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ABSTR.ACT

The purpose of this thests vras to furttrer lrrvesü$ate , er¡rerimentally and

numerically, ustng ttre J-Integral method of analyzlng the fracture behavior

of thtn wall pipes , the thermal effect of lealdng in a thln wall ptpe with a

longttudinal tlnough-wall crack, by;

I. verlfirtng through eçerlmentation the magnitude of ttre thermal effect

due to lealCng and tlre deffctency of the læak-Before-Break theor¡n

2. deterrnining how stgntffcantly the tnternal pressure contributes to the

tÏrermal effect and

B. deterrninireg how signlffcantly the üniüal crack length conffibutes to ttre

thenrral effect.

Ttre results presented tn thls thesis clearly show that increases in lnternal

pressure and crack length, coupled with the ttrermal effect due to lealdng'

magniry ttre thennal J-Irtegral and thus the possÍbility of catastrophic failure

upon leaking.

The ma:dmum thermal J-integral,/mectranlcal J-integral raüo (Jr/J) values

reached tn the later stages of leatdng were found to decrease by appro>dmately

SO percent for 5O percent increases ln pressure, independent of crack length.

However, in the early stages of lealdng, for e:rample at time, t=O.25 seconds, tl-e

Jr/J ratio was found to lncrease. At t=0.25 seconds, for pressures of 1.O' 1.5

and 2.O MPa , the ttrermal J-lntegral lncreased to appro>dmately 8, 1l and 2O

tfmes the pr:rety mechanlcal J-lntegral , respectively, for a worst case crack

length of L2 mm. At t=O.25 seconds, for crack lengths of 6, 9 and L2 mm, the

thermal J-integral lncreased to appro>d.matety 4, lO and 2O tfmes the purely

mechanical J-integral , respectlvely, for a worst case internal pressure of 2.O

MPa. TÏrerefore, ln the infüal stages of lealdng, as pressure and crack length

lncrease, Jr/J irecreases and the thermal effect is si$niflcant.

The læak-Before-Break theorywill thus overestlmate tl.e critical crack slze for

catastrophtc fatlu¡e, slnce it does not take ireto conslderation the thermal effect

tnduced by lealdng.
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CIIAPTER 1. INTRODUCTION

I.1 GENER.âL

Ttrin wall pipes are used extensively in power and chemical process plants.

In many applications, they are required to carr5rwater at high pressure and

temperature, close to saturation conditions. The failure of these pipes,

especially in a nuclear power plant could be catastrophic.

Several methods have been developed to evaluate the fracture behavior of

and assess the tolerance of defects in such pipelines. Some of the more

prevalent safety analyses are discussed in Chapter 2.

To date the most widely used fracture behavior ttreory for pipelines is tl.e

Leak-Before-Break theory proposed by Irwin et al If ]. This theory suggests

that a pipe will develop a leakvia a through-wall crack well before the crack

gro\Ã/s to critical size. I-eak detection devices would tl.en indicate when

system shut down and pipe inspection were required.

llowever, Irwin's theoryfailed to consider tJ:e local cooling effect on the crack

surfaces due to the throttling process during leaking. Hsu et al I2l used

Rice's J-Integral [3], modifìed to incorporate this cooling effect and found

that tlle induced temperature gradients near the crack during tÌe initial

leaking process have a signifìcant effect on the stability of the crack.

These results would indicate that the Leak-Before-Break theory does not

preclude the chance of catastrophic failure, with no possibility of detecting

an impending fracture. However, research into this phenomenon is still in

its early stages, and the Iæak-Before-Break theory is still in acceptance.



t.2 oelEcTrvEs

The purpose of this research thesis was to further investigate, ex¡rerimen-

tally and numerically, using the J-Integral mettrod of analyzing the fracture

behavior of thinwalled pipes, the thermal effect of leaking in a tl.in wall pipe

with a longitudinal ttrrough-wall crack, by;

l. veri$ring through further oçerimentation the magnitude of the thermal

effect and the defi.cienry of the l-eak-Before-Break theory;

2. determiningihow significantly the internal pressure contributes to the

thermal effect: and

3. determining how signifìcantly the initial crack length contributes to the

thermal effect.

2



1.3 SCOPE

Chapters TWo to Four provide the background theory required to under-

stand the terminology and theory used in the ex¡rerimental and numerical

analyses and discussions presented in tl.is thesis. ChapterTtøo outlines the

Linear-Elastic and Elastic-Plastic Fracture Mechanics Theories and their
apptications. Irwin's Leak-Before-Break theory is also discussed. Chapter

Three presents a derivation of Rice's J-Integral, and its extension to include

the thermal effect. Basic finite-element theory, the hybrid experimental-

numerical technique and the inverse heat conduction technique used to

solve the numerical model in this thesis are discussed in Chapter Four.

The experimental program developed for this thesis is described in Chapter
Five. Chapter Six discusses the numerical model used to simulate the
physical experiment. Chapter Seven presents tl:e experimental results and

a discussion of these results. Conclusions drawn from the current work and

recorrunendations for future development are discussed in Chapter Eight.



I.4 LITER.ATTJRE REVIEW OF SIMIIIIR UTORK

The basic background and fundamentals of fracture mechanics parameters

in the linear elastic and elastic-plastic fìelds are outlined in Chapter Tv¡¡¡o.

From these theories, several researchers have attempted to characterize ttre

fracture behavior of leaking thin wall pipes.

h-win et al [1] fìrst proposed the Leak-Before-Break theory in 1967. To date

ttris is tJre most widely used criteria for the design of pressure vessel and

piping components. Because of its importance to the discussion presented

in this thesis, the Leak-Before-Break theoryis described in greater detail in

Section 2.

Hahn, Sarrate and Rosenfìeld [4] published a paper in 1969 on the 'Criteria

for Crack Extension in Cylindrical Pressure Vessels", which examined atdal

through-cracks in thick and thin- wall pressurevessels. Folias' [5] theoreti-

cal treat¡nent of pressure vessels r¡/as coupled with conventional linear

elastic theory, including a plasticit¡r correction, to arrive at a crack extension

parameter. Non-linear elastic, elastic-plastic and thermal considerations

were not included.

Rice's J-Integral parameter [3] was utilized by Blackburn, Hellen and

Jackson [6] to characterize t]re stress state at the crack tip in a non-elastic

material. This formulationwas confìned to center-cracked plates in uniaxial

tension, considering thermal and mechanical loading as separate cases.

The J-Integral was modifìed by Wilson and Yu [7], Kishimoto et al [B],

Ainsworth et al [9], and Chell [f 0] for combined mechanical and thermal

loading. These analyses were again confìned to center-cracked plates under

4



uniaxial loading. Liebowitz et aI [lU extended these theories to a biaxia]

loading case, and presented a numerical solution which was further

improved by Hsu et d If 2].

Numerous fracture behavior investigations of pressure vessels and thin wall

pipes have recently been carried out. Some of the more relevalent investi-

gaüons are listed here.

L982

Hellen, Cesari and Maitan [13] on t]re application of fracture mechanics to

thermally stressed structures. Discussed axial and circumferential cracks

in cylinders under pressL¡.re and thermal loading.

1983

J.M. Bloom [14] on the assessment of the structural integrity of pressure

vessels. Developed the R-6 approach offracture analysis outlined in Section

2.2.

r986

Gùter and 7-eibig on Leak-Before-Break (LBB) considerations for Liquid

Metal Fast Breeder Reactors (LMFBR) structures [f 5]. Supported the LBB

theory by non-destructive testing methods.

r986

Hutin and Billon on flaw analysis in steam generator tubes [6]. Stresses

and critical crack sizes were estimated for speci-ûc operating conditions by

the R-6 failure assessment approach. Large scale plasticity was not

accounted for.



t987

B. Mukherjee on the LBB test program for the Darlington Nuclear Generat-

ing Station [f 7]. Used J-Integral to determine t]re initiation toughness of

piping material at specifìc operating conditions.

1988
tñ/ang artd Zhartg on tlle analysis of a low carbon seamless tube with a

longitudinal crack [18]. Used J-Integral to characterize fracture under

internal pressure loading only.

The obvious failings of these investigations are that the throttling effect of

leakage was not considered and that not enough, if any, experimentation

was done to back up the numerical results.

Hsu et aJ[2] first realized the importance of the throttling effect of leakage

and attempted to model this situation. A temperature fi.eld induced by the

leakage was asslrmed and the J-Integral used to charactenze the fracture

behavior. The J-Integral was found to be signifìcantly higher tl.an in the

conventional analysis excluding the throttling effect.

Hsu et al further developed a hybrid experimental-numerical technique [9]
to veri$r tJre preliminary results indicating the magnitude of the thermal

effect. These results were proven, but a detailed investigation into the

thermal effect of leakage is necessar¡r. The authorwas thus prompted to

more fully investigate the throttling effect of leakage in thin wall pipes, both

numerically and especially experimentally.



CITAPTER 2 . RE\rIEW OIt FRIICTTTRE MECI{AI\IICS THEORY

FOR STAÎIONARY CRACKS

2.1 GENERAL

Several metJrods of arnJyzing elastic-plastic fracture in pipes can be viewed

as extensions of linear-elastic theory. Therefore, a review of Linear Elastic

Fracture mechanics (LEFM) is provided. Elastic-Plastic Fracture Mechanics

(EPFM) is then discussed with an outline of the various analysis mettrods

currently in use. The major assumptions of tJle popular Leak-Before-Break

theory are then presented.

2.2 LTNEAR ELI\STIC F.R.A.CTTJRE MECIIÁNICS(LEFM)

Linear Elastic Fracture Mechanics theory (LEFM) assumes that a sudden

total break will occur in a fractured pipe, causing pipe whip and a large loss

of liquid. This model is onlyapplicable to large diameter components whose

large wall thickness prevents any signifìcant distortion in tl.e thickness

direction, and confìnes the strain to directions perpendicular to tÌe crack

front (plane strain constraÍnt). This model does not accurately describe the

fracture mechanism for a thÍn wall pipe, but is presented here as Elastic-

Plastic Fracture Mechanics extends from the LEFM foundation.

Fracture mechanics theory for members containing cracks was pioneered by
A.A. Griffïth in L92O [20]. This theory is well documented in many text books

and publications [2L,22] and is therefore not described in detail in this
thesis. Griffìth'stheorysuccessfullypredicted tllestrengthofglass, but was

unreliable for even the most brittle materials. Further theories needed



to be developed. Some of the more popular theories are outlined here.

1. Strain Energy Release Rate, G"

This approach was used to introduce the parameter, G", which represents

the total eners¡ associated ìÃ/Íth a unit length crack. Griffith's st¡ess

equation could then be written as,

where G", th" critical strain eners¡ release rate, is a material propert5r,

q is the critical stress,

E is the elastic modulus, and

a is half of the active crack length.

2. Stress Intensit¡r Factor, K,

o = [C ]E_ltrz" LãJ

The three basic modes of crack surface displacements were then estab-

lished, as shown in Figure 2.2.L. Each of these modes has a particular stress

fìeld in the vicinity of the crack tip. Referring to Figure 2.2.2, for a mode I

opening crack, the two-dimensional elastic crack tip stress-displacement

fìeld can be expressed by [23],

oi, =

(2.2.r)

where ou and Q *" the stress and displacement fields, respectively,

r is the radial distance from the crack tip,

U, = 4 ./- C,{el +

^t 218,

(2.2.2a)

(2.2.2b)



Fu and G, *" functions of tl e angle 0 defining r, and

I! is the st¡ess intensit5r factor given by,

where F(g) is a function of the crack geometqr and loading and o is the

applied stress on the structure.

The remainingterms depend on the specimen geometr5rand are dominated
f

bythe L/1r singularityinthefirstterm. Itis ameasure of themagnitude

of tl.e stress fìeld around the crack tip. Fracture is considered to occur when

I! reaches a critical value, It., which can be regarded as a material

parameter. Thus, equation (2.2.3) can be written as,

4= F(gl o ,m

Criticalvalues formode II and III cracks, Il, and I!u, also ocist, but are much

harder to define.

Mode I, II and III critical strain energ/ release rates, G,", G,,", and G,,,., have

also been developed. In the elastic region for a mode I opening crack, ttre

strain eners/release rate, G,", and the stress intensit5rfactor, 4", il€ related

by,

O=c
r(-^

-1-
F(gl "l tta

(2.2.3)

Gr = 4.'
E*

where E* is the elastic modulus,

E*= E
(1-v2)

(2.2.4)

E, for the plane strain case, \¡/ith,

, for plane strain (2.2.61

9
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3. Crack Tip Opening Displacement (CTOD)

In 1961, Wells [24] discovered that a load applied to a solid containing a

crackwill cause a displacement of the crack surfaces, termed the CrackTip

Opening Displacement (CTOD). The crack opening displacement measured

from the lines of load application is referred to as simplythe Crack Opening

Displacement (COD). These two measurements are illustrated in Figure

2.2.3.

It has been shown tJ:at for small scale yielding,

ô.= G.'qq
where ô,is tl-e CTOD in mode I, with parameter,

dt= 'tt/4 Í241,

%= I [25]' and

o'" is the yield strength.

Crack growth will occur when ô, reaches a critical value, 4". fr" CTOD

fracture criterion has also been extended to be used in elastic-plastic

fracture mechanics. It witl be discussed further in Section 2.3.

4. CRACK TIP DEFORMATION

The elastic stress-field equations (2.2.2a) produce large stresses in the

vicinity of the crack tip when r -)cL However, ttris is not the case, as a small

amount of plastic deformation occurs around tl.e crack tip. To account for

(2.2.7)

10



this plasticit5r, the plastic 
"Ãrae 

sizß. ,

r" = J- [g*-l ,' 2n LnoJ

This plastic zorae was considered part of the crack length.

then becomes,

4 = F(g) o \Cl ". tJ

r, = -J- [-:g*l '6n LnaJ

ry , was estimated by,

for plane stress, and

The plastic zorae size will differ through tl.e thickness of a specimen (Figure

2.2.4). The plastic znne will be sm¡ller at the interior, which is in plane

strain, than at tJ:e surface which is in plane stress. Therefore, tle plastic

zßraeco¡rectionis onlyvalidforsmallplasticzone sizes, whichare dependent

on the specimen geometr5r.

From the testing procedures outlined in ASTMr'B"Sgg-gS, plane strain
conditions are assured, or LEFM may be used when,

for plane strain.

(2.2.8a)

t> tfl2 and a> [ff] '
where t is the specimen thickness, and a is half the effective crack lengfh.

Or alternatively when,

Equation (2.2.3)

(2.2.8b)

Bor2a

where B is the width of tÌe specimen and r, is the plastic rßÍ're size defìned

by equations (2.2.8).

(2.2.e)

(2.2.LO)

11



2.3 ErI\STIC-PÍi\STIC FR.â.CT['RE MECIIA¡IICS (EPFM)

Elastic-Plastic Fracture Mechanics (EPFM) attempts to describe the com-

plex mixture of elastic and plastic deformation processes occurring in the

fracture of a thin wall pipe. The application of the Crack Tip Opening

Displacement and ttre R-6 EPFMmethods of predictingfailure in structures

under small and large scale plasticity are discussed in this section. The

popularJ-Integral method of EPFM analysis, used extensivelyin this thesis,

is discussed in Chapter 3.

1. Crack Tip Opening Displacement (C"TOD)/Crack Tip Opening

Angle (CTOA)

The defìnition of CTOD and the basic concepts behind it were outlined in

Section 2.2,lÅrrcat Elastic Fracture Mechanics. Because CTOD measu.re-

ments can be taken even when signifi.cant plasticity exists ahead of the crack

tip, C-TOD is a prime candidate for EPFM analysis.

Several researchers have related the CTOD to tl.e crack surface displace-

ment at different distances from the crack tip [26,27]. The relationship is

normally logarithmic for elastic and perfectly plastic materials. A critical

value of CTOD at the crack tip under certain conditions can be obtained,

which can be considered a material parameter. llowever, CTOD has only

been found reliable for small amounts of crack growth. For large scale plastic

deformation the Crack Tip OpeningAngle (CTOA) was developed. The CTOA

is defined as the anglebetween the slopes ofthe crack faces close to the crack

tip (Figure 2.3.L).

The CTOA, both theoretically and experimentally, has been found to rise to

a constant value, after an initial period of variation, as a crack lengthens

under extensive plastic deformatÍon!29,29l. The crack is purported to grow

T2



when CTOAreaches or exceeds some critical value. Numerous reports have

cited success [3O,3tl in using the CTOA approach for plasticit5r cases.

2. R-6 Method

This mettrod was proposed by Dowling and Townley [32] of t]re Central

Electricity Generating Board (CEGB) of the United Kingdom. Harrison et al

[33] modifìed this approach into a failure assessment diagram as shown in

Figure 2.3.2. The assessment curve is calculated from,

S, = o /6t = plastic collapse parameter

where 4 is the stress intensit5r factor,

4" is the fracture toughness of the material,

o is the applied st¡ess on the structure, and

or is the plastic collapse stress defìned by,

o, = (o"*6.)/2

4 = 4/4.

where o" and o., are the yield and ultimate stresses, respectively.

For a particular flaw size, structure, and material, the coordinates (q',I!)
are calculated and plotted. If this pointis found to liewithin the assessment

crln/e, the structure will not fail.

This model, similar to ttre CTOD approach, considers the material to be

elastic-perfectly plastic. Bloom [L4,341 developed multiple assessment

(2.3. ra)

(2.3.lb)

(2.3.2)
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curves using a deformation plasticity approach to handle elastic-plastic
deformation. However, available curves are timited to lowalloysteels under
plane strain conditions with flaws remote from any discontinuities.

It should be noted that the EPFM parameters discussed in this section will
produce different results depending on whether t]le flow theory or the
deformation theoryofplasticityis used. These two fracture theories and the
differing parameters based on each are illustrated in Figure 2.3.3. Gener-
ally, and for this thesis, only the deformation theory is considered.

The effectiveness of the EPFM parameters discussed in this section as
compared to the J-Integral will be discussed in Chapter S.

t4



2. 4 LE'ATT-BEFORE-BREÁK THEORY

Sections 2.2 and2.3 of this thesis outlined the general methods currently

in use to categonze amaterial's behavior. Aspecifìc level of performance for

a particular structure or specimen then needs to be identifìed to assure

quality or safet¡r control. The Leak-Before-Break criterion was developed by

Irwin et al [U to estimate the necessary toughness of pressure-vessel and

piping steels to ensure that a surface crack would grow through the wall and

'leak" before catastrophic failure.

The first mode of fafl ure for pressLrre-vessel or piping comp onents is leaking,

while the second is catastrophic failure. The purpose of a quality control

parameter should, of course, be to design a component so that no failure

should occu.r. Flowever, due to economic and technical factors, tftis is not

always possible. Therefore, in most cases a component is designed to

withstand the first mode of failure, i.e. Leak-Before-Break.

Figure 2.4.L illustrates how a surface crack in elliptical shape might
propagate ttrrough a pipe wall into a through-ttrickness crack of length 2t,

where t is the pipe wall thickness. The læak-Before-Break theory predicts

a critical crack sizæ,2o. from tr. 4" value for tl.e material. If plastic yielding

is localized and the curvature is relatively small,

where q is the critical crack length = 2a.

4. is the critical stress intensity factor, and

o" is the yield stress.

a" = (\"/ o) 2/n

For larger curvatures, alternate expressions are available to calcutate q[51.

Further details of the Iæak-Before-Break theory are outlined in the ASME

Boiler and Pressure Vessel Code, Section K 1441.

t5

(2.4.L)



If it can be assumed a leaking situation will occur, allowing the leak to be

detected and used as an earlywarning signal for effective remedial actions,

the Leak-Before-Break design technique is acceptable [2U. However, no

thermal effects are considered in the læak-Before-Break theory, which could

discount the desirabitity for the teaking assumption.
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FIGIIRE 2.2.2: Crack Tlp Coordlnates
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FIGITRE 2-2-3: Defluttlon of COD and CTOD

I9



CPACK

I(IDSECTIOI{

l/ 'z
\¡

FIGURE 2.2.4: Plastlc Zone Varlatlon Through WaII Thlckness

20



FIGURE 2.3.L: Deflnttlon of CO.â. and CTOA
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CIIAPTER 3. IT,TATHEMATICAL FOR]VIIILATION OF

J-INTEGRAL WTTH THERTIIAL EFFECT

3.1 GENER.AL

The J-Integral technique is a relatively new approach to EPFM analysis. Rice

[B] proposed t]ris path independent integral as a method of characterizing

the stress-strain fìeld at ttre crack tip. Because of the path independency

feature of the J-Integral, an integration patl. can be taken farfrom the crack

tip which encompasses the plastic region near the crack tip, but uses a

smoother distribution of stresses and strains away from ttre crack tip region.

The J-integral can thus achieve much better results than other more

straightforward techniques for stress anaylsis of the crack region.

The J-Integral with thermal effect is also discussed in tl.is chapter. This

integral is an extension of the J-Integral to include combined thermal and

mechanical loadings, rather than simply the mechanical loading.

The follor¡/ing sections will also discuss tl.e assumptions inherent in the

formulation. the ease of determination and tle limitations of the J-Integral

and tTre J-Integral with thermal effect.
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3.2 J-INTEGRAL

An elastic-plastic crack tip solution for power hardening solids under

s5rmmetric opening loads was first proposed by Hutchinson [35J and Rice

and Rosengren [36]. This solution is referred to as the HRR solution.

Referring to Figure 3.2.L, the HRRfìeld equations for stationaÐ¡ cracks are,

l/(n+1)

6u = o" ôu {e,tt) [-æ-,{
l_o"2 I(n) r I

r,r = õ" { {e,.r) [-æ--r-l 
r'l(n+I)

[_o"2 I(n) rJ

where n is the strain hardenÍng exponent, a material propertSr,

oy is the yield stress,

r is the radial distance from the crack tip,

0 describes the angular position of r from tl.e plane of crack surfaces,

I(n) is an integration constant which is a function of n,
N^l

ou and tu are dimensionless functions of 0 and n.

Note that these equations approach a I/r singularity as r approaches zero.

The J-Integral is generally considered to be tJre potential difference between

two different crack lengths in a loaded body. Referring to Figure 3.2.2 , tJte

J-Integral, J, Ís expressed by [6],

(3.2.La)

(3.2.1b)

where f is tl.e path of integration around the crack tip,

J=l'
[." 

.", T ôu.l ¿sI ----r I

ôxrJ
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W is the strain energy density function represented by,

Q is the traction vector, T, = ouN, ,

where \ is the outward unit normal vector perpendicular to the path

of integration, l,
tu are the components of the elastic strain,

U, is the displacement vector, and

ds is ttre arc length along f, and x, and åare the axes which defìne the

coordinate system centered at the crack tip.

This expression for J has been proven independent of paths used for the

integration and is valid for applications where,

l. body forces can be neglected,

2. inertta effects can be neglected,

3. only a two-dimensional application is needed,

4. the material is homogeneous,

5. the crack is assumed to gro\Ã/ in a direction

parallel to the crack surfaces,

6. the material is assumed to be linear elastic or nonlinear elastic

with small scale plastic yielding.

Formulations of J-Integral encompassing these restrictions are available

[6,8, t0]. However, they are not discussed here as t]re relatjon described is

sufficient for the application used in this thesis.

w-
€-t

tn
o de..UU

(m,n =L,2) (3.2.3)
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The HRR fìeld equations under the above assumptions reduce to [36],

ou = Àfuôu + 2Iteu (3.2.aa1

tu = l+v ou - v okkô{ B.2.4bl
EE

where À - Ev , Lame'sconstant,
(r+v) (1-2v)

F = G , the shear modulus of elasticit5r,

õu is tl.e Kronecker delta (=O for i *j, =1 for i=i)

and
W = I oo ru @.2.51

I

where W is tJ:e elastic strain energ/ density.

If the integration path is within a region of small scale yielding, J is simply

equal to G for a mode I (openin$ crack,

J. = Q, = K2 (3.2.6)
tt-

E*

where J, is tJre mode I J-Integral,

G, is the mode I strain eners/ release rate,

I! is the mode I stress intensity factor, and

E* is defìned by equation (2.2.6).

Crack propagaüon is expected to occur when J exceeds an eçerimentally
determined critical value, J,.. It should be noted that as a fracture

parameterJ is confìned to crack initiation rather than propagation, since J
looses its signifìcance under irreversible deformation.

28



The applicability of J is compared to ttre CTOD and CTOA methods of
analyzíngelastic-plastic fracture in Table 3 .2.1 . From this Table it is obvious

that J should be used where direct local stress measurements are not

necessaÐ¡ and a relatively simple approach is needed. J is ideal for the

application required in this thesis.
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3.3 THE JOULES-IHOMPSON EXPÁNSION EFFECT

When an actuating medium flows from a high pressure to a low pressure

region, through an orifìce or slit, a temperature drop will occur in the

medium Í321. This temperature drop is referred to as the throttlingprocess

or the Joules-Thompson e>çansion effect. It is an irreversible, isenthalpic

process.

Consider a thin-wall pipe with a through wall crack. If the pipe contains

saturated water, the water will leak through the crack, experiencing a

pressure drop. This decrease in pressure will produce a sudden drop in the

boilingpointand evaporationwill occurin tl.e region of the open crack. The

latent heat required forvaporization will be drawn from the saturated water

causing local cooling near the crack [2].

The magnitude of tJ e cooling is large, as illustrated by Hsu et aI [2] by

estimating the temperature drop of saturated water going from 13.8 MPa to

O.7 IVIPa. The enthalpy-entropy diagram was used to fìnd that the water

cools from a temperature of 335.4'C (635.8"F) to 165.6"C (33O'F) across

this pressure difference. This is a temperature differential of 169.8 " C
(305.8" F), which is significant.
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3.4 TI{E J-TNTEGR.AL WrlH lrrERIt{AI- EFFECT (JJ

The path independency of the J-Integral is no longervalid when a tempera-

ture fìeld is present around the crack tip. Because the throttling effect of

leakage produces such a temperature fìeld it is necessaÐ¡ to modify the J-

Integral presented in Section 3.2 to incorporate thermal loading and still

retain path independency.

If a temperature fìeld, T(xr,x;), exists,

density equations must be modifìed

stresses. Ttrerefore,

= W(e'u,T) = 
to'u€'u 

- 
Io'u(eu-aÁf 

ôo)

where cr is t}.e coeffìcient of linear thermal expansion, a material propert¡r,

ÂT represents an incremental temperature variation,

€u is represented by equation ( 3.2.4b),

and o',, is 4, including a thermal component, or,

then the st¡ess and strain energ¡

to include the induced thermal

where the variables À, ôu, and p are defined as in equation ( 3.2.4).

Using ttrese expressions, an expression can be derived which retains path

independency for Jr.

Referring to Figure 3.4. f the J-Integral, modified to incorporate a tempera-

o'u = Àe*ôu + 2peu -, E, cr^Tôu
(L-2v)

(3.4.1)

(3.4.2)
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ture field, J' is expressed by Í 2,7,LOI,

Jr = I, [.u" r Ë-.1 
+ 

J^"" "'" 
p* *

where J, is the thermal J-Integral

W" and ou are as in equations (3.4,.1) and (3-4.2J, respectively,

T represents the temperature field T(xr,5),

Ao is the area enclosed by the contour f,
fJ,, ds, xr, å , and f are as in equation (3-2.2)-

The thermal J-Integral, J* is subject to tJle same restrictions as the J-

Integral in Section 3.2.

(3.4.3)
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FIGIIRE 3.2.1: Crack Tip Coordlnates
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FIGIjREg.2.2:DeflnltlonofJ.lnte$ralVarlables
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T(x,, xr,')

FIGIJR-E 3.4.1 : Deflnltlon of Thermal J-lntegral Variables

36



CITAPTER, 4. FOR]VIULAI.ION OF FINITE ELEMENT ^åNALYSIS

4.T GENER.âL

The fìnite element method (FEM) is a critical factor in the design and

operation of equipment and structures. Because of complications in

empirical techniques, nurnerical techniques, such as FEM, using the power

of computers, are required. ANSYS finite element code [38] was used for

all of the FE work done in this thesis.

Only the basics of FE analysis will be presented in this chapter. The

numerical method of calculating the thermal J-Integral will be discussed.

The details of the numerical solution of static and thermal problems,

relevant to this tJresis, are discussed in Appendix I.

The hybrid experimental-numerical method used in this thesis will also be

discussed, including the inverse heat conduction method required to

determine a temperature fìeld from temperatures measured at isolated

points.

37



4.2 DTSCREITZATION A¡ID FrnrIlE ELEMENI ANAI,YSIS (F.EM)

In Figure 4.2.La, a body is shown under specified actions, which produce

various reactions. Because of the complexit5r involved to solve a problem

\Ã/ith a large number of degrees of freedom by close form solutions, FEM is

used. The continuum is subdivided into a finite number of elements

connected by nodes. This is termed discretization of the body. The

advantage to tl.is is that the analysis only has to be applied to the individual

elements of simple geometries, rather tJlan the entire structure.

Once the body is discretszed, the resulting nodes are entered into a FE

program by their locations with respect to a spe.cified globat or local

coordinate system. Elements are then defìned bylisting the nodes compos-

ing the element. Other information required by most FE programs are;

l. Material properties (either linear or non-linear)

2. Boundar5r conditions (fixed points or displacements)

3. I-oading conditions (forces, pressures, temperatures, etc.)

For J-integral analysis, the path of integration must be defined.

From this model, the FE program then uses methods similar to those

described in Appendix I and in [39,40], to solve for t]re reaction forces,

displacements and stresses in tJle structure. Therefore, an accurate and

appropriate model is essential to accurate FE analysis. Figure 4.2.1b illus-

trates a possible discretized model for the structure shown in Figure 4.2.La

under the given loading conditions [39].
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4.9 C,ATßTTI,Aî.ION OIr ÎIIE J.INÎ.EGRAI, WIÎH THERIì'IAL EIIIIECÎ

Consider a center-cracked plate subJ ect to a distributed bi-ædal mechanical

loading, and under a temperature field inducing thermal strains. A fìnite

element model for such a loading situation is shown in Figure 4.3.I . The

contour required to determine the thermal J-Integral is also shown.

The J-Integral with thermal effect, refering to Figure 3.4.L, was defined in

Chapter 3 as;

rr = 
J. [*'* t 

H]ds 
+ 

Joooo'' F" 
*

where x7,x2, f and Ao are illustrated in Figure 3.4. l.

Q is the surface traction normal to the contour' f,
U, is ttre displacement vector of elements on the contour,

O',, the normal stress components of elements on and within the

contour,

ü is the thermal expansion coefficient,

T is tl.e temperature fìeld on the plate,

\il'is the strain energy density calculated from,

where tÌ.e thermomechanical st¡ain is found from,

€'u = Êu- CrÂtôu

= fi- o'u de'u

(4.3.1)

€u are the strain components due to mechanical loading,

õu is the Kronecker delta as defined in equation 3.2.4, and

ÂT is the temperature differential.

(m,n=1,2)
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The discretized form of equation(4.3.1), for FE analysis, can be written as

[3e];
M

tYdT = /-¿
m=l

[* ¡.,
L ' J"'

+ cr, Ë["
n=r 

L

where M is tle total number of elements along ttre contour f,
m is a subscript denoting the mth element along f,
N is the total number of elements on and enclosed by f,

[.'r{#]-. nr-[#]_ ] 
o"", 

]

+ o + o l[¡r-l A'o(¡r rry¡ "' 
-l L¡"1- '

n is a subscript denoting the nth element in the regÍon bound by I-,
'W*is the strain energy in tl.e mth element,

ÁS* is the path length across element m,

Áy* is tle y- component of 
^S*,

(tJ_ and (t/- are tl.e surface tractÍons acting on ÅS_ in the x- and y-

directions respectively,

Áu* and Áv- are the respective element displacement components

in the x- and y-directions,

o,o.,, is the stress component in element n in the x-direction

o,o.,,i" the stress component Ín element n in the y-direction,

o=.,, Ís the stress component in element n in the z-direction,

A\ is the temperature differential in element n,

4" is the area of element n.

(4.3.4)
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4.4 ËT'TB;RID EXPERIMENIAI-NT'MERICAL METHOD

The temperature field used to calculate the thermalJ-Integral can eitherbe

assumed [2], orfound througþ ex¡rerimentation. The formermethod is gen-

erally used because of the difTiculty in determining a temperature field from

temperature measurements at specifìc points. Flowever, an experimentally

determined temperature field is preferred since it exactly represents tJle

physical model.

Most heat conduction problems involve the determination of tJ'e tempera-

ture at specific interior points when a temperature distribution or initial and

boundary conditions are known. For a two-dimensional situation, Busby

and Trujillo [41], devised a scheme to reverse t]ris process, known as the

inverse heat conduction solution.

This inverse heat conduction scheme was used by Hsu et aI [19], to

determine the temperature distribution around a longitudinal crack in a

leaking ttrin wall pipe containing saturated water under pressure. Thermo-

couples were affìxed to the specimen around the crack tip and a temperature

fìeld determined from these data points. ANSYS fìnite element software [38]

"design optimization" was used in this thesis, rather than the inverse heat

conduction algorithm, to determine the crack surface temperature from the

erç erimentally measured temperature data. The ANSYS solution pro cedure

is described in Section 6.3.
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CIIAPÎER 5. EXPERIMENTIIL PROGRAIVI

5.1 GENERáL

An experimental program to assess the effects of internal pressure and

crack length on the thermal effect was required. Three specimens of var5ring

longitudinal crack lengths, but with otherwise similar geometries were

prepared. Ttrese specimens were tested. tlnder three different internal
pressures.

This oçerimental approach should yield co¡relations between crack
length, pressure, the J-integral and tÌ.re thermal J-integral.

The experimental set-up, the specimen geometryand material parameters,

the data acquisition and measurement procedure and apparatus, and the
experimental procedure are outlined in this chapter. The results and the
discussÍon of results are presented in Chapter Seven.

44



5 .2 Ð7<PDRIMENTAL SEI.UP

A schematic representation of the apparatus is shown in Figure 5.2.L ''t¡ritl.

a photograph of the apparatus shown in Figure 5.2.2. Ahigh pressure water

tank, heated by immersion heaters, supplies sta$nant, saturated water to

the test specimen. The immersion heaters are plugged in and begin to heat

the water. As the water oçands under heating it comes under pressure. As

heating continues t].e water becomes saturated (defìnition). Further heating

is required to bring the water to a predetermined testing condition. An

additional immersion heater is required in the pipe section below tÌ:e test

specimen to maintain a constant temperature in the butk saturated water-

Both the pressure and the temperature of tÌ.e tank are monitored to insure

tl.at the correct test condÍtions are attained. Supplementary pressltre'

required to maintain the internal pressure duringleakage is supplied bythe

nitrogen tank.

For ttre leakage tests, a copper shim is soldered into the longitudinal crack,

preventing the water from escaping the closed system. The shim is ttren

pulled out by a manual car jack, when testing conditions are reached'

allowing the saturated water to escape. The pressure tank is secured to the

table bybrackets to prevent movement of the tank and the specimen when

the shim is removed.

Thermocouples mounted to the test specimen are monitored by an IBM-PC

computer modifìed to act as a Data Acquisition Unit (DAU)- The data

acquisition sequence is started before leakage begins to ensure no data is

missed.

Acomplete listofthe specifications of the equipmentused in this experiment

is given in Appendix II.
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5.3 SPECIMEN GEOMETRY AND MATERIAI, PROPERTIES

As mentioned previously, three specimens are required, with geometries as

illustrated in Figure 5.3.1. The specimens differ in crack length only. The

crack orientations are the same, longitudinal, and the pipe wall thickness

is 2 m¡n for all specimens. The three specimens have crack lengths of 6, 9

and 12 mm, respectively, all O.l mm in width. The calculations required to

prove the pipe to be thin-wall and conform to safety standards are shown in

Appendix III.

The cracks were all cut with an immersion arc welder, using a special cop-

per cutting tool.

The pipe material is Electric ResÍstance \Melded (ERW) ASMEA513 -73, LO26

plain carbon steel tubing. The properties and specifìcations are as follows

[42]:

Tensile Strength, o.'

Yield Strength, o"

O.22 - O.28 o/o Carbon, 0.60 - O.90 o/o Manganese,

O.O4 o/o Phosphorous - Maximum, 0.05 o/o Sulphur - Maximum

Specific Gravity

Densit5r, p

Solidus - Liquidus

Thermal Conductivity, k

Thermal E>çansion Coeffi.cient,C[

Elastic Modulus, E

Plastic Modulus, E'

552 MPa (80 ksi)

483 MPa (70 ksi)

The Plastic Modulus was calculated as shown in Appendix IV.

7.86

7860 kg/^" (0.283 lbs/in3)

1470 - 1500 "c
41.9 W/m'C (lO calories/msoC)

I lxlo-6 ,/oC

O.2xlO6 MPa

1.82xloa MPa
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5.4 DAÎA MEAST REMENT AND Acgt'IsrlloN

Thermocouples, of Ktype 0.5 mm constantanwire,'were spot-welded to the

specimens atthe locations shown in Figure 5.4.L. Because of the sensitivit5r

of the ttrermocouple wire to noise and external influences, the free ends of

the thermocouple wires were sheathed and run to a connection box, about

sixinches from the specimen. From the connection box, shielded, insulated

wire was run to t]le Data Acquisition Unit (DAU).

An IBM-PC udth a Tecmar Data Acquisition Board [43] was used to collect

the temperature data. Afortran program was used to modiffthe sampling

time and frequency of the measu.rements. A correction to the thermocouple

resistance measured was also implemented so that the DAU produced

readings in degrees Celsius.
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5.5 EXPERIMENTAI. PROCEDTIRE

The eçeriment was conducted at three different pressures, l.O MPa (145

psi), 1.5 MPa (2L7.5 psi), and 2.O MPa (290.0 psi), for each specimen

described in Section 5.3. Table 5.5.1 summarizes the experimental sched-

ule. Referring to Figure 5.2.I, tJle following steps were carried out, for each

of the nine tests:

(a) Before attaching thermocouples, inserting the copper shim, or attaching

the specimen to tl.e water tank, the specimen was cleaned with sandpaper

and degreaser.

[b) Thermocouples were spot-welded at the appropriate locations, as shown

in Figure 5.4.L.

(c) The copper shim was soldered into place, using 5O-5O lead-tin solder,

with a melting point of 250oC, and a propane torch. One of the thermo-

couples attached to the specimenwas used to monitor the surface tempera-

ture of ttre specimen to enslrre good adhesion of the solder.

(d) The specimen was bolted to the water tank at one end, and the lower

immersion heater, H2, at the other end. High pressLrre washers were

inserted in between each connection to prevent leakage.

(e) Thermocouple lead wires were attached to the shielded wires from the

DAU at the connection box.

(Ð The cable from the car jack was fastened to the copper shim. A double

check was made to be sure the carjack was lowered, before attaching the

cable.
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(g) Insulation was wrapped as closely around the specimen as possible' to

prevent excessive heat loss.

(h) The lower immersion heater, specimen, and water tank were fìlled \Mith

tap water. The upper thermocouple was removed to allow air to escape as

the tank fìlled, and then rePlaced.

(i) Immersion heaters Hl and H2 were plugged in.

0) The water tank temperature was monitored by the water tank thermo-

couple, TWT. Ttre surface temperature of the 
"p""irf"tt 

was monitored by

one of tl.e thermocouples on the specimen.

(k) The correct operation of the thermocouples on the specimenwas checked

by periodically running the DAU for short, fìve second intervals.

(l) Approximatelythirtyto sixt5rminuteswas required forttrewatertempera-

ture and pressure to equalize to the correct values. Equalization was

accomplished by unplugging and replugging in the immersion heaters until

a uniform temperature was sust¿.ined at all thermocouples for several

minutes.

(m) Once the test conditions, outfined inTable 5.5. f were sustained, the car

jack was raised until the cable exerted some force on the copper shim, but

not enough to dislodge it. This was done to reduce the time required to

remove the copper shim once data acquisition was started.

(n) The pressure on the nitrogen tânk was set to the sarne pressure inside

the water tank, depending on the test conditions. The valve on the top of the

water tank was then opened, allowing nitrogen into the top of the tank. This

ensured a constant water pressure inside the tank when the copper shim
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was removed.

(o) Data acquisition was started. Readings were taken from all thermo-

couples every O.O2 seconds.

(p) The carJack was raised, pulling the copper shim from the crack.

(q) After approximately one minute from the time the copper shim was

removed, the nitrogen tank was shut off, and the DAU stopped.

(r) Before all of the water leaked from the tank, both immersion heaters were

unplugged to prevent them from burning out.

(s) The apparatus was allowed to cool for three to four hours before the next

test.

(t) The specimen was unbolted from the apparatus, the thermocouple lead

wires to the connection box disconnected, and the specimen removed.

For each of the nine tests, steps (c) through (t) were repeated. For step (c),

if the specimen had already been tested at one pressure, and subsequently

already had the copper shim soldered in place once, excess solder was

removed and the area cleaned before reinserting and resoldering the copper

shim.

Steps (a) and þ) were onlyrepeated if atherrnocouple became detached from

the specimen during testing, in which case, only the loose thermocouple

would be rewelded. This happened on several occasion when the action of
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the copper shim being pulled out and the high pressure water leaking from

the crack dislodged a thermocouple.

The steam escaping from the open crack dispersed throughout the room in
wtrich the testing u/as done. Great care \Ã¡as taken so ttrat no electrical

equipment got wet. Safety precautions such as eye goggles, a protection

screen, an electrical shutdown switch and pressure release valve were used

for all tests.
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SERIES

1

2

J

CRACK LENGTFI IN]ERNAL PRESSURE

(mm)

6

6

6

4

5

6

7

8

9

(MPa)

1.0

1.5

2.0

9

9

9

12

12

L2

1.0

1.5

2.0

TABLE 5.5.I : D:çerlmental Schedule

1.0

1.5

2.0
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Check
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Immersion
Heater, Hl

Thermocouple ,TWT

J+
]:

J-l-
Tmmersion HleatelH2

T_

I

I
I
I

I

15'

l_

CarJack

I

See Section I

Copper Shim

Not To Scale

Data Acquisition
Unit,IBM-PC
with Board

FIGURE 6.2.1: Experlmental Setup
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FIGIJRE 6.2.2: Photograph of Apparatus
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Wall Thickness, f ,

2a, Crack [ængth,
Three specimens with
Crack l-engths 6,9,
and 12 mm.

All specimens have welded, hubbed, raised face,

lll2 150 816 4105-85N 98A, KOF flanges on either end.

Pipe material is ASTM A-106 Grade B Seamless, Killed.

Specimen [,ength, L,200 mm

F.IG{JRE 5.3.1 : SPeclmen Geometr5r
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6 mm Crack Length

(#1 fell off and was not rePlaced)

9 mm Crack l-ength
(#1 fell off and was not replaced)

--r-T- l:, 
^,=-;:'l '-

12 mm Crack Length

-'* 1ß.-r-:-

24 þr Itlr-.l*: I i6
TT-;- | ;"ll| :^------i_----l(z

| ,1

..:.--* -T2

All Dimensions in Millimeters.
Not to Scale-

FIGURE 5.4.L: Thermocouple Locatlons on Speclmens

bo



CITAPTER 6. NTIMERICÁL AI\IALYSIS

6.1 GENER.AL

ANSYS fìnite element software [38] was used for t]re numerical analysis.

Numerical analysis was used extensively to,

(a) determine the Crack Surface Temperature (CST) from the

ocperimental data;

(b) calculate the temperature distribution from the CST;

(c) calculate the stress produced from the temperature distribution and

internal p¡essure; and

(d) calculate the J-integral,

for all time steps of all load cases.

This chapter outlines the formulation of tl.e base model used for all analy-

ses, asstünptions, boundaqr conditions, and loading for all numerical

analvses.

6.2 F'ORMT]IITTION OF. TIIE BASE MODEL

The base finite element model used for all analyses is shown in Figures 6.2.1

through 6.2.5. The original curved surface of the thin-shell tube could be

considered as a flat plate, as illust¡ated in Appendix V. A quarter model was

u sed due to the symmetry of the geometry. Th e element t¡rpes, boundary and

loading conditions could then be adapted, depending on the anaþis.
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6.3 DEÎERMINATION OIt CRACK SI'RIIACE TEMPERAÎ.I'RE (CST)

VERSUS ÎIME CI'RVES FROM EXPERIMENTAL DATA

ANSYS "Design Optimization" was used to determine the Crack Surface

Temperature (CST) from tJle experimentally measured temperature data

points. Ttris procedure will be described for a general case, where tempera-

ture data has been measured by several thermocouples close to tJle crack

surface, corresponding to nodes in the base model (section 6.1), at an

arbitrary constant test pressure. Data is taken over an arbitrary time span,

divided into time steps. Referring to Figure 6.2.L, tJle surfaces at x=24rl:tn

artdy=)4mm are adiabatic, while the surfaces atx=O mm and Y=O mm have

symmetry boundary conditions applied.

An initial CSTwas specift.ed for the fìrst time step. ANSYS was programmed

to mn a thermal analysis \ñ/ith this initial CST, for only the first time step.

ANSYS calculates the temperature distribution produced from the inital CST

and compares the values it calculated for the thermocouple nodal locations

to ttre measured values, which are input as parameters. The calculated and

measured nodal temperatures are used to evaluate the minimization error

function, Jrmil, where,

where N is the number of thermocouple locations,

\is the temperature measured at the ntJl thermocouple for the

current time step,

a,, is the temperature ANSYS calculated for the node corresponding

to the nth thermocouple location.

ANSYS then automaticallyvaries the initiallyinput CST, reruns the analysis

with this value and recalculates ymil. ANSYS continues this process,

attempting to minirnize the error function. The value found for tJle CST
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ymil =
n=1
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when the error function is minimized is the actual CST.

Once tJle CST for the first time step is found, it is input as the actual value

for ttre fìrst time step. The second time step is then added to the analysis

file and an arbitraryvalue input for the CST for the second time step. The

minimization procedure is repeated to find the actual CST for the second

time step. This procedure is repeated until the actual CSTfor all time steps

is known. A CST versus time curve can then be drawn.

The ANSYS "optimization" file used to minimize the error function and

calculate the CST is shown in Appendix VI.
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6.4 IR.ANSIENT THERTIAI, ATVÁLYSIS

A transient thermal analysis was run for all nine tests. The crack surface

time-temperature historycalculated in Section 6.3 was applied to the nodes

on the crack surface for all tests. Symmetric boundaqr conditions were

applied to nodes not on ttre crack surface (Figure 6.2.L), atx=O mm and tl.e

nodes at y=6 Íun. Adiabatic boundarjr conditions were applied to the

surfaces at x--24 mm and Y=24 mm.

The temperature distribution around the crack was found for fifteen time

instances: O.0, O.25,O.5,O.75, I.0, 1.5,2.O,3.O,4.O,5.O,6.0,7.0,8.O,9.O,

and 14.O seconds from the time the copper shimwas pulled from the crack.

Five iterations were performed for each time interval to ensure convergence

of ttre solution. The ANSYS input fìle for the transient thermal analysis is

listed in Appendix VII.
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6.5 STRESS.ANALYSIS

Stresses induced by the temperature distributions from the transient ther-

mal analyses and the internal pressure'were found from the stress analysis.

Symmetric boundar5rconditions'were applied to nodes not on the crack sur-

face (Figure 6.2.1), at x=O mm and the nodes at y=6 mm.

The internal pressure load, Pi, was applied as a unifonn pressure on the

surfaces at x=24 mm and y=24 mm., where, referring to Figure 5.3.1 and

Figure 6.5.1,

These principle stresses are far from the crack tip and can ttrerefore be

calculated by these basic formulae. For pressures of 1.0, 1.5, and 2.O MPa,

o2 \¡/as calculated to be 6.6025, 9.09375, and 12.125 MPa, respectively. o2

was two times o, in all cases. These principle stresses were used as the

boundary conditions imposed on tl.e edges of the fìnite element

idealization of the pipe wall containing a crack as depicted in Figure 6.2.1.

The temperature distributions for all time intervals were read directly from

the thermal analysis results fìle. Again five iterations were performed per

time interval to ensure convergence of tÌre solutjon. TheANSYS inputfile for

the stress analysis is listed in Appendix VIII.

O. = PiR

t
and O^ = PiR

2t
(6.5.1)
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6.6 CAIÆT'LI\TION OF' J.INIEGR.âI,

The J-integral is calculated using equation (4.3.41. An integration path is

defined, along which the values required for equation (4.3.41are extracted

from the stress analysis results fÌle. Referring to Figur e 6 .2 .3 , the integration

paths specifìed for tJre three crack sizes were as follows,

Half Crack Length

(Node at Crack Tip)

3 mm (5)

The J-integral is calculated for each time step. The J-integral value at time,

t= O.O seconds, represents t]le J-integral for the pressurre loading only,J.

The J-Integlals at all other time instants are the J-Integral including the

thermal effect, Jr. The contribution of the thermal effecttoJris assessed by

calculatingJr/J for all time interwals. At time= O.O seconds, JrlJ is l.O. A

J/Jrversus time curve is found for all nine tests. From these curyes, the

effects of changes in crack length and internal pressure should be evident.

The ANSYS file to calculate the J-Integral are listed in Appendix IX.

a.5 mm (rU

6 mm (17)

Nodes Defining

J-Integral PatJl

7-27-23-3

r3-33-29-9

r9-39-35-15
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FIGURE 6.2-L : Dlmenslons of Ftnite Element Model
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FIGURE 6.2.5 : Ele¡nent Numberlng of Sectlon Speclfled ln Flgure 6.2.4
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CITAPTER 7. RESTII,TS .âND DISCUSSION

7.1 GENER.âI,

The Crack Surface Temperature (CST) versus time curves calculated by

ANSYS (section 6.3) from tlle erperimentally measured temperature data,

are shown in Figures 7. 1. la- f. Figures 7.L.La, 7.L.Lb and 7.1. Ic show the

CST versus time curves for series l-3, 4-6, artd 7-9, respectively. Figures

7.1.ld ,7.I.le and 7.L.Lf show the CSTversus time curves for series 1,3

and 6; 2,4 artd7; and3,5 and 9, respectively. The curve for the 12 mm crack

at2.O MPa in Figure 7.L.Lc correlated u¡ith the results obtained by Hsu et

al [19], also shown in this figure. TheANSYS calculated temperature versus

time curves for the thermocouple nodal locations were within 2 percent of

the measured values.

The maximum effective stress, SIGE, occuring at tJle crack tip versus time

is illustrated for all experimental series. Figures 7. l.2a throu gh7 .1.2c show

SIGE versus time curves for series I-3, 4-6, and 7-9, respectively. Figures

7 .L.2d througþ 7 .L.2f show SIGE versus time curves for series 1,3 and 6;

2,4 artd7: and3,5 and 9, respectively. These figures indicate that SIGE rises

rapidty in the first few seconds of leaking, but begins to level off witl- a
plateau at a constant value by time = l4.O seconds. The effective stress

disbibutions for series I through 9 (see Table 7 .L .L for series descriptions),

at time = l4.O seconds, are shown in Figures 7. l.3a through 7 .L.3i, respec-

tively. The temperature distributions producing these stress distributions

are shown for series I through I in Figures 7.1.4a throrug:h7.I.4i, respec-

tively.
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The distributions of temperature and effective stress were calculated using

the CSTversus time curves (sections 6.4 and 6.5, respectively) attimes ; O,

o.25, O.5, O.75, 1.O, 1.5,2.O,3.O, 4.O, 5.O, 6.0, 7.O, 8.O, 9.O, and l4.O

seconds. Onlythe distributions at time = l4.O seconds are presented as the

distribution plots at the other time instances are not crucial to tllis
discussion.

The temperature and stress distributions indicate tJlat the cooling effect and

the maximum stress are located in the vicinity of the crack tip. Very high

effective stress at the crack tip is apparent in all cases. It should be noted,

also, tl:at the temperature g¡adients in all series decreased with an increase

in time, eventually peaking and sustaining a maximum value.

Jversus time cun¡esforallseries are showninFigures 7.l.5athrough 7.L.5f .

In all cases the J value increased rapidly in the early stages of leaking,

similarly to SIGE, and began to level off after two or three seconds. An

approximately stable value was finally reached, dramatically higher than

the initiat value at time = O.O seconds, when no cooling effectwas considered.

Jr/J versus time curves for all series are shown in Figures 7.1.6a through

7.1.6f. These Figures show that the J value considering the thermal effect

rose to a value 3O to 50 times larger than the purely mechanical J.

The results discussed in this section veri$r previous fìndings indicating that

local cooling near a leaking crack in a pipeline could substantially increase

the value of J, and subsequently reduce the critical crack size. Therefore,

the Leak-Before-Break concept maybe desirable for maintenance and safe

operation pipeline design, but may be seriously offset by the thermal effect

should leaktng occur.

Sections 7.2 and 7.3 will more closely examine the effects of internal

pressure and crack lengþ, respectively.
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7.2 EFFECÎ OIt INÎERNAI, PRESSI'RE AND THE ÎHER¡IIAL EFIIECÎ

An increase in internal pressure was found to increase the maximum

effective stress, SIGE (Figures 7.I.2a-c), for a constant crack length. As

leaking proceeded, the differential between SIGE values at each time interwal

also increased. This indicates thatthe thermal effect magrrifies the effective

stress as presstrre increases.

Figures 7.I.1a-cshow that the variation of the J-integral without therma-l

effectis approximatetylinearlyproportional tothe applied internal pressure.

For example, a 5O percent increase in pressure was found to produce an

approximately 5O percent increase in the mechanical J value. The peak

values of the J-integral including thermal effect, reached aft er a few seconds

of leaking, are approximatety 50, 40 and 30 times larger than the purely

mechanicat J-integral for pressures of l.O, 1.5, and 2.O MPa, respectively,

regardless of crack length (Figures 7.1.6a-c).

Figures 7.L.6a-c indicate a decrease in the peak Jr/J ratio reached during

leaking for an increase in pressure. Although the peak Jr/J ratio decreases

with pressure, the Jr/J ratio in tle early stages of leaking increases with

presslrre. Figures 7.2.La-c show the t¡end in the Jr/J ratio with pressure

during teaking for all experimental series. At time=O.z5 seconds the J-

integral with thermal effect reaches values , for a 12 mm crack, approxi-

mately 8, I I and 2O times larger tJ an the purely mechanical J-Integral for

pressures of l.O, 1.5 and 2.O MPa, respectively. Similar behavior is

extribited bythe 6 and 9 mm cracks. Ttrerefore, in the initial stages of leaking

the Jr/J ratio increases significantty with increases in pressure.

Considering the high pressures used for some pipeline applications, the

thermal effect is defìnitely an important factor for design. Dependin$ on the

pipe geometry, catastrophic failure upon leaking is more than likely.
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7.3 EFF.ECT OF CR.ACK LENGÎII AND lHE THERIì/IAL EF.FECT

An increase in crack length was found to increase the maximum effective

stress, SIGE (Figures 7.L.zd-Ð, for a constant internal pressure. As leak-

ing proceeded, the differential between SIGE values at each time interval

remained large. Ttris indicates thatthe thermal effectmagnifies the effective

stress as crack length increases.

Figures 7.L.5,d-f show that the variation of tJle J-integral without thermal

effect is approximatelylinearlyproportional to tJle applied internal pressure.

For example, a 50 percent increase in pressure was found to produce ¿ul

approximately 30 percent increase in the mechanical J value. The peak

values of tl.e J-integral including thermal effect, reached after a few seconds

of leaking, are approximately 50, 40 and 30 times larger than the purely

mechanical J-integral for pressures of l.O, 1.5, and 2.O MPa, respectively,

regardless of crack length (Figures 7.f .6d-0 . This indicates that a longer

crack length will increase the mechanical J-integral, but that the peak value

with the thermal effect will remain constant.

Although the peak Jr/J ratio remains constant with crack length, the

Jr/J ratio rises more rapidly for longer crack lengths. Figures 7 .3.1a-c show

tlre trend in the Jr/J ratio with changes in crack length during leaking for

all series. At time=O.25 seconds tl.e J-integral with thermal effect reaches

values , for an internal pressure of 2.O MPa, approximately 4, 1O and 2O

times larger tl.an tl.e purely mechanical J-Integral for crack lengths of 6, 9

and 12 mm, respectively. Similar behavior is exhibited by the l.O and 1.5

MPa internal pressures. Ttrerefore, in the initial stages of leaking tJ e Jr/J
ratio increases signifìcanfly with increases in crack length and catastophic

failure is more likely to occur in the case of longer initåI crack lengths when

leaking occurs.
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SERIES

2

-J

CRACK LENGTH INTERNALPRESSURE

(mm)

/l

5

6

'l

8

9

6

6

6

(MPa)

9

9

9

1.0

1.5

2.0

72

L2

1,2

1.0

r.5

2.0

T,4'BLE 7.L.1 : Experimental Schedule

i.0

1.5

2.0
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CITAPTER 8. CONCLUSIONS AT{D RECOMMENDArIONS

TLre results presented in this thesis (Chapter 7) clearly show that increases

in internal pressure and crack lengtJr, coupled with the thermal effect due

to leaking, magni$/ tJle thermal J-integrat and thus tlle possibilit5r of catas-

tophic failure upon leaking.

The maximum thermal J-integral/mechanical J-integral ratio (Jr/J) values

reached in the later stages of leaking were found to decrease by approxi-

mately 30 percent for 5O percent increases in pressure, independent of

crack length. llowever, in the early stages of leaking, for example at time,

t=O.25 seconds, the Jr/J ratio was found to increase . At t=O.25 seconds'

for pressures of l.O, 1.5 and 2.O MPa, the thermal J-integral increased to

approximately 8, 1l and 20 times the purely mechanical J-integral ,

respectively, for a worst case crack length of L2 mm. At t=0.25 seconds, for

crack lengths of 6, 9 and L2 mm, the thermal J-integral increased to ap-

proximately 4, lO and 2O times the purely mechanical J-integral, respec-

tively, for a worst case internal pressure of 2.OMPa. Therefore, in the initial

stages of leaking, as pressure and crack length increase, Jr/J increases,

and the thermal effect is signifìcant.

The Leak-Before-Break ttreory will thus overestimate tl.e critical crack size

for catastophic failure, since it does not take into consideration the thermal

effect of leaking. However, further research, beyond the scope of tl.is thesis,

is required to more accuratelydetermine the extent of tJle thermal effect due

to leaking. Some recommendations for further research are;

(a) to gauge the effect of different pipe wall thicknesses and internal radii

on the thermal J-integral,

[b) to conduct tests at higher pressures,

r22



(c) to conduct tests using different piping materials,

d) to develop a dimensionless parameter relating all aspects of the pipe

geometry to the thermal J-integral. In effect introducing an alterna-

tive to ttre læak-Before-Break determination of a critical crack length,

and finally,

(e) to conduct tests using different actuating media. Although this thesis

considered only saturated water, the Joules-Thompson effect will also

occur for other actuating media such as natural gas or liquid

nitrogas.
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APPENDIX I 3 Baslc Formr¡latlons of the Ftntte Element Method

Since t]le Finite Element Method is widely documented [ 39,40 ], only t]re

basic formulations will be outlined here. Prior knowledge of matrix algebra

and elementary theory of elasticity is assumed.

COnsider an element of SurfaCe area, S, and volume, V, as Shown in Fig-

ure 4I.1. The Principle of Virtual Work, F\fW', states that,

where U' is the stored strain eners¡ for a virtual displacement, tl', applied

to a displacement, u, of an existing equilibrium state,

IJ' = ¡ (e')rodv @1.2)
lv

where t' is the strain evaluated at ü',

o is the stress condition.

W is the work done by the applied forces, F, required to produce

ll',

IJ'+W'=Q

Using the following well-known transformations,

{u} = tNl {ô} - general displacements to nodal displacements

{e} = tBl {õ} - strains to nodal displacements

{o} = tDl {e} - st¡esses to strains

{oJ = tDItBl{ ô} - stresses to nodal displacements

= - 
J" 

(u')r F dv

where [Nl is the interpolation functions which relate t]re element quanti-

ties to those at the nodes, [Bl is obtained by differentiation of [N] with

respect to the local coordinates, and [D] relates Stress, {O}, and strain, {e},

through Hooke's Law.

t27

(Ar.1)

(Ar.3)

(Ar.4)



The stress condition, with an initial strain condition such as a tempera-

ture change \Mithin the element, is,

Substituting equation (4I.5) and appropriate equations from equations

(,{I.4) into equation (Á,I.2) ;

rr' = J" tô'J tBl'tDI IBl {ô} dv - [õ'J J; tBr tDI {eo} dv (,qI.6)

or, setting [K] = J" ttl'tD] tB]dv, and {Po} = J" pf [D] {eo} dv,

rJ' = [ô'J IK {ô} - ¡6'J {Po} @r.7)

where [K] is the stiffness matri:<,

{Po} are the work equivalent nodal forces for initial strains.

Similarly, dividing F into body forces, {Fb}, and traction, {Fs}, equation

(,.{I.3) becomes,

{o} =[D]{e} -tDlteo}

W' = J" (rr'). [o¡J dV - J" trrt'{Fs} dS

where {Fb} = tpl {î}, where p is the mass density and {'u } acceleration.

Substituting the above equation for {Fb} and appropriate equations from

equations (,AI.4) into (,{I.8) yields,

(Ar.5)

w' = J" Lô'J INI'tpl uvl ial dv - J" Lô'J tll'{ns} ds

orsetting [M] =J" nU'þl t¡¡l dv, and tPs] =J" Lô'JINI'{Fs} ds inequa-

tion (4I.9), where [Ml is t]re element consistent-mass matrix, and {Ps} are

the work equivalent nodal forces for the surface traction,

= Lõ'J tMl 0l

(Ar.8)

- Lô'J {ps}

t28

tAr.9)

(Ar.10)



Therefore, substituting equations (A1.7) and (AI.1O ) into IJ' = -V/',

Lô'j tn {õ} - |.ô'J [po] = - Lõ'J tMl {õ} + lô'J [ps]

or , setting {PsJ + {Po) = {Fn}, t}re element nodal-force vector,

lKl {ô} + tMl tô} = {Fn}

Ttre elements mass is lumped at the nodes, and the element matrices are

assembled to form the global system of the equations of motion, which
can be represented as in equation (AI.t2).

Equation (AI.f Z¡ may be written in incremental form as'

[K] [Âu.] + tMl {^üJ = {^F.}

wherg Ât, = Ar.*o, - üt, ...etc.

The Newmark- P method approximates ttre displacements and velocities
at t+Ât by,

{Âu,*o,} = {u,} +at{ú,} +Ât" (((L/2)- Fl {ü,1 + p {^ú,.^,} )

{ aú,.^,} = { u,} + 
^t 

((r- y) { .i,} + T{ 
^ü,.^,} 

)

where Þ "ttd 
y dictate the assumed variation of the acceleration over the

time step, Ât. Equation 1al.f +a), in incremental form, becomes'

(Ar.r 1)

1Áu,) = ar {ir,} + 
^t'z({r 

/2l1{'i,l * Þ tÂü,} )

This equation can be rearranged to yield,

{^ü,} = tt/þt ({r/Âr,}{ au,} - tIl^r}{ 
^ú,} 

- (r/2)ti,l)

ûu. 12)

ûu.13)

(AI. raa)

(Ar.14b)
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Substituting equations (AI.I5) and û\I.16) into (AI.13) and rearranging

yields,

or, [K'][Âu,] = {^F', } ,

where [K'] is the equivalent sttffness matrix, and {^F', J is the equivalent

force mat¡ix.

Equation ûU.18) represents a set of linear atgebraic equations at discrete

time instants, t. Matrix inversion, Cholesþ decomposition, or Gaussian

elimination can used to determine ttre primar¡r unknwon quantities, {u,} at

each node.

Equation (tU.13) is asetof second orderdifferential equations, requiring two

initial conditions to begin the time-integration procedure . The initial

conditions chosen are {ú,-o} anA [u,=o], which, when substÍtuted into

equation (.AI.13), is used to solve for {î,=o} bY,

(Ar.17)

{ r,=oJ = [M] -' ({F,=J - tKl {t,=o}.

Incremental nodal displacements at all remaining time instants can be

found by solving equation (AI.1B). Incremental element strains and stresses

can be found from equations (,4,I.4). The total displacements, strains and

stresses can be determined by adding the respective incremental values.

The extension of the above formulations from elastic analysis to elastic-

plastic analysis is detailed in reference [39], Chapter 3. The necessaÐ¡

(rU.1B)

(rU. tg)
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modifications to t]:e elastic formulations are summarized as follows.

The nodal displacements are calculated by the cummulation of the incre-

mental values computed from each loading step;

'ü¡ith the incremental displacement components calculated from;

lKol { Âu} = {ÂF} (AI'2I)

where [Ko] is t]re overall current elastic-plastic stiffness matrix;

{u} = {u} + {Âu}

where tKepl is the current elastic-plastic stiffness matrix,

[ÂF] is the incremental load matrix, and

M is the number of elements in the model.

lKepl is evaluated by replacing [D] in equation (,AI.5) by [CeRì derived in

reference [3g] ( equation g-7O for isotropic hardening and equation 3-9I

for kinematic hardening).

lKol =
M

Incremental strain components are obtained by,

{^e} = tBl {Au}

ûu.20)

and the incremental stresses by the constitutive equations in reference [39]

(equation 3-53 for isotropic hardening, and equation 3-90 for kinematic

hardenin$.

The total stresses and strains are then calculated from the corresponding

incremental values.

(A1.22)

(Ar.23)
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FIGURE Af.I : ,{. fyptcal Trtangular Flnlte Element
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APPENDD( II : Experimental Equipment specifications

Water Tank : Model 5O7, Serial 3-69, Style 266-4

Working Pressure 5O0 Psi

Temprite Products Corporation, Troy, Michigan, U'S'A'

Flanges : ccTF-KoF 4 I5O STD 816 AroS-B$N 641 Specifìcation

Heaters : 150O W 12O V, Straight Water Heaters

Fressure Gage : O-6OO psi, USG U.S. GAUGE

Tube-sst 316, Conn-sst 316

Data Acquisition Board : Tecmar DTTOL Data Tfanslation

See following Pages
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DISfA T-RAh¡Sil-^AT'gOru
4ptratþmore Rd.,
(617) 655-.53{n

FEATURES
r Reli¡ble connecfionpoinf s for m¡crocompuler

analos l,"O & digital l,/O signals
r Srandard 19- w¡d(h RETMA Rack Mounting
JS¡andard ribbon cable connect¡on to màn!; Darâ

Translaf ion analog interface boards
I Designed prinred circuif mounfing space for analog

¡nput comp{)nenls:
curfenf toop resislors
noise filterc
volfage diriders
open circuit thermocouple detect¡on
prot€ction fuses ¡-

! Thermocoupte cotd reference jlnction compensarion
on board

I Barrier-strip scr€w ferminals
! Slexible mount¡ng assemblg oprion r*ith þrorectit e

corer

DESCR¡PTION
Tire DTlr0t Universal Screw Te¡minat Sisoel Cornît¡oritrg
Panel rs a convcnientconn€ctbnsch€¡r¡e for mkrocomput€r
analog and digirâl input 'ourpur sþnals- lt consists oÍ a h€¿r!,
gauge prmted ci¡cuir bo¿rd *':rh Sarrþrst¡ip rret^'le'rrnir.als.
Itprcwídes ease of conn€crion of an¿tos o¡ ô:sÍÉ¡l¡Âsn¡btorte,
comols¡€ Èn3 ol Dar¿ Trandatbn in¡erlåc€ Þouds orto ary
ìa{.erfrce boerd requiring a rn€ans of cor¿odtbn fron-. drt
micro€,ornputer to ¡h€ outside r¡orld. The unrt mounts it¡ a
slandard 19- wiri¡h RETMA rack and is avaílable as a direct
mounûnE printed circuit board or urrh an optiora! moun(¡ng
assembly. The mounting assembly rs a cor::plg¡e sub¿ssembþ
ui¡h shee¡ metal enclosure and protectir.e coter.

Th€ DT701 uìll pror,ide connection for up ro50 seoarate Ínputs
ur¡h up ¡o l3 separate screws for ¡he conne.-üa¡cfcommonor

Natick MA 01760
Teþx 918474

UNIVERSAL SCREW TERMINAL
SIGNAL CONDITTONING PANEL,
MICROCOMPUTER COMPATIBLE

DTTOI

F,g. l- .

t Í7Or-SOT-llA ôs tk $aiqæl cace tcnírc! dgøf condirÍ<rnín¡
poæl eírû o 5O pia <aacctæ for dírcct y'ugir cøæcrion ro râ<
tù.qot¡g,naa oæfog åpur öærd. ¡{f¡o ¡frm æ tfrc poæl ar rfrc
catc¡ ie ¡f¡c ¡âaææp{c c& rcfce<*c iuædq compc¡snr'on
Gûü't , . . .,. ,

grþurd ;¡gnds: A speca[y dcs:sned a¡àa b set ås¡de using â
s¡antiard måtrif p¡tt€rn ro allo$'th€ ns€r to ûrounr.hb o$n'
passtte igoal condifrtúng o¡ pro¡ectìon ciicu¡¡s. Such circuitf

. inclucie currer¡r loog r$sÞrs.nos€ fúerÉ/pror€cr¡on circuits

. opar tlremrocouple d¿$æli¡o ci a¡þ Voftag€ dividers or anJ
qrq,¡f r€qq|€(l r^t¡¡¡n fnæes tl.ur the Stanoåfcl pàl¡ern.

A uniqrr featu¡å of th€ DTrot k rhe inciuson of a'
thermocoupie cold reference ju:rrion comp€nsðt ion ckcuil.
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t4oDÉL CoñFicuR^rd'
DTTOIcorrsistsof ¿19 ¡nch rack mounf printed circuít board
q'ith screw terminajs and standard m¿trix for user
confi gura¡ìon of sigrral conditioning.

Opf ions
-50- consistsofasoPin3Mconnectorforconnection
,. of DT701 to lht ntbon cable or flat t*isteci pair

: cable.3M connector fSæe 3433 or equivalenf.

- 40 - tonsists of 4{t Pin 3M connector for connect¡on
of DT701 to fht ribbon or llat tr^'isted pair cabl€.

: 3M conri€ctor 1r1rr-,3432 or equiualent.

-20 - consists ol 2 - 20 Pin 3M connec¡ors for
conneclion of DT70l to lìat ribbonor fla: ¡urs¡eC
pair cabks. 3M connector rype 3492 or

' equir.ralenr-
- MA - consists ol a Standard RETMA 19- mounting

assembly uith plexþlass cover." To prot'ide
pro¡ecf d recessed mounling.

- T - 
"..- 

Thermocouple - reference iuncrion
compensàlKxt c¡fcurl-

SPECIFICAT¡ONS DTTOT
Size
Epanet combrs of hearar duty print€d ci¡cuit board
designed to rþunt in a starda¡d RETMA l9r rack. l91V x
5.OO- H. (48.6-m x f27-0mmi

Prinred Circut Board
0.125 h. (3.17¡¡¡¡n) l¡¡k¡q (FR{ Mãter¡ãl}

opn0ñs ,-/ ''-.-=.-\ \
T Option - Ambicnt TempcraturerCompensation \
The DT70l can be configured with (h€ -T option. This option
provides a thermocouple telerence jur¡ction comp€nså(¡on
circuit. This circui¡ consists of a sotid state l€mp€ràtur€
transducer mounted at the physkal cenfer of the screw
t€rminàl assembly.. The tr4.rsducer output is buffered and

. normalized¡oprovi@
The T option outputs àre brought orl on lwo solder pads on
the DT70I panet (Hl t¡)- Thes¿ tr¡ro pads can be wired to'any
set of screw terminal inputs for us€ as a¡¡ inpul channel or to
proride autorr¡¿rtlc compensation d'ith -T option interface
boards-

Ambienf Tcmperaf ure Compensation Grcuit
When rhe lt¡ermo.-ouple wire is cor¡r¡ected to copper wire af
the barrier srip an addi¡ional thermocouple is made with an
ourpur fhat r¡¡ould cancel the measurement th€rmocouple's
ou¡pul ¡f ¡he barrk'r slrip was at lh€ sar¡€ temg€rafure.

To compensate lor this erroran integrated circuit lemp€ral ur€
lrans<iuce¡ k moun¡ed åt th€ c€n¡er of th€ bàrri€r strip. The
output at ph * as sho*nk-lm'rroampere perdegree Kelvin.
Follo*'ing thk.th€ arapEfrer È u¡ilÞed ro r€move th€-2.7 volr
offset due ¡oambien¡ ¡emper¿rure ard refere¡rce rhe outpur to
0'C rd:h *10 r¡úllir¡ohs per rdegree C and-10 ¡n¡llivolts per-
de$eè.C.'(S€e 

þ 6:!-f-i:¡ ,, ,: :¡i...:,..:, ., '

CompensatiodSclcc¡ion . : . ::.',-:.1 :.

The compdnsat¡on for tar¡or¡s rheniocouplestcan no*'be
de:ermir¡ed bl'cakuhring rhe valueof :tre scrling resis¡or (Rl.
Tlr:s is accomplsl¡eri br' ¡he fe¡¡¡uh¡'. : i.:' : . :

r'-.'-" f / ,o-u'\ -l -R= | [iË#f -I lxtoo.L\ I J -'

Screr¡ Terminal
The paræf contains 63 scres, ¡erminals. 50 ter::ri¡als are
connected to the standard matrix pattern ané 13 are csed for
us€f common conrì€ctiofis-

5O signa.i rnput lines or 25 pair maximum. For an¿log inpurs this
means 50 single-ended (SE) or 25 difierental (DIl ¡npu¡s.

Barrier-S trip Screç' Size

ffi aptive qtc c{ampìng phtc-

Barrier-Strip Screu' Spacing

0.250 in. (6.35mm1

Ba rrier-Strip Scre*' Ma¡erial

Brass

Barrier-Strip Materi¿l - Polresrer
U-L gr¡dß}tv{, l30C ope raling

.t{

Acceprahle I'Vire 5 iz<.lE-ËãÃwc-

czso û.- (cssi"^)WE wve L rr5,

ä#L'iÉrs,

Where COMP

R

T OPT¡ON SPECIFIC.ATIO-¡-

Accuract'

= th€ output of the grr.en thermocouple tg'pe
¡ngv{"c.

= Scaling resistor ¡n ohms K '

ll'c
Ou¡put lmpedance

Ampt'Ger O'tp'¡t.l o+ur\ t(l ohm E[vilcr

Output Drise

Ar.?lrftr.:5.m^"
Adíustment Capahili¡t
Adjustrl{c (rom -2OnV to tær'¡v*tpqtO25-C (¡'{o.¡natfy
+?SmV)
Temperature Range(Opcrat ingl

o'C ¿osy;
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Tire DT70t can be suppi¡ed rri¡h a sheef me¡al assembly to
protide recessed mounting in a standard 19- RETMA rack-
Also provided is a plexiglass cor¡er for addit¡or¡àl prof€ction.
See Fig-. 4¿.

The mouatiag oxscmblg oltæt th< DTTOi to bc møatcd
xgtotcly ia oaç 19 iach ¡æL

MA Ma(erial

16 gauge s¡eel. Finish - blacksemigloss

Size

19'W x 525-H (4S2.6mm x l33J5mm)

Coç'er Marerial .

3M Type J+lZ or equrvaÞnt

¡aiarca ¡tßp

0,125 in. (3.17mm1 thick plexislass

Connecf¡on to the Comput€r lnt€rface .

Connec¡rons to th€ coÍ¡put€r are t b 5O pin or {0 pin fìat riSbon
c¿bl€s or tuo 20 prn cables. Thiscable assembl¡; can ire eitirer
llat cable or ¡ur¡sied parr cables.

50 Pin Configurarion (-50)

ln rhis configura¡¡on ¡he DT70l panel contàins a 50 pin
conn€c¡or lor connectbn ro tand¿rd Data Transl¿¡íon
in¡erfaces.

This option is srandardly used uith all rhe lollo*ing analog l'O
in¡erf¿ce ho¿rds: DEC ouad LSþII' series. DEC Unibus'
PDP-ll series. and In¡el.'Na¡ion¿l Multibus serþs.

@
3Fi Type 342f or equrvalent .-..
20 Pin Configurarion (-2O)

In this confrguraridn tt¡¡o 20 pin 3M typ( conn€crors ar€
uliftzcd to proride compatihtþ qlrh Dåra T¡ansl¿tion
inrcrfaces ct¡n¡aining 20 p¡n conn€ctors.

T¡ù optgr ì¡ rt¡ ndrd& qscd grú' atl tl: foforrurg ¡ 
"¡,log 

l¿Õ
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USER SIGNAL CONDIT|ONING MATR¡X .

The s¡andard Matrix paflern k sf¡osrr¡ h Fæure 3. ¡t
should be r¡o¡ed thåt cach l€¡minallirph¡sassocbted urífhit a
standard pðttern. Each l¡ole in lh€ pôlt€rn is ¡rarked srith a
le¡¡er ard this pattem rs rep€åtd lor cac*¡-fermin¿t.-

The printed c¡rcuT on lh€ DT70l cor¡n€cts €åch screw
rerminal ¡nput to th€ l¡at rõbon cable co¡r¡¡ector- A user ciàn
jump srraþhr rhrough I he desres (con¡¡ect iumper D to FI
Each input li¡¡e. hor¡,ever. passes througha speciallydesþned
fr¡àirix partern onf o rshi<f¡ a trsgr friåycdur€cl coûnpon¿nts for
signa! conditioning or protectiqr. Th¡s slandard måtrix is
designed to albw easg placement ol R€components for nok:e
fikers. resistors for voltage division. fuses for protection or
olher components as the user's applicatons may require.
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APPENDD( III : Calculations for Thin Wall Pressure Vessel

,{ssumption and SafetY Cheek

From the ASME Boiler and Pressure Vessel Code, Section WII [45], a

pressurized pipe is thick walt if its wall th.ickness exceeds O.IR, where R is

the insÍde radius of the pipe. For the experimental pipe geometqr considered

in this thesis (Figure 5.3. f ), R is 23.25 mm and the wall thickness is 2 mm.

O.lR = O,I (23.25) = 2.325 rnm

Ttrerefore, the pipe is thin walled.

A pipe is considered safe if its walt thickness exceeds the minimum allow-

able wall thickness, tn

where p is the maximum desi$n pressure = 2-O MPa

D is the outside diameter of the pipe = 50.5 mm

.: ,

f- = loìlDì
2.o (Ð(e) + p

e = l.O for seamless pipe.

f is the permissible design stress = 6y/2 = 4B3MPa/2 =24I.5 MPa,

where qy is the yield stress.

From equation (AVI.l),

Therefore, a 2 mm wall thÍckness is acceptable, with a suffìcient safety

margin to be sure the pipe will not rupture even rvith a 12 mm through-wall

crack.

t. = (2.0)f5O.5ì = 0.208 mm
t-

(2)(241.5XI.o) + 2.o

(A\¡I.1)
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APPENDD( fV : Calculation of Plasticity Modulus

The steel material behavior is described by classical bilinear kinematic

hardening described by a bilinear stress-strain curve starting at tl.e origin

with positive stress and strain values [39]. This curve was calculated from:

o = IfÊ' (AIV.l)

where o is the stress

s is the strain, and

n=O.15 for low carbon steel.

From Section 5.3, O.. = 483 MPa and E=0.2x1O6 MPa, therefore,
J

t = o lE = 483/O.2xLO6 =2-4I5xlO-3 m/myv

Therefore,

K= 6r/Er" = 483/(2-4L5xLO-3)o'rs = r 192'64 MPa

Substituting equation (AIV.3) into equation (AIV.1) yields,

o = I L92.64 eo'ts (AIV.4)

The stress-strain curve described by equations (AfV.2) and (AIV.4) is shown

in Figure AIV. I. The slope of tl.e plastic portion of the curve, past ttre yield

strength yields the plastic modulus, E'.

E'= 553.65-498.97 = l.B2xlOa MPa
0.006-0.oo3

(Arv.2)

(Arv.3)

138

(Arv.5)



600
553.65

500
498.97

400

(MPa) 3O0

200

100

.oo24L5

FIGURE AfV.l : Plasticlty Modulus Calculatlon
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APPENDD( V : Proof of Cylínder to Flat Plate Modelling
..{ssumption

Using the oçerimental specimen geometry in Figure 5.3. f , from refer-

ence [5] ;

À - [r2 (r-vz)ltt4 c
lRt ¡'r'

where, l" is a dimensionless design variable,

v is Poisson's Ratio = o.3,

Ris the inside radius of the cylinder =23.25 mm,

ú is the thickness of the rylinder = 2 mm,

c is the half crack length, which is equal to 3, 4.5, and 6 mm

for series L-3, 4-6, and 7-9 ex¡leriments, respectively.

For the ttrree half cracklengths, 3,4.5, and 6 mm, Àis found from equation

AV.1 to be O.8, I .2, artd 1.6, respectively.

The percent error, PE, from assuming a flat plate geometqr can then be cal-

culated from [5J;

pE= loo.o 
[",* 

o, 
[,".-"]]

where a, and b, are dimensionless design variables found from l" [5], as

shown in Table AV.l,
all other variables are defined as in equation (AV. f ).

For the three half crack lengtJrs, 3, 4.5, and 6 mm the errors calculated for

assuming a flat plate geometry are 3.7,2.1, and 6.1 percent, respectively,

which are within acceptable limits.

(AV.1)

c2

R
(.{V.2)
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TÁBLE AV.l : Dlmenslonless Destgtr Vartables a, and b, for
Experlmental HaIf Crack Lengths [51

Half Crack Length

3mm

4.5 mm

6mm

lu

o.8

L.2

1.6

ât

o.o4Lo7

o.o6406

o.oB4B2

br

0.02659

0.03985

o.04990

t4l



.APPENDX \II : AI\ISYS Optirnization File to Calculate

$set def [demo-jeff-pipex] * change directory
$ansys44 * load ansys
tp6:150 * variabl-e to be oPtimized
/prep? * enter /PteP7
/inputu,2A *** file 28 is created by a cdwrite command
tan, -1 *** in /prep7, base model input for ,/prep7 is
ktemp,O *** listed ÀPPendíx VII.
hcrl-6.0 * half crack length in mm

to0:165.0 * bul-k metal- temPerature in 'C
to1:1"25,0 * thermocouple 1 measurement 'c
Lo2:]-25.O * thermocouple 2 measurement 'C
to3:1l-5.0 * thermocouple 3 measurement 'c
t-o4=125.0 * thermocouPle 4 measurement 'C
to5-125.0 * thermocouple 5 measurement 'C
tref.toO * reference teÍq)erature
tunif,to0' * uniform teÍq)erature
iter,-S * number iterations. -vê for automatsic
nall tirìe-step oPtimJ.zation
eall
ntde1. all
nsel, y, 0
nrsel, x, 0, hcrl
nt, all. temp, tp6
nall
nsel, y, 9, 25
nasel,x, 17.5,25
nt, all. temp, toO
naIl
ea11
l-write*** further time steps are added here once previous
*** time step is optimized.
afwrite
finish
/inpur.,27
finish
/post1 *get values reguired for optimization
set
*get, aL, temp, 66
*gex,a2, ternp,66
*get,a3,temp, 1. 1-6
*get, a4, ternp. 66
*get,a5,temp,66
sl:(a1-to1) * (a1-to1)
¿2:(¿2-to2¡* (a2-to2l
sf: (a3-to3¡ * (¿4-to3)
e4: (a4-to4¡ * (a4-to4)
q$: (a5-toS¡ * (¿5-to5)

Temperature Distributio ns

y1:e1+e2
y2:y1-+e3
y3:y2+e4
rrm ì I :r¡ ?+a (
* stat
f i-ni sh
/opt
opvar, tp6, dv,100,
opvar, ymil, obj
opList, al-L, , 1
opcopy
oprun,10
finish
/eof

* variable to be minimized

* optimize function ymil
188
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APPENDD( VII : Base Model Input and Input File
for lransient thermal Analysis

BÀSE MODET. RI'N FT],E

SSEÎ DEF IDEMO.JEFF.PIPEi]
$ANSYS4 4
/PREP7
,/INPUT, MÀT, DÀT
./INPUT, NODE, DAT
,/TNPUT, EI,EM, DAT
./rNPUÎ, DrSP, DÀÎ
SÀVE
FINISH
/EOF.

BÈ,SE MODE.L ¡4ATERIÀT DAÎA

NL, 1,1,0,0,0,0,0,0
NL,1,7,0,0,0,0,0,0
NL, 1, 13, 10.0, O. 0, 0, 0, 0
NL, 1,19, -9999. O,9999.0,0,0,0, O

Nr, 1,25, 483.O,483. 0, 0, 0, 0, 0
NL,1,31. L8200.0,18200. o,0.0, o, o
NL,1,37, 0, 0.0,0,0,0
Nr,,1,43,0.0,0,0,0,0
MP, EX, l-, 0. 2E6
MP, ALPX, 1, O. 11E-4
MP,cXY,t,76823-O
MP,KXX,1, .4198-1
MP, C, 1 ,487 -O
MP, NTIXY, 1-, O. 3
KNI.1

BA,SE UODEI, NODES

n ,1
n12
n ,3
n ,4
n ,5
n ,6
n ,7
n ,8

n ,10
n ,11
n ,12

n ,I4
n ,16

n ,18
n ,19
n ,2o
n ,21
n ,22
n ,23
n ,24
n ,25
n,26
n ,27
n ,28
n ,29
n ,30
n .31
n ,32

*
*
*

*

*

*

*

undefined fields
undefined fields
l-0 is code for bi-linear hardening
tenperature range for properties
yieJ.d stress
plastic modulus
undefined fieÌds
undefined fields
elasti.c modulus
thermal expansion coefficient
shear modulus
thermal conductivitv
specific heat
poisson's raLio
incLude non-linear croperties

,0
,0

,0
,o

,0
,0
,0

,0
,o
,o

,0
,0
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n.33,5,O.25
n,34,5.25,O.25
n ,35 ,5.5 ,O.25
n ,36 ,5.75 ,O.25
n,37,6,O-25
n ,38 ,6.25 ,O-25
n ,39 ,6.5 ,O.25
n,40,6.'15,O.25
n ,47 ,1.75 ,O
n .42 ,1.75 ,O.25
n ,43 ,l-.75 ,0.5
n .44 ,2 ,O.5
n ,45 ,2.25 ,O.5
n,46,2.5,O.5
n.47 ,2.75,O.5
n ,48 ,3 ,0.5
n ,49 ,3.25 ,0.5
n ,50 ,3.5 ,0.5
n ,51 ,3.75 ,0.5
n r52 r4 rO.5
n , 53 ,4.25 ,O.5
n ,54 ,4.5 ,0.5
n ,55 ,4.75 ,O.5
n ,56 ,5 ,0.5
î.5'1 ,5.25,O.5
n ,58 ,5.5 ,0.5
n,59,5.75,0.5
n ,60 ,6 ,0.5
n ,61 ,6.25 ,O.5
n ,62 ,6.5 .0.5
n.63,6.75,0.5
n r64 r7 rO.5
n .65 ,7 ,O.25
n .66 ,7 ,0
n ,67 ,1.5 .0
n ,68 ,t.5 ,o.25
n ,69 .L.5 ,0.5
n ,70 ,1.5 ,o.75
n ,1! ,!.75 ,O.75
n .72 ,2 ,O.75
n ,73 ,2.25 ,O.75
n,74,2:5,O.75
n , 75 ,2.75 ,O.75
n ,16 ,3 ,O.75
n ,71 ,3 .25 , O .15
n .78 ,3.5 , 0- 75
n,79,3.75,O-75
n ,80 ,4 ,O.75
n,81,,4.25,O.75
n ,82 ,4.5 ,O.75
n , 83 ,4.75 ,O.75
n ,84 ,5 ,0.75
n ,85 ,5.25 ,O.75
n ,86 ,5.5 ,0.75
n,87,5.75,0.75
n , 88 ,6 ,0.75
n,89,6.25,O.75
n ,90 ,6.5 ,O.75
n , 91 ,6.75 ,O.75
n,92,7,O.75
n ,93 ,7.25 ,O.75
n ,94 ,7 .25 ,0 .5
n ,95 ,7.25 ,O.25
n,96 ,7.25 ,O
n ,9'1 ,I.25 ,O
n ,98 ,7.25 ,O.25
n ,99 ,7.25 ,O.5
n ,100 ,7.25 ,O.15
n ,L01 ,1,.25 ,L
^,!o2,I.5,In ,103 ,L.75 ,1
n ,104 ,2 ,!

n ,105 ,2.25 ,l
n ,106 ,2.5 ,1
n ,10? ,2.75 ,I
n ,108 ,3 ,I
n ,109 ,3.25 ,7
n,110,3.5,L
n , 111 ,3 -'75 ,7
n ,It2 ,4 ,r
n ,113 ,4.25 ,7
n ,7r4 ,4.5 ,L
n ,l-15 ,4.75 ,!
n ,L16 ,5 ,L
n ,11? ,5.25 ,1
n,118,5.5,1
n ,L19 ,5.'15 ,L
n ,12O ,6 ,t
n ,721 ,6.25 ,I
n ,7.22 ,6.5 ,1
^ ,L23 ,6.75 ,t
n ,!24 ,7 ,L
n ,I25 ,7.25 ,f-
n ,L26 ,'7.5 ,L
n .127 ,7.5 ,O.75
n ,I28 ,7.5 ,0.5
î ,L29 ,7.5 ,O.25
n ,130 ,7.5 ,O
n ,131 ,L ,O
n .!32 ,1 ,0.5
n ,133 ,L ,!
n ,134 ,I.25 ,1.25
n ,135 ,1_.5 ,1.25
n ,136 ,!.15 ,t.25
î .L37 ,2 ,L.25
n ,138 ,2.25 ,I.25
n,139,2.5,!.25
n ,140 ,2.75 ,7.25
n ,747 ,3 ,I.25
n,L42,3.25,L.25
n,143,3.5.1.25
n ,]-44 ,3.'15 ,I.25
n ,145 ,4 ,1.25
n ,L46 ,4.25 ,L.25
n ,!4't , 4.5 ,I.25
n ,148 ,4-75 ,7.25
n,I49,5,7-25
n,150,5-25,7.25
n,151,5.5,1.25
n,I52,5-75,\.25
n ,153 ,6 ,L.25
n ,154 ,6.25 ,1.25
n ,155 ,6_5 ,7.25
n ,156 ,6.75 ,7.25
n ,157 ,7 ,7-25
n ,158 ,7.25 ,L.25
n ,159 ,'l -5 ,I.25
n ,160 ,7-75 ,7.25
n , 161 ,7 -75 ,1,
n ,762 ,7 -75 ,0.?5
n ,l-63 ,7.75 ,O.5
n ,164 ,7.75 ,O.25
n ,165 ,7.75 ,O
n ,166 ,0.5 ,0
n,L67,0.5,0.5
n ,168 ,0.5 ,1
n ,169 ,o.5 ,1.5
n ,170 ,1 ,1.5
n ,L1I , 1.5 , 1.5
n ,I72 ,2 ,7-5
n ,173 ,2.5 ,1.5
n,774,3,]--5
n ,175 ,3.5 .1.5
n ,176 ,4 ,I-5
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n ,777 ,4.5 ,I.5
n ,178 .5 ,1.5
n ,179 ,5.5 ,1.5
n ,180 ,6 ,1.5
n .L81 ,6-5,1.5
n.L82,7,!-5
n ,183 ,7.5 ,I-5
n ,184 ,8 ,1.5
n ,185 ,8 ,1
n,186,8,0.5
n ,187 ,B ,O
n ,188 ,0 ,0
n ,189 .0 ,1
n ,190 ,O ,2
n ,191 ,O.5 ,2
î ,!92 ,l ,2
n ,193 ,1.5 ,2
n .I94 ,2 ,2
n , 195 ,2.5 ,2
n,L96,3,2
n ,797 ,3.5 ,2
n ,198 ,4 ,2
n ,199 ,4.5 ,2
n ,2OO .5 .2
n ,2O! ,5.5 ,2
n t2O2 ,6 ,2
n .2O3 ,6.5 ,2
n .2O4 .7 .2
n ,2O5 ,7.5 ,2
n ,206 ,8 .2
fl ,20'ì .9.5 ,2
n ,2O8 ,8.5 ,1.5
n .2O9 ,9.5 ,1
n .2IO ,8,5 ,0.5
n,zLI,9.5,0
n ,2L2 ,O.5 ,2.5
n ,2I3 ,t ,2.5
n ,214 ,!.5 ,2.5
n ,215 ,2 ,2.5
n,216,2.5,2-5
n,21,7,3,2.5
n ,2tB ,3.5 ,2 -5
n .2!9 ,4 ,2-5
n ,22O ,4-5 ,2.5
n ,22I ,5 ,2 .5
n ,222 ,5.5 ,2.5
n ,223 ,6 ,2-5
n ,224 ,6.5 ,2-5
n,225,7,2.5
n ,226 ,1.5 ,2.5
n ,221 ,8 ,2.5
n ,228 ,8.5 ,2.5
n ,229 ,9 ,2
n ,230 ,9 ,I
n ,231 ,9 ,o
n ,232 ,O ,3
n ,233 ,I ,3
n ,234 ,2 ,3
n ,235 ,3 ,3
n ,236 ,4 ,3
n ,237 ,5 ,3
n ,238 ,6 ,3
n ,239 ,7 ,3
n ,240 ,8 ,3
n ,24I ,9 ,3
n ,242 ,70 ,3
n ,243 ,70 ,2
n ,244 ,to ,t
n ,245 ,10 ,0
n ,246 ,O ,4
n ,247 .7 ,4
n ,248 ,2 ,4



n ,249 ,3 ,4
n ,25O ,4 ,4
n ,25L ,5 ,4
n ,252 ,6 ,4
n ,253 ,7 ,4
n ,254 ,8 ,4
n ,255 ,9 ,4
n ,256 ,LO ,4
n ,257 ,!7 ,4
n ,258 ,11 ,3
n ,259 ,II ,2
n ,260 ,1I ,t
n ,26'J. , L1 ,0
tr ,262,0 ,5
n ,263 ,1 ,5
n ,264 ,2 ,5
n ,265 ,3 ,5
n ,266 ,4 ,5
n ,267 ,5 ,5
n ,268 ,6 ,5
n ,269 ,7 ,5
n ,270 ,8 ,5
n ,27L ,9 ,5
n,272,10,5
n ,273 ,11 ,5
n ,274 ,12 ,4
n ,275 ,L2 ,2
n ,276 ,L2 ,O
n,277,O,6
n ,278 ,2 ,6
n ,279 ,4 ,6
n ,28O ,6 ,6
n ,28! ,g ,6
n ,282 ,7O ,6
n ,283 ,7-2 ,6
n ,284 ,0 .8
^ ,285 ,2 ,8
n ,286 ,4 ,8
n ,287 ,6 ,8
fl ,288 ,8 ,8
n ,289 ,10 ,8
n ,290 ,L2 ,A
î ,29I ,L4 ,8
n ,292 ,L4 ,6
n ,293 ,14 ,4
n ,294 ,14 ,2
n ,295 ,L4 ,O
n ,296 ,0 ,10
n ,291 ,2 ,70
n ,298 ,4 ,70
n ,299 ,6 ,L0
n ,300 ,8 ,10
n,301 ,10,1,0
n ,302 ,L2 ,IO
n ,303 ,L4 ,10
n ,304 ,16 ,8
n ,305 ,L6 ,4
n ,306 ,76 ,O
n ,307 ,O ,12
n ,308 ,4 ,12
n ,309 ,8 ,72
n ,310 ,!2 ,72
n ,311 ,16 ,12
n ,312 ,20 ,72
n ,313 ,20 ,B
n ,314 ,20 ,4
n ,315 ,20 ,O
n ,316 ,O ,76
n ,317 ,4 ,16
n ,318 ,8 ,!6
n ,319 ,72 ,16
n ,320 ,16 ,16

n ,32L ,2O ,L6
n ,322 ,24 ,t6
n ,323 ,24 ,\2
n .324 ,24 ,8
n ,325 ,24 ,4
n ,326 ,24 ,O
n ,327 ,O ,20
n ,328 ,4 ,2O

^ ,329 ,8 ,20
n ,330 ,12 ,20
n , 331 ,16 ,20
n ,332 ,20 ,20
n ,333 ,24 ,2O
n ,334 ,O ,24
n ,335 ,4 ,24
n ,336 ,B ,24
n ,337 ,72 ,24
n ,338 ,16 ,24
n ,339 ,20 ,24
n ,340 ,24 ,24

e .95 ,L29 ,L2B ,94
e ,I29 ,164 ,163 ,t28
e .67 ,41 ,42 ,68
e ,68 ,42 ,43 ,69
e .69 ,43 ,71 ,7O
e ,43 ,44 ,72 ,7I
e ,44 ,45 ,73 ,72
e ,45 ,46 ,74 ,73
e ,46 ,47 ,75 ,74
e ,47 ,48 ,76 ,75
e ,48 ,49 ,77 ,76
e ,49 ,50 ,78 ,77
e ,50 ,5L ,79 ,79
e ,51 ,52 ,8O ,79
e ,52 ,53 ,81 ,90
e ,53 ,54 ,82 ,8I
e ,54 ,55 ,83 ,82
e ,55 ,56 ,84 ,83
e ,56 ,57 ,85 ,84
e .57 ,58 ,86 ,85
e ,58 ,59 ,87 ,86
e ,59 ,60 ,88 ,97
e ,60 ,6L ,89 ,89
e ,6L ,62 ,9O ,gg
e .62 ,63 ,gL ,go
e ,63 ,64 ,92 ,gt
e ,64 ,94 ,93 ,92
e ,94 ,]-28 ,!27 ,93
e ,I28 ,163 ,162 ,L27
e .9'7 , 67 ,69 , gg
e ,98 ,68 ,69 ,gg
e .99 ,69 ,7O ,LOO
e ,100 ,7o ,7o2 ,IO7-
e ,7O ,7I ,tO3 ,lO2
e .7I ,72 ,LOA ,LO3
e ,72 ,73 ,IOS ,tOA
e ,13 ,74 ,706 ,lO5
e ,74 ,75 ,l.O1 ,lO6
e,75,76,!O8,LO7
e,76,77,l9g,log
e ,77 ,78 ,11O ,109
e ,78 ,79 ,I11 ,LLO
e ,79 ,80 ,172 ,tLL
e , 80 ,8I ,11,3 , LL2
e , 81 ,82 ,1,L4 ,l)_3
e ,82 ,83 ,115 ,114
e ,83 ,84 ,IL6 ,l.I5
e ,84 ,85 ,717 ,J.76
e , 85 ,86 ,1,L8 ,l!'1
e ,86 ,87 ,179 ,Ita
e,81 ,88,I20,I'J.g
e ,88 ,89 ,127 ,720
e ,89 ,90 ,122 ,I2]-
e ,90 ,91 ,723 ,l-22
e ,91 ,92 ,L24 ,),23
e ,92 ,93 ,].25 ,I24e ,93 ,I27 ,726 ,\25
e ,727 ,L62 ,76l. ,726
e , 101 ,IO2 ,1.35 , 134
e ,1,O2 .103 .136 ,135e ,103 ,IO4 ,137 ,136
e ,104 ,105 ,138 ,137e ,105 ,LO6 ,139 ,138
e .106 ,IO7 ,140 ,139
e ,107 ,109 ,141 ,L40
e ,108 ,IO9 ,I42 ,LAI
e ,109 ,110 ,]-43 ,142
e ,110 ,71L ,L44 ,I43e ,111 ,I1_2 ,L45 ,]-44
e ,7I2 ,It3 ,746 ,745
e ,113 ,L!4 ,I47 ,]-46
e ,114 ,115 ,L48 ,747

BÀSE MODEL EI.EMENTS

kan, -1
et,1,55,,,1
ê ,! ,2 ,22 ,27
e ,2 ,3 ,23 ,22
e ,3 ,4 ,24 ,23
e ,4 ,5 ,25 ,24
ê ,5 .6 ,26 ,25
e ,6 ,7 ,27 ,26
è ,7 ,8 ,28 ,27
e ,8 ,9 ,29 ,28
è ,9 ,70 ,30 ,29
e ,10 ,11 ,31 ,30
e ,11 ,L2 ,32 ,3I
e ,12 ,!3 ,33 ,32
e ,13 ,74 ,34 ,33
e ,I4 ,15 ,35 ,34
e , l-5 ,16 ,36 , 35
e ,16 ,I7 ,3'l ,36
e,\7,18,38,37
e ,18 ,19 ,39 ,38
e ,19 ,20 ,40 ,39
e ,20 ,66 ,65 ,40
e ,66 ,96 ,95 ,65
e ,96 ,130 ,I29 ,95
e ,130 ,765 ,!64 ,I29
e ,41 ,l ,2I ,42
e ,42 ,27 ,44 ,43
e ,2I ,22 ,45 ,44
e ,22 ,23 ,46 ,45
e ,23 ,24 ,47 ,46
e,24,25,48,47
e ,25 ,26 ,49 ,48
e ,26 ,21 ,50 ,49
e ,21 ,28 ,51 ,50
e ,28 ,29 ,52 ,5I
e ,29 ,30 ,53 ,52
e ,30 ,31 ,54 ,53
e .31 ,32 ,55 ,54
e ,32 .33 ,56 ,55
e , 33 ,34 ,5'1 ,56
e,34,35,58,57
e ,35 ,36 ,59 ,58
e ,36 ,3't ,60 ,59
e ,37 ,38 ,61 ,60
e ,38 ,39 ,62 ,6I
e ,39 ,40 ,63 ,62
e ,40 ,65 ,64 ,63
e ,65 ,95 ,94 ,64
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e ,115 ,7!6 ,149 ,I48
e ,116 ,\!7 ,150 .149
e ,1-17 ,118 ,151 ,150
e ,118 ,7L9 ,152 ,151
e ,119 ,]-2O ,753 ,L52
e ,72O ,!21 ,154 ,153
e ,727 ,!22 ,155 ,154
e ,722 ,123 ,156 ,155
e ,123 ,]-24 ,L57 ,156
e ,124 ,]-25 ,L58 ,157
e ,L25 ,726 ,159 ,158
e ,L26 ,16! ,160 ,159
e . l-31 ,97 ,98 ,98
e ,131 ,98 ,L32 ,L32
e ,I32 ,98 ,99 ,99
e ,L32 , 99 , 100 , 100
e ,!32 ,100 ,133 ,L33
e ,133 ,100 .101 ,L01
e ,133 ,7-OL ,134 ,134
e ,133 ,L34 ,L7O ,L?O
e ,170 ,!34 ,L71 ,771
e ,134 ,135 ,L71 ,171
e ,L7! ,135 ,136 ,136
e ,l7L ,136 ,L72 ,I72
e ,L72 ,136 ,L37 ,I37
e ,r72 ,r37 ,138 ,L38
e ,r72 .138 ,773 ,773
e ,173 ,138 ,L39 ,139
e ,!73 ,139 ,r4O ,LAO
e ,L73 ,LAO ,1'l 4 ,L7A
e ,774 ,I4O ,LAL ,tAL
e ,174 ,!4! ,t42 ,142
e ,174 ,r42 ,1?5 ,i-75
e ,L75 ,142 ,r.43 ,143
e ,175 ,L43 ,L44 ,1,44
e ,175 ,L44 ,176 ,L76
e ,L76 ,744 ,7-45 ,145
e ,176 ,145 ,l.46 ,t46
e ,7'16 ,746 ,I77 ,I77
e ,l-77 ,!46 ,147 ,747
e ,'J-77 ,147 ,148 ,748
e,r7'1 ,748,778,]-78
e ,178 ,748 ,149 ,149
e ,1,78 ,149 ,150 ,150
e ,1?8 .150 ,\79 ,779
e .l.79 ,150 ,151 ,151
e ,L79 ,151 ,L52 ,I52
e ,L79 ,t52 ,180 ,180
e ,180 ,752 ,153 ,153
e ,l-80 ,153 .154 ,154
e ,180 ,L54 ,181 ,181
e ,181 ,754 ,155 ,155
e .181 ,r55 ,156 ,156
e ,181 ,l.56 ,782 ,lB2
e ,L82 ,156 , L5? ,157
e ,r82 ,157 ,158 ,158
e ,lB2 ,158 ,183 ,L83
e ,183 ,158 ,159 ,159
e ,183 ,159 ,160 ,160
e ,183 ,!60 ,784 ,784
e ,184 ,t60 ,185 ,185
e .160 ,167 ,185 ,185
e ,161 ,162 ,185 ,185
e ,185 ,762 ,186 ,186
e ,r62 ,763 ,186 ,186
e ,163 ,764 ,L86 ,185
e ,186 ,164 ,187 ,187
e ,164 ,).65 ,r87 ,!87
e ,166 ,137 ,132 ,I67
e ,L67 ,t32 ,133 ,168
e ,168 .133 ,170 ,169
e ,169 ,]-7O ,!92 ,I91

e ,170 ,L1r ,r93 ,r92
e , L?L ,77 2 , L94 , !93
e ,172 ,173 ,195 ,194
e ,L73 ,r74 ,196 ,195
e ,774 ,715 ,L91 ,196
e ,175 ,176 ,798 ,I97
e ,!76 ,717 ,199 ,198
e ,!77 ,t78 ,200 ,L99
e ,178 ,779 ,201 ,200
e ,I79 ,180 ,2O2 ,zOL
e ,180 ,181 .2O3 ,2O2
e ,181 ,782 ,2O4 ,2O3
e ,782 ,183 ,2O5 ,2O4
e ,183 ,I84 ,206 ,2O5
e ,184 ,2O8 ,2O7 ,206
e ,185 ,2O9 ,2O8 ,tBA
e ,186 ,2!O ,2O9 ,t85
e ,187 ,21t ,2lO ,La6
e ,191 ,I92 ,2I3 ,212
e ,!92 ,r93 ,274 ,2t3
e ,L93 ,794 ,215 ,2L4
e ,194 ,195 ,2L6 ,2L5
e ,195 ,L96 ,2L7 ,2L6
e ,L96 ,L97 ,2L8 ,217
e ,I97 ,L98 ,2L9 ,218
e ,L98 ,799 ,22O ,2L9
e ,199 ,2OO ,22I ,22O
e ,2OO ,2OL ,222 ,22L
e ,zOL ,2O2 ,223 ,222
e ,2O2 ,2O3 ,224 ,223
e ,2O3 ,2O4 ,225 ,224
e ,204 ,205 ,226 ,225
e ,2O5 ,206 ,227 ,226
e .206 ,2O'l ,228 ,227
e ,188 ,166 ,16'l ,L67
e ,188 ,761 ,L89 ,189
e ,LB9 ,767 ,168 ,168
e ,189 ,168 ,]-69 ,169
e ,189 ,!69 ,190 ,190
e ,190 ,769 ,191 ,191
e , 190 ,].9! ,21,2 ,2I2
e , 190 ,21,2 ,232 ,232
e ,232 ,272 ,233 ,233
e ,233 ,2!2 ,273 ,2r3
e ,233 ,213 ,214 ,2]-4
e ,233 ,2r4 ,234 ,234
e ,234 ,274 ,2L5 ,2r5
e ,234 ,2I5 ,216 ,216
e ,234 ,276 ,235 ,235
e ,235 ,216 ,2I1 ,211
e ,235 ,2r1 ,278 ,2]-8
e ,235 ,218 ,236 ,236
e ,236 ,2L8 ,279 ,2]-9
e ,236 ,2L9 ,220 ,220
e ,236 ,220 ,237 ,237
e ,231 ,220 ,22I ,221
e ,231 ,221 ,222 ,222
e ,231 ,222 ,238 ,238
e ,238 ,222 ,223 ,223
e ,238 ,223 ,224 ,224
e ,238 ,224 ,239 ,239
e ,239 ,224 ,225 ,225
e ,239 ,225 ,226 ,226
e ,239 ,226 ,240 ,240
e ,240 ,226 ,221 ,227
e ,240 ,221 ,228 ,228
e ,240 ,228 ,241 ,241
e ,24I ,228 ,229 ,229
e ,228 ,207 ,229 ,229
e ,207 ,208 ,229 ,229
e ,229 ,208 ,230 ,230
e ,208 ,209 ,230 ,230

e ,2O9 ,2IO ,23O ,23O
e ,23O ,27O ,231 ,237
e .2!O ,2]-]- ,237 ,23L
e .232 ,233 ,247 ,246
e ,233 ,234 ,248 ,247
e ,234 ,235 ,249 ,248
e .235 ,236 ,25O ,249
e ,236 ,237 ,251 ,25O
e ,237 ,238 ,252 ,25't
e .239 ,239 ,253 ,252
e ,239 ,24O ,254 ,253
e ,24O ,24L ,255 ,254
e ,24I ,242 ,256 ,255
e ,229 ,243 ,242 ,24!
e ,230 ,244 ,243 ,229
e ,23t ,245 ,244 ,230
e .246 ,247 ,263 ,262
e ,247 ,249 ,264 ,263
e ,248 ,249 ,265 ,264
e .249 ,25O ,266 ,265
e .25O ,251 .267 ,266
e .25! ,252 ,269 ,267
e .252 ,253 ,269 ,269
e ,253 ,254 ,27O ,269
e .254 ,255 ,271 ,27O
e ,255 ,256 ,272 ,277
e .256 ,257 ,273 ,272
e ,242 ,259 ,257 ,256e ,243 ,259 ,258 ,242
e ,244 ,260 ,259 ,243
e ,245 ,26]- ,260 ,244
e ,262 ,263 ,277 ,2'17
e ,277 ,263 ,278 ,278
e ,278 ,263 ,264 ,264e ,278 ,264 ,265 ,265
e ,278 ,265 ,279 ,279
e ,27 9 , 265 ,266 ,266
e ,27 9 , 266 ,267 ,267e .27 9 , 261 ,28O ,28O
e ,280 ,267 ,268 ,268
e ,280 ,268 ,269 ,269
e ,28O ,269 ,28L ,2Ble ,28! ,269 ,270 ,270
e ,28I ,270 ,27]- ,277
e ,28! ,211 ,282 ,282
e ,282 ,217 ,272 ,272e ,282 ,272 ,273 ,273
e ,282 ,213 ,283 ,283
e ,283 , 27 3 , 2't 4 ,27 4
e ,273 ,257 ,274 ,274
e ,251 ,258 ,2'7 4 ,27 4
e ,214 ,258 ,275 ,275e ,258 ,259 ,215 ,215
e ,259 ,260 ,275 , 27 5
e , 27 5 , 260 ,27 6 , 27 6
e ,260 ,26I ,216 ,276
e ,2'17 ,21 I ,285 , 284
e ,27 8 , 21 9 ,286 , 285
e ,27 9 , 280 ,281 , 286
e ,280 , 281 ,288 , 281
e ,287 ,282 ,289 ,288
e ,282 ,283 ,290 ,289
e ,283 ,292 ,29I ,290
e ,274 ,293 ,292 ,283e ,21 5 , 29 4 ,293 , 27 4
e ,27 6 , 295 ,294 , 27 5
e ,284 ,285 ,291 ,296
e ,285 , 286 ,298 .297
e ,286 ,287 ,299 ,298
e ,281 ,288 ,300 ,299
e ,288 ,289 ,301 ,300e ,289 ,290 ,302 ,30]-
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e
e
e
e
e
e
e
e

e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e
e

,29O ,29L ,3O3 ,3O2
,296 ,297 ,3O1 ,3O7
,301 ,297 ,30A ,308
,308 ,297 ,298 ,298
,308 ,298 ,299 ,299
,308 ,299 ,309 ,309
,3O9 ,299 .300 ,300
,3O9 ,300 ,301 ,301
,3O9 ,301 ,310 ,310
, 310 , 30r ,3o2 ,3O2
,310,302,303,303
,310,303,311,311
,3L]- ,303 ,304 ,3O4
.303 ,291 ,3O4 ,304
,29! ,292 ,3O4 ,304
,304 ,292 ,3O5 ,3OS
,292 ,293 ,305 ,305
,293 ,294 ,305 ,305
,305 ,294 ,306 ,306
,294 ,295 ,306 ,306
,3O7 ,30B ,317 .316
,308 ,309 ,318 ,317
,3O9 ,310 ,319 ,318
,310 ,3L1 ,320 ,319
,31-1 ,3L2 ,32L ,32O
,3O4 ,313 ,312 ,311
,3O5 ,314 ,313 ,304
,306 , 315 ,314 ,305
,3L6 ,3L7 ,328 ,327
,3L7 ,318 ,329 ,328
,318 ,379 ,33O ,329
,3!9 ,320 ,331 ,330
,32O ,321- ,332 ,33L
,32! ,322 ,333 ,332
,312 ,323.,322 ,321
,313 ,324 ,323 ,3L2
,3'14 ,325 ,324 ,3r3
,315 ,326 ,325 ,3L4
,327 ,328 ,335 ,334
,328 ,329 ,336 ,335
,329 ,33O ,337 , 336
,33O ,331 ,338 ,337
,337 ,332 ,339 ,338
,332 ,333 ,340 ,339

BjASE IIODEL

hcrl-6.0
nsel.x,0
d, all, ux
nsel,y,0
nrsel, x, hcrl, 30
d, all. uy
nall

DISPIÀCEMENf RESTRÀTÑTS

* half crack lenqth in mm

.ãNSYS TNPUT FTI.E FOR TR,ANSTENI THERMA-T, ÀNÀ],YSIS

$set def Idemo. jeff.piPet]
Sansys 4 4

/prep7

hcrl-4 .5
tt0:190-0 $tso:O-0
tt1:151 . 0 Stsl-O.25
tt2-135. 0 $ts2:0.5
tL3-123.0 $ts3-0.75
tt4-115-5 $ts4-1.0
tt5:108.0 $ts5-1.5
tt6:105.0 $ts5-2-0
tt7-102.5 StsT:3.0

* half crack length in
* temperature and time
* temperature and time
* temperature and time
* temperature and time
* temperature and time
* temperature and time
* temperature and Cime
* temperaeure and time
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Ítrn
of load
of load
of load
of load
of load
of load
of load
of load

step 1 'Cls
sLep 2 'C/s
step 3 'C,/s
step 4 'Cls
step 5 'Cls
step 6 'Cls
step 7 'Cls
step B 'C,/s



tt8-101 .0
tt9:l-00.5
ttl-0:1O0 .25
tt1l:L0O.0
tt12:1 00 . 0
tt13-1 0O . 0
tt14:10O. o
nal-1
ealf
kan, -l-
ktemp,0
tref, ttO
tunif, tt0
iter,5
ntdel-, all
nt , all , temp, tt 0
time, ts0
lwrite
ntdel, aIl"
nse1,y, 9,25
nasef , x, LL.5,25
nt , al.l , temp, tt 0
nsel . y, 0
nrsel. x, O, hcrl
nt , all . temp, tt 1

nall
ea11
time. tsL
lwrite
ntdel, all
nsel, y, 9, 25
nasel, x,lL.5,25
nt, all, temp, ttO
nsel,y, O

nrseÌ, x, O, hcrl
nt, all, temp, xx2
nall
eall
t j-me. ts2
lwrite
ntdel, a1l
nsel, y, 9, 25
nase1, x,11 .5,25
nt. all, tenp, ttO
nsel, y, 0
nrsel, x, 0. hcrl
nt, a1l, temp, tt3
nalL

time, ts3
Iwrite
ntdel, aI1
nsel, y, 9, 25
nasel-, x, 11 .5,25
nt, all, temp, tt0
nsel,y,O
nrsel, x, 0. hcr.L
nt,all,temp,tt4
nall
ea11
time. ts4
Lwrite
ntdel, all
nsel, y, 9, 25
nasel, x,17-5,25
nt, all, temp, tt0
nsel, y, 0
nrseJ-, x, 0, hcrl
nt, all, temp, ttss
naIl
eal-l
f i ñô f <q

$ts8-4 .0
$ts9:5 - o
$ts1 0=6 . 0
$rs1L-7.0
$ts12:8. o
$ts13:9. 0
Sts14:14 - o

*
*

*

temperature
temperature
temperature
temperature
temperature
temperaEure
temperature

and time of
and time of
and time of
and Èime of
and time of
and time of
and time of

load step
load step
load step
Ioad step
load step
load step
load step

9 'C/s
to , c/s
It 'C/ s
12 'C/ S

L3 'C/S
74 'c/s
15 'C/s
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lwrite
nt.del, all
nsel,y,9,25
nasel, x,L!.5,25
nt. all, temp, ttO
nsef, y, 0
nrsel, x, O, hcrl
nt, a1l, temp, tt6
na11
eall
time, ts6
lwrite
ntdel, all
nsel, y, 9, 25
nasel, x, 11 .5, 25
nt, all, temp, tto
nsel,y,0
nrsel , x, 0, hcrl
nt, al.l-, temp, tt7
nall
eall
time, ts7
lwrite
ntdel, all
nseI,y,9,25
nase1, x,1!.5 '25nt, all, temp, tt0
nsel, y. 0
nrsel, x, 0, hcrl
nt, all, temp, ttB
na11
ea11
time, ts8
lwrite
ntdel, all
nsel,y, 9,25
nasel, x, 11 . 5, 25
nt, alL, Èemp, tt0
nsel,y,0
nrseI,x,0,hcrl
nt,all,temp.tt9
nall-
ea11
I i ma f <Q

].w¡ite
ntdel, all
nsel-,y,9,25
nase1, x,LI .5,25
nt, alL, temp, ttO
nsel, y, O

nrsel, x, 0. hcrl
nt, all, temp, ttlO
nall
eall
time, tslO
lvrrite
ntdel, all
nsel-, y, 9, 25
nasel, x,11,-5,25
nt, all, Cemp, tt0
nsel, y, O

nrsel, x, 0, hcrL
nt, all, temp, tt11
na11
eaLl
time, ts11
1w¡ite
ntdel, aII
nsel ,y ,9 ,25
nasel. x,IL-5,25
nt, all, temp, tto
nse.I , y, 0

nrsel, x, 0, hcrl
nt, all, temp, tt12
nall
ea11
time, ts12
Lt¡rite
ntdeJ-, all
nsel- ,y ,9 ,25
nasel, x,!L-5,25
nt , aLl , temp, tt 0
nsel,y,0
nrsel, x, 0, hcrl
nt , aI1 , temp, tt 13
nall
eall
time, ts13
lwrite
ntdel, aIÌ
nseL,y,9,25
nasel.x,lL.5,25
nt, all, temp, tt0
nsel,y,0
nrse1, x. 0, hcrl
nt,all.temp,tt14
na11
eall
t'ime,tsJ.4
lwrite
afwrite
finish
/ínpwL,27
finish
/eof
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APPENDD( \IIII : ¿{IISYS Input File for

$set def
$ansys 4 4

/prep1
resu

Stress AnaIYsÍs

Idemo. jeff.pipes]

p7:-12.t25
p2: (p1*21
c*** 145:6.6025,
kan, 0
ktemp, l
psf,0, I,24,p!
psf , 0, 2,24 ,p2
lwrite
ktemp,2
psf ,0, L,24,pL
psf, 0, 2,24,p2
Iv¡rite
ktemp,3
psf, 0, 7,24 ,PL
psf ,0,2,24,p2
lwrite
ktemp,4
psf,0, !,24,pI
psf, O, 2,24,p2
lwrite
ktemp,5
psf , 0. L,24,pI
psf,0,2,24,p2
lwrite
ktemp,6
psf ,0, L,24,pL
psf ,0,2,24,p2
lwrite
ktemp,7
psf ,0.I,24,p!
psf ,0,2,24,p2
lwrite
ktemp, S
psf,0, l,24,pI
psf,0,2,24,p2
l-write
ktemp, g

psf,0, \,24,pI
psf , 0, 2,24 ,p2
lwrite
ktemp,10
psf.0, l,24,pI
psf,0,2,24,p2
l-write
ktemp,11
psf, 0, I,24,p7
psf ,0,2,24,p2
Iwrite
ktemp,12
psf ,0.1,24,pI
psf.0,2,24,p2
lwrite
ktemp,13
psf ,0, ),,24,pI
psf,0,2,24,p2
Lwrite
ktemp,14
psf,0,I,24,pL
psf. 0, 2,24 ,p2
Lwrite
ktemp,15
psf,0, L,24,pI
psf,0,2,24,p2

*pressure on x=24 face Pr/2t*pressure on y:24 face
2L7.5:9.09375, 290-\2 -L25

lwrite
afwrite
finish
/ inpuc.,27
finish
/eof
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ÁPPENDD( D(

SSEÎ DEF IDEMO.JEFF.PTPEJ]
SANSYS4 4

,/POST1
STRESS, SENE
SÎRESS,VOLU
*CREATE, JINJ.
SEXP. W, SENE. VOLU, L, -1
],PAÎH, ARG]., ARG2, ARG3, ÀRG4
PDEF, INTR, W, W

PCA.LC, INTG, J, W, YG
*GET, JÀ, PLÀST, J
PDEF, CLEAR
PDEF, NORM, NX. NY,NZ
PDEF, TNTR, SX, SX
PDEF, INTR, SY, SY
PDEF, INTR. SXY, SXY
PCALC, MULT, TX, SX,NX
PCAT,C, MULT. C1, SXY, Nl
PCA],C, ADD, Ð{,ÎX, C1
PCALC, MULT, lY, SXY, NX
PCAIC, MULT, C1, SY, NY
PCAT,C, ADD, TY, TY, C1
*GET, DX, PLAST, S
DX:DX,/100
PCATC, ÀDD, XG, XG,,,, -DX/2
PDEF,INIR, UX].. UX
PDEF, INTR, [Iy1. Uy
PCÀIC, ÀDD, XG,XG,,,,DX
PDEF, rNlR, ¡JX2,VX
PDEF,INTR, W2,TY
PCÀLC, ADD, XG,XG,,,, -DX/z
c: (1,/DX)
PCALC, ADD, C1, UX2, UXl, C, -C
PCAIC, ADD, C2, 1Jy2, Vl7, C, -C
PCA],C, MULT, C1, TX, C]-
PCA-T,C, MULI, C2, TY, C2
PCALC, ÀDD, C1, C1, C2
PCAIC. INTG, J, C1, S
*GET, JB, PLAST, J
JINT: (2* (JA_JB) )
PDEF, CLEAR
*END
crT 1

NÀLL
EALL
*usE,JrN1,7,21,23,3
,/OUIPUT, JEFF1, DAT
*STÀT
/OUTPUT
SET, 2
NALL
EÀLL
*usE, JINl ,7 ,27 ,23,3
,/OUTPUT, JEFF2, DAT
*STÀT
,/OUTPUT
SET, 3
NALL
EÀLf.
*usE, JIN1, 7 ,27 ,23,3
,/OUTPUT, JEFF3. DÀÎ
*STÀT
,/OUlPUT
SET, 4
NÀLL
EÀLL
*usE, JIN1, 1 ,27 ,23, 3

: .AI\[SYS Input File for
J-Inte gral Calculation

*create subprogram to do
*calculation from transferred
*Dath.

*end of subprogram JIN1

*execute JIN1 with a path
*fo.l-Iowing nodes 7 Eo 27
*to 23 to 3.

*three different paths were
*used to check for convergence.
*al1 resuLts correlated to
*within 2*.
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/OUTPUT, JEFF4. DAT
*STÀT
,/OUlPUT
CETT q

NALL
EALL
*usE, JrN1, 1 ,27 ,23,3
/OTJTPUT, JEFFs, DAT
*STÀT
/OUlPUT
sET, 6
NALL
EÀLL
*usE,JrN1,7,27,23,3
/OTJTPVT, JEFF6, DAT
*STAT
,/OUlPUT
sET,7
NALL
EÀLL
*usE,JrN1,7,27,23,3
,/OT'TPUT, JEFF7, DÀT
*STAT
/OUTPUT
SET, 8
NALL
EÀL],
*usE, JIN1, 7 ,27 ,23, 3
/OUTPUT, JEFF8, DÀT
*STAT
,/OT'TPUl
aÉr rF o

NÀLL
EÀI,L
*usE. JrN1, 7 ,27 ,23,3
,/OUTPUI, JEFF9, DÀT
*STÀT
/OUTPUT
sET, L0
NÀLf,
EÀLL
'+usE, JrN1, 1 ,2'l ,23,3
,/OUTPUT, JEFFlO, DAT
*STAÎ
,/OUTPUT
aç'.Tt 1.1

EÀLL
*usE, JrNl ,7 ,27 ,23, 3
/ OIJTPUT , JEFF11 , DAT
*SIAT
/OUTPUT
SET,12
NALL
rA!!
*usE, JrN1, 7 ,21 ,23,3
,/OUTPUT. JEFF12, DAT
*STAT
,/OUTPUT
AF'F 1?
NALL
EALL
*usE, JIN1, 't , 21 ,23, 3
,/OUTPUT. JEFF13. DAT
*STÀT
,/OUTPUT
SET,14
NÀLL
EÀLL
*usE,JrN1,7,27,23,3
,/OUTPUT, JEFF14, DAT
*STAT

,/OUlPUT
ClîT 1q

NALL
EÀLL
*usE, JINl, 7 ,27 ,23,3
,/OUTPUT, JEFF15, DAl
*STAT
,/oulPUT
,/SYS, RENÀ.I4E JEFF1.DAT J. DAT
,/SYS,APPEND JEFF2.DAT J.DÀÎ
,/SYS, DEL JEFF2. DAT,. 1
,/SYS,APPEND JEFF3.DÀT J.DAT
,/sYs, DEt JEFF3.DÀ1,- 1
./SYS,APPEND .'EFF4. DÀT J.DAT
,/SYS, DEL JEFF4.DAT,. 1
,/SYS,ÀPPEND JEFFs.DAT J.DAT
./sYs, DEL JEFFs. DÀT,- 1
,/SYS,ÀPPEND JEFF6.DAT J. DÀÎ
,/SYS, DEL JEFF6. DÀT,. 1
,/SYS.ÀPPEND JEEFT.DÀT J.DÀT
,/sYs, DET, JEFF7. DÀr,- 1
,/SYS,ÀPPEND JEFFE.DAT J. Då,7
./SYS, DEL JEFF8. DAT; 1-

./SYS, ÀPPEND JEFFg. DAT,]. DAT
,/SYS, DET, JEFF9.DAT; 1
./SYS,APPEND,'EFF1O. DÀT J. DAT
,/sYs, DEL JEE.FI0. DÀT,. L
./SYS, APPEND JEFF1l. DAT .'. DAT
,/sYs, DEt JEFF1L. DÀT; 1
,/SYS, APPEND JEFF12 . DÀT J. DAT
,/SYS, DEL JEFFl2. DAT; ].
,/SYS.APPEND JEFF13.DAT J.DAT
,/sYs, DEL .IEFF13. DAT,- 1
,/SYS,APPEND JEFF14.DÀT J.DAT
./sYs, DEL JEFF14.DÀT; 1
,/SYS, APPEND JEFFls.DAT J.DAl
,/SYS , DEL JEFF1s . DÀT,. 1
FINISH
/EOF.

L52


