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ABSTRACT

Hydraulle expansion of a graoved tulic futo a tubeshect is
nmiadeled a8 an elaslio-plastic process. A shell modd of the tube
s suftably modifled to include the effect of radial stress (n
the ytcla condltioa and lhe effect of the resistance fom contact
with thie tubcshecLt The tubesheet fa modcied as an clastce-
plastc foundation. The luading and unloading analyats af the
tubc subjected lo expansion pressurc on the (nalde surface and
tubesheet resis@ance on the outstde surface ts performed Lo
deteninine the residual state in e viclnlly of the grooves. The
parameters Investigated are the residual halding pressure between
lhe iube apd the tubeshect and the slresses in the contact and
noncountact reglons of the tube,

NOMENCLATURE

x axial coordinale

2 thickness coordinale; 2=0 on reference surface

8 ctrcumfercntial coordinate

R radlus of reference surface

2. %, z-coordinales of janer and auler aurfaces of tubc
R -R+z R ==R+:
. P prm-aum al mner and outer surfaces o[ tube

Inner and cuter radil of tube

w radial displaccment af 2 point in the tube

u exial displacement af a poiat ln the tube

ﬁ: rotation of normat '
¢ % componehts of strain at reference surface
K. Xg components of curvature change

@ transvorsc shear (oree per unit cireumference

"

N .NB membrane stress resultants

M . Mg bendlng moment per mnit length

L)

kl

B

1

ox. a8 u wmpnncnt: of slresa
L EB' € commnents of strain

e Ege mm poncnls of clastic strain
e _LE

xp’ Op
E Young's madulus
v Polasan's ratio

zp equivalenl plusle stram

componenls of plastic straln

sl. sz reduced siresses
l ‘1
Y isotrapic strain hardening parameter

\‘0 Inltial yicld stress

pn mixed hardening coefMlclent.
Ep plastic moduluy

a inoncrradius of annulus model af tubesheet
b ouler radius of annulua model of tubesheet
P, Ppressurcat hole I ubeshect

u, radlal displacement at hole in tubesheet

kinematic straln hardening jarameters

INTRODUCTION

The transiiton zone at ihe edge of a tube-lubesheet joint
Is a location of significant rcsiiual stress that is Induced
during the fabrication process of expanding the lube (1,2.3]. A
major contribulor to an undesiratle axial lenalle companent of
residual stress results from the meridional bendiog that s
assoclated wilh differential radial expansion, varfation of
cxpansion loading, and vurialion of springback ilaag the tube.
Anolher locaton of differential radial expansion occurs in the
vicinity of 2 groove 4] In the tubcsheet hole, where the
cxpansions process leaves a state of residual stress that varies
along the tube. The o'hjecl.lw of this paper is to determine the
magnilude and algebrale sign of these slressea.



Litle tuformation on 2 lube-fubesheet joint wilh grooves
{s avallable in lhe lMcrature. Monufaclurer's standards [4]
siate that for preasures over 300 psi aud/or teinperatures In
excess of 350°F, Ulic tube holca for expanded joinla for tubes of
5/8* O.13. and larger shall be machined with at lcast lwo grooves,
cach approxdmalely 1/8" wide by 1/64° tleep. No requirciiculs on
groove spacing arc staied. Experimentally determined pushout
Iorees for Lubc-lubeshect jonls with grooves have been reporicl
n [5). Information on the resldual siressca I the tubes awi on
{he istribntion of (he liolding pressure scems lo be unavailable,
This paper considers a lheorctical approach to the delernlaation
of these siresses.

MATHEMATICAL MODEL OF TUBESHEET

The tubesheet Js modeled a8 a contnuous disiribution of
annular dlsks surroundmg Qe tube. It acts as an _elastie-
plastic foundation of Uic lube. The Inner and outer radil of a
typlical disk are @ and b, respectively, where b is an cliective
ouler radius |6} at which a baundary condition of zcra radial
siress 1s applied. Each disk Is assutned to be expanded by a
pessure pa" acting at the Inside radius. Eachi disk 13 subjccted

o elastic-plastc loading ollowed by unloading. A linear
hardening model of plasticlty has beer assumed. Since the
longtudinal stress d ts assumed lo be rero (hroughoeut the
lubeshiest, the calculations for the bchavior of a typleal disk
cant be carried gul using a compuler program wlhich performs
elastic-plastic analysis of flat plates. ‘With ke aid of au

plaslic shell analysls program named KalelPL, a calculation Is
carried oul to lind the radial expansion w of the laner cedge as

a functon of the pressure p at ihe inner edge during elastic-
plastic loading. This relalion Is expressed matlicmatically as

PB =P {I.lal

This function Js slored In & data base for lalcr uac. (This data
basc i1s the same as lhat which was used in (1,2} for thc
caleulalion of the residual streascs 1 the transidon zone) To
make Lhc data basc applicatic to many diffcrent tubcalicets, the
storags usecs nondimensional variabies. In the Aube-lubesheet
joint probiem. p, and u_ arc laken lo bc functious of the

coordinate x; however, Uic relation between them at a given valuc
of x !s that giveu ahove.

GROOVE GEOMETRY

Initislly, there s a radial dearance ¢ betwccn Lhe tube
and the wbesheet. White the radial displacement of the tube
during the initial cxpanstion s lcss than c, the preasurc g, Is
zero. After conlact between e tube and the tubesheet 1s made,
the pressure P, which Is also crqual to p on ihe lube, begins o
{ooreane.  The vatue of this conlact pressure between the lube
and the tubesheet then satisfies

P, Py ® P (w-c)

72

The grooves i the tubeshieet were modeled by represeaniing
e tadlal clearance as sicp functions of lhe coordinalc x, e
step helng cqual (o the groove depib. The present analysis was
restricted o a study of a tubesheel with a repeaied paitern of
cqually spaced grooves of equal stzc as shown ln Fignre 1. The
model that was used lu the analyste Inclnded one hatf-groove, a
full ridge, and a sccond half-groove. Symmciry bouudary
condlillons at the groave centers were userd.
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Figurc {. Repealed -Iﬁi;u'cm of Equally
Spaced Crooyes

MATIEMATICAL MODEL OF TUBE

A special shell theory has been developed for Ure stady of
(e tube-tubesticct problem, stncc the usual planc siress
assumplion of shcll tcory does nol apply lo the cxpausion
[rocess, where presswe tnading 33 on (be order ol the yietd
slress. The special theory nses Lhe cqubibrium equallons taken
from lhe theory of cylindrical shelts. ~These cqualions relate

e moments, forees, and surfnce loads as ollows:

deIdx =Ngy/R- (pR, - P,RI/R
dN_/dx=0
x

deId!. = gx



The stress resultania for a eylindrical shell are

N = fo(lz/Ridz Ny=Jagdz

M = I ax(Hz,’m_:f, da M, = I o zddz

The equations of displaccment awl slrain arc

dw/tix = fix
tiuxlclx =e, eq = w/R
rlﬂxfdx =¥ . Ko~ o

The distribution of strain through the thickncss is ghen by

g e+ K ) 0=/ (1+z/R)

in the special theory uscd hexe, the radial stress o, is assumecd

lo vary linearly through the thickness of the tubce, a0 thal is
distrlihwition is given by

a,=- lp‘lz‘fz) + pa[”|“ / |z°-:|l

Follawing the usual practicc af plaslicily Ltheory, the componcnts
of strain arc decomposcd Into clastic and plastlc portlons

£, =E + €

LA 8- "8e’ “oOp

E
®  x= Xp

wiiere the clastic porijons ate rclaled to the stress componenta
by Hoalkc's law :

"xc = mx-vao ~voz]{E _ 2 Be = (u'e-vox-vatlli‘.

Plasticity 18 medclcd by Intreducing the loading funcion (ven

Mases yicld condilion wilh stralu hardening) given by

2 2 1712
ﬂ:lx.ﬂ‘ﬂ.dz, 5 .cz.Yl = (sl + qz - 5152} Y

where

El = ﬂx-ﬂz-cl. 82 = <lﬂ-0z-(.‘.2

The yichi condition is

[lux.ou.uz; cl.cz.'o =0 -

The parameicrs ¢, and 22 arc Lthe kincmalle strain hardening

1
paramcicys which Indleate the translation of the yidd surface.
nilfally, their valucs are zero. The paramcter Y is ke
Isotrapic hardentng parawmeter. 11 fucdicales the cxpansion of the
yicld surface. I is luitially equal lo the yicld stress Yo la

[

{ension and compiession.  The increments of these atriin-
hardening paramelers are rudated to the plaste strain increments

by

de, =g 1:p Ialifﬂds‘;

de, = EP (szf’ﬂ dip

dY:l—lﬁdz
{1- p“p

where

2 2 1/2
de_ =14 (de +de +de__de
pridlit,y +deg, tdedegt/ 2l
Is the cquivalent plasue strain increment. The coefficient p la
cqual to 0.0 If the slrain hardening ls isotroplc and equal to
1.0 4 1t 1a kinemaue. An Witcrmediale value of £ may be used.

EXAMPLE

As an example, weconsider a tubeand tubeshect composed of
matcrials having the same clastic-plastic materjal behavior. We
have assumed‘ralios of materia] properties as EJYn = 1000, v =

Q.3, EP/E = 0.0}, Theas proparties are Tcpresentative of a

numter of malerials. Al calculaled stresses are normalized with
respeel Lo the common yleld stress Vo' The following geometry,

which Is Lhe same as L(hat uscd in [2], 13 assumed:

Tubr onlsikie diameter = 1.000

Tube wall thickness = 0.0667

Radial clearance at ridge = 0.0100
Radial clearance at groove = 0.0256
Depth of groowe = 0.0156

Width of groove = D.125 “1 in Fig. 1)

Widih of ridge = 0.25Q (E, in Fig. 1)

Radius of hole = 0.510
Effeclve onter radlys of annulus = 1.020

In order to :xpaful the tube into the grooved haole, the
pressiue py {the hydraullc forming pressurc) must be increased to

some peale valuc P\ max and then be reduced 1o zero. This load-

untaar cycle has been simulaied in the model, where we have, o
this cxample, assumed that

= ll0Y
Pmax ™ 110 Yg

Distribulions of atress cowmponenis In the tube and coniact
pressure at the stale of peak tolornal pressure and at lhe
restdual siate have been calenlated and plotted in Figures 3-8,



RESULTS

Figure 2 shows a plot of the Iiyrdraulic forming pressure 29
a function of radlal displaccment of the tube at the center of
the groovs, Each mark on the curve indicates one load step laken
in the clasuc-plasiic process. There arc four slecp slope
reglons and three platcaus on the curve. The first stecp portion
and platean represculs lhe inittal clastic-plastic cxpanston of
{he lube alone prior to M vontacting the ridge. The second
sicep portlon and platcau shows Uhc additlonal resislance
Iniroduced when contact Is made al the ridge, the plaicau
indlcating yicding of the tubesheet at the ridge. The hird
sieep porlion Indicates the siiffening cffect due o contact
between the tibe and the valley of the groove. The presaice of
the third platcau indkates the tubeshect is also yiclding In
iis region. The final stecp portion Indicaics the unioading.
Regarding the unioading curve, 1t may be noted that, even though
further yiciding 13 not tnudicated will lhe pressurc is alimost
completely removed, Lie curve shows a alight nonlinear effcct
that s induced by the reduction in the stzc of (he coatact zone
In the groove.
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Figure 2, Hydraulic FermIngPressurcVersus
Radlal Deflection atl the Cenler
of the Groove

Figures 3-6 show the distributions of residual siresses,
normalized with respect to the initial yiedd stress, along the
tute.  The lelt and right
centers.of twd gomeccutive grooves, whik the cehter of the
abscissa ja ihe; oétiter of the vidge. The largest resydual
tenaile atrcss at tie loside of the lube, where siress corroakon
cracidng might be a problem, is the axial siyess at e center of
the groove. The magnitude of this stress Is atiout 32% of lhe
Initdal yldd stress. AL the outlside surface of the lube, the
largest tesile residual slress i3 the hoop siress al the center
af the groove, where it Is 36% of the Injtial yield stress.

ends of (he abscissa ropreseat (he
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Figures '?_'anri 8 shew lhe distribition of the residual
contact preasure between the tubce and tubeshect at the start of
wnloading and al the final residual slalc. Figurc 7 also shows
the applied hydraulic forming pressure on (e Inside of Wic fnbe
(stralght llne at the Jovel L.1). The abscnce of reglons of zoro
conlact pressurc indicates that, at the cud of the load-up, the
contact between the tube and tubesheel Las been made overs the
whole length of ihe groove. Flgure 8 shows that, allur
untoading, the tube and lubeshicet hove scparaled over the whelc
length of the groove.
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DISCUSSION

It 1s usclul to comparc the residual siresses In tlite groove
with those . fic lransition zone &t (he wige of the tube-
tubesheet joint.  This luformalon ls avallable from reference
|2]. where a tube-libesheet Jotnl of ihe samnc dimcnslons and
malerial properiics was ircated. I reference (2], the maxinium
residual stress at Uie inside surfce of (e ransition zoac was
found lo be B7% of thc lnitial yicki stress, comparerd with
maximum of 32% found at the graove. .
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In reference (24, the optimn forming pressure was found to
e about 78% of the mnitial ykld stress. For highcor values,
lillle change ln final contact dud mwaxtmum residual stress was
ohscrved. It was obscrved in (he prescnt analysis (lial, when
(he same level of forming pressure was used for the tube-
ubeshect joinl with grooves, tie lubc just barcly made contact
with e besheel o the groove. This can be scen clcarly from

* Figure 2 where the Whird sieep portlon beglns. Therelore, mn e

present analysis, a much higher forming pressure {110% of yield
siress) waaused.
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The plots of the stress distributlons show the cecurrence
of discontnuity in the hoop strcss. Thin is an expected result.
The reason lo that the transverse siress o the tube wall, Uz J9

discontinuous at these paints, and satisfaction of the yicld
condition on both sides of the discontinuity requires
discontinuity of some other siress componenl, namely the hoop
atress.

Since the width of Uic groove ia naot large In comparison
with the tube wall thicimess, the use of a shell theory that

neglects  ie  cffect of tanoverse shear stresses inm the

meshanical behavior may appear suspect. To check that this Is
nol the case, we caleulatcd e average {ransverse shear slress,
Le. transverse shear forcs divided by wall thicknesa, for the

sample problem. Its value turned out to be an order of magnitude

below the other calculated stresses; thus, the use of shcil
theory was judged acoeptable.

Figure 9 shows the deloclion curve of the ouler surfacc of
the tubeat the maximum forming pressurc, supcrposcd on ticcross
section of the undeformed tubeshect and the outer surface of the
tube. From the distribution of the contact, preasure (Figure 7
it can be seen thal Lhere 1s complelc contact between Uie tube
and tubesheel, cven at the re-catrant corners of the groove.
This means lhat the deformed tubeshect touches the deflection
curve of the tube, shown In Figure 8, at cvery polnt. This
tmplics & discontluuous radial displaccment in the tubeshect at
the boundary of the ridge and the groove. Such & discozntinully
represents an infinilc shear siratn at the corner of Lhe groove.
This o a defect in the mathemalical model of the lubeshent uscd
In thie paper. The model assumes Lhin, ladcpendenly-acting
ringa, with Do shear stresa between  them  {daslic-plaslic
foundation), On the other hand, the model of the lube assumcs
zcT0 transveroe shear stralns, which makes It fnscnsitve lo the
Infinjte strain in the tubeshoet. For thia reason, and since
thls paper is concertied with the stresses ln lhe lube, and not In
lhe tubeshest, it 1s expectxd that this defect does not alter our
matn resuits signillcantly.
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CONCLUSIONS

The results of this Invesigation lcad 0 the fullowing
conclusions:

1. For lhe sample prohlem consklered, Lhe highest tenstle
residual stress at the Inaide surface of the lube was ‘the
axial stress at the cenler of the groove, il value was
aboul 32% of the yield shess, which s small in comparison
with that found in the tramsition zone just outside the
Joint, where a residual siress of 87% of the yleld giress Is

3, A fpolut with grooves requirea a higher forming pressure than
a Jolnl without grooves. This la due to thc additional
effurt required to bend the tube wall Into. the grooves. No
attempt was maide In this paper to optimize this value.
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