium with the pressure are the
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sustained etresses. Their wagnitudes remain unchanged even 1f the pipe yields,
An overstress will cause the yield to continue until either a new equilibrium
is reached or the pipe falls.

In addition to developing the sustsined stresses in the shell, the pres-
sure also ¢reates elongation. Take Figure & ag an example; the eloagaticn of
the main line probsbly has very little effect on the waln line itself but will
have signlficant effect on the branch lime. The etreas 1n the branch created
by the pressure elongation of the main lione fa self-limiting. Once the smount
of glongation, A, Is reached the pipe will stop growing., In the branch line,
although high stress mway be developed, the yfelding, if any, will stop as seon
as the digplacement at point A reaches the fixed elopgation valua, Therefore,
it 48 clear that the stress resuliting from pressure elongatfon is not necessari-
Iy & sustalned slLress.

The sustalned stress can be caleulated with simple Equationg {3) and {4).
Stress Intensification factors may need to be included o compensate For the
ungven stress diatribution st some special components, They are uswvally
grraight forward. On the contrary, the gelf-iimiring stress caused by the
pressure elongation whileh is analogous ko thermal expansion is wery difflcult
to esleulate. A computerized analysis ls generally used to check this pres-
sure elongation effect. The so-called pressure load case 18 created for this
PUTPOSE.,

GODE COMPL.IANCE

The purpose of stress analysis is fo ensuve that the piping system is safe
and complies with Code requirements. It Iis pnecessary to £ind out how the {ode
requirements can be satisfisd with the pressure load case that zctusily con-
siders enly the presgure elongalion effect.

The Piping Codes (9, 10) have set different criteria for evaluaring suse
taiped and gelf-limiting stresses becauvse of different factors considered in
the analysis, To Batisfy the maximum allowable level for the sustsined streas
ene has to calculate the ptresses caused by pressure, welght, and other sus-
tained lcads. This often tempts an analyast to dse & single weight plus pres-
sure load case and to cowmpare the skress printout directly against the Code
allowable stress. Thie apprrach can lead to nonconservative analysis due to
the following:

(a}. The welght plus preasure load case 13 actually the weight plus pres-
sure elongation load case. The stress pristed out in some of the programs
comes divectly from the mecber forces and moments, The sustained longitudinal
preasure sirvess 1s wot Included.

(b} The member forces and moments crested by weilght loading may cancel
with those produced from pressure slongation at sowe of the points. This
creates some Incongistency 1n the analysis though 1t g not gerilous,

fne of the acceptable methods s to run s welight Yoad . case and o ther-
mal plus pressure £longation lead case. The longltudinal weight stTens is
then elther wmenually or automatically added to the lengltudinal sustalned
pressure stress which 1is calculated explicitly using Equation {4}, The com-
bined streas 1s wsed to compare with the Code allowable sustained stress, In
the evaluation of seli-limicing stresses, thermal expansion and pressure elon-
gatlon can be combined in one single laoad case, this is acceptable due to the
similarity between these two displacement loadings. However, it should be
noted that in desizning low temperature lines the incluszion of pressure ejon-
gatbion will result 1o nonconservative analysis, The low temperatuve but
unpresaurized condition gives higher expansion (or contraction) stress and
ghould be usged.

CORCLUBIONS

The #o called pressure load case analysis as- glven by many compuiers pra-
grame is in fact more accurately a pressure elongation load case, The result
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given by this load case iz gemerally less than what 18 expected from a full
pressure load case analysis, This load cave can be very easily misapplisd
resulting in nonconservative analysis. Therefore it is important to kaow
exactly what the computer program is doing,

Pregaure elomgation hue a significant efifect on long pipeline deslpgs but
kas only a minor effect on process plant piping., The spprcoach adepted by most
computer programs in handling pressure load {is to decouple the sustuined pres-
sure e#ffect from the elongation effact. The sustained atress can be esssily
calculated by the simple formula while the elongation effect is normally ana-
lyzed by computer methods in 2 way similar to thermsl flexibility snalysis,
The pustained pressure stress 1s then added to atresses created by other sus-
tained lecads such as weight and selsmic forces. The etress generated by prege
sura flongation 1s combined with thermal expansion snd other displacement
stresses, This decoupled analysis ie entlrely satisfactory, Io faet if one
ig to comply with the Code regquirements, in separating sustained and displacew
ment stresses, the decoupled anulysls is probably the only spproach thal should
be geed.

The inclusion of pressuxe elouvpation does not necessarily resulr in a
more conservative analysis. In low temperature piping such as LRG lines, the
inclusion of pressure elongation wlll off-get the piplag contraction and glve
lower total displacement stitess. Since the plping can reach or stay at s
low temperature condition when pressure 18 relleved, the analyais should he
done without the pressure elongatlon effect.
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