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Abstract

.

The purpose of th1s 1nvest1gat1on”was to exam1ne
- hendzng stresses that occur near the upset bead as a result
of small pre ex1st1ng bends near the ends-of 5ucker rods.,
“These bend:ng stresses arise when ax1a1 loads applled to a‘
rod str1ng cause an elastxc‘ stfalghtenlng" of the bent rod

ends’, 'I‘he. presence, of large localxé‘ed tensule bendxng o
stresses, in add1t1on to the usual ten51le stresses due to o

" axial loadlng, may be a factor 1n the hxghmpercentage of
sucker roB faalures that otcur near the rod enda -

_As a f1tst step, a. technlque was developed to

a7cﬁ“ately asure existing bends in manuTactured sucker r%d
equ ntly, the measured,rod ends were‘analysed wlth )

ends.

5'9, rical mdded to predlct the- bendlng stresses that would

: occur. The overall procedure was verxfzed by comparln% the ‘-
‘ exper1mentally measured bend1ng strarns for three pa1rs of S
;connected rod ends wuth the stralns pred1cted by the model

«The te’hnnque was then used to analyse a samphe of ten
égrod ends. The rod ends came from a r;ndom .sample of f1ve<t
wgrade C quench and tempered 3/4 1nch (19 mm) dlameter, ik

foot long (1760 mm) rods that were cut in half Bend1ng .

stresses rang1ng up to 68% of the axial stress were’ y

'predxccea For a Hs kips (66.9 KN) axial load.‘ .
L e TN Y

In the overall ana e rod sample, a

;5_d1mens1on1ess bendlng stress, DB was’ 1ntroduced to measure' ;'
-fthe magnltude of the bendxng stresses compared to the axial

stresses. i,f%f" SR L L -~"mnf‘ . ol
N o N . . R ‘ - - . ' } Te - }



Also, during the 1nvestxgat1on, rod eods zere tested
and found to meet the Amerlcan Petroleum Iést1tute standard
for rod straxghtness (API SPEC 11B, SEC: 9/2 2, May 82).

‘Appl1cat10n of the. standard.was concluded to be 1nadequate

oy
;n.11m1t1ng bendgng stresses to acceptéble limits.
. : : ‘ ) \
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obepding/oallal‘ )
DB,, ,n/nen51onless bending stress for Pn axial
' : stress of 34 ksi(235 MPa).
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I, 1 i Moment of inertia at a cross section and at

a cross section in element i.

M ‘ Bending moment.

P AxYal load. . y
R Magnitude of déviation of a centroid of a
cross section from the centre line through
the pin. ‘ .
R - Assumed magnitude of deviation using a

Al
i

single measurement.
R Vertical deviation of a centroid of’'a cross
section from the centyre line through the pin
for a given angle of rotation, a,.

PIR Total indicator runout; API measure of rod

end straightness. ..
X,, Y,, Z, Coordinate axes for the first rod in the

numerical model.

X2, Y2, 42 Coordinate axes for the second rod in the
: numerical model.

a

A Global coordinate axes for the. numerical

oo Yor 2
: model of two connected rods.
a o Distance from end of bar to sharp bend in
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1. Introduction

1.1 Nature of the Problem
| After an oil reservoir is discqvered, the main
| objective is.toiproduce as much of the oil as possible in
the most economieal.manner. Because of a lack of natural
energy, many‘producjng wells use some method of artificial
lift »for bringing the ofl to the surface. Due to its
efflcxency, serviceability, and flexlbllxty, the sucker rod
pumping system has traditionally been the preferred method
of arr1f1c1al lift; 80% of all ‘0il wells either begxn (
production with or eventually use a . sucker rod pumpﬂng\\
system (Zaba,1962). In this s}stem, a sucker rod string,
often over a mile(1.6 kh) in length is used to pull the 0il
to the surface. Unfortunately the sucker rod str1ngs
Aoccca51onally break. The result is lost revenue due to
downtime and increased expenses'due to repair-costs. In many

instances, the frequency of breakage can become a
_ ‘i‘ficant factor in the overall economics of a well.
' Oon first examination, the problem appears simple; a

long round bar is loaded with a column of oil resultlng in

" an axial stress. S1nce the maximum nominal stress ' can
usually be limited to.below 34 ksi(235 MPa) by appropriate
selection ef rod sizes, the obvious solution is to d%e a
steel that will not break at th1s stress. While most steels

‘can withstand several'tlmes thxs stress,'none ‘of them are .

- . - —— . - - - o -

'The nominal stress refers to the average tensile stress in
the main body of the sucker rod. ) .

1



immune to failure when used in a sucker rod string. Thus the

problem is more complicated than is at first apparent.,
. |
There are three factors that complicate*thevproblem and

‘contrxbute to sucker rod failures. Flrse, the loadxng on the

rod strlng 1s not constant but undergoes a cyclic- varxatxon

due to the, reciprocating motion of the rod string. The

resulting cyclic stresses can lead to fatigue failure.

_Second, the rod string is exposed to well fluids that can

sometimes be sour? énd/or corrosive. These damaging
environments interact synergistically with the fatigue

process resulting in several. possible failure mechanisms\*.,,v*

-~

dependxng on the kinds of 1nteractxon. Th1rd pre- exxstxng

/

1mperfect10ns in the manufactureé‘ rods can lead to locallzed

stresses in the rods Which are larger'than the assumed

-

~ nominal stresses. When h1gh localized stresses occur, they

can be an important factor in 1n1t1at1ng fatlgue failures.

The question of sucker rod failures has.been actiyely -

.

researched since the 1930's resulting in several major

improvements in rod string performance. In particular,

Al

improvements in the rod connections have dramatically
increased the overall service life of rod strings. Yet rod

string failures remain common especially as deeper and more -

severe well environments are encountered. Research aimed at=

-

furthﬁr 1mprov1ng rod str1ng performance can take one of

1
) f

three d1rect1ons. :

1. The loadxng cond1tlons under which rod strlngs operate

——-—-——-———-—-——---—

1Sour is a term used to describe a well conta1n1ng hydrogen

sulph1de gas._ ‘ '
- Q .



can be 1mproved Research in this area is lrmxted maxnly'
to 1mprov1ng the operatxng procedures of sucker rod
wells. . g ' | .

2. The general‘perfOrmance of the rod material can be

1mproved Much of the research in tth area must further

delineate the actual fdailure mechanisms occurrlng in rod

strings in the d1fferent'£ypes‘of wéﬁﬁ env1ronments, ?X
3. The remaining "weak links" can be eliminated ‘Research . &

h
in this area must first ident4fy and then explaxn any
by a;\ ,
"weak 11nks that still exist. P

Bt

.-

‘The‘eiperiments discussed in this thesis are an aspect of. )
this third line of research.
1.2 Thesis Outline, ) .3 o

" The first part of the thesxs conszsts of a_ general‘

°

review of sucker rods and of sucker rod research In Chapter
II, a general descr1pt10n of sucker tod’ strlngs and sucker ~
rod pumplng f; followed by a rev1ew of the types of '
env1ronments to which sucker rods are exposed The purpose_”
is to 1llustrate the constra1nts and cond1t1ons under which
rod str1ngs operate. Chapter III Qpens w1th a llterature
“review on. methods for’ pred1ct1ng, measurlng, and . 1ncreas1ng
the service life of rod str1ngs. Thls chapter f1nxshes by
'putt1ng the exper1menta1 work of the thes1s 1n context with
\prev1ous research on sucker rods. Y . o
The second part of the the51s deals w1th some
"exper1ments conducted on sucker rods. Bending stresses near



‘the upset end of the sucker rod had been preriously proposed‘
as a cause for a hlgh frequency of fallures in the same area .
(Bellow 1981) Thxs thesxs examines bendlng stresses ar151ng
'from pre- ex:stxng bends ‘in typlcal manufactured sucker rods.
Chapter IV dlscusses the development of a numerlcal model to
analyse bend1ng stresses‘;n non—straxght sucker rods. An
experimental technque is also introduced for.méasuring
small‘bends in<actual rods. In Chapter V, experiments
measurxng the bendlng stra1ns in actual rods are descr1bed
which verxfy the numer1cal model “and measurement techn1ques
“in Chapter IV Chapter VI presents an analysis of selected
rods to shog the complex nature of the bend1ng stresses that

~arise. The chapter also presents an overall analysxs of the
e . ‘ | . ‘
measured sample'of rods to give‘an indication of the extent

T to whxch bending’ stresses may occur in actual rod str1ngs.
Thq overall ana1y51s is also. used to evaluate current

‘ Amer1can Petroleum Instxtute (API) standards on bent rods.

"' In the last chapter, Chapter VII the .conclusions of the
egper1mental research are.presented.' N
v X . i . " . . “ )

c\."
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oo+ © . 2. Sucker Rod Operation

s [

L Vs - . e ‘ |
2 1 Introductxon o, . , o -
r ' o : : .
‘ o .
,14 Before examxnrng sucker rod fallures, the conditions

~ A

fahd constralnts of sucker rod operatxon must be understood

o Th1s chapter beg1ns wrth a brlef desgrrpt;gg;of a sucker rod :
S , A P
‘ . str1ng followed by an exam1nat10n of sucker rod pumpxng "The

last sectlon exam1nes the effects that Yoil well f1u1d

‘propert1es have on rod strlng servzce llfe.

Il - .
. LEY
ey
‘.ﬁ\‘ .

2.2 Suckpr Rod. Strxngs

- —

"

: Thou h contéguous steel rod strlngs and rods made of

flbreglass have been 1ntroduced the 25 ft(7.6 m) steel

' ' ‘sucker rod cont1nues td be the mest common componen% used in
"maklng up rod str1ngs. A typlcal str1ng w1ll conta1n several
hundred such sucker rods connected by coup11ngs. Economy,

/A
”flexlble rt1llzat10n, and proven performance are the major'

‘reasons for the contxnued popularlty..l ' ®

v Manufactured from bar rounds, w1th d1ameters from 1/2
‘f‘.fs::"l in. (12 7 mm) up’, to. 1.1/8 in. (28 6 mm) the rod 1s forged and
| mach1ned to create a roll threaded p1n, shoulder,{yrench
,éﬁv;square, and upset bead at each end (F1g 1); The coupllng,”F

‘.,

'{i’f? uwhifh connécts the pxns of adjadent rods VCOBSIStS of a ‘\i

. short round steel cyl1nder wh1ch is bored through and

.....

',v

Standards for rod manuf%ctur1 g are set by the Amerlcan

ﬁ“Petroleum Instltute (API 1982) and are ba51cally 1ntended i”f

‘ : ; : B Lot . "““t" : : FS " ! Tt ""'l‘ S
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S 2.3, Sucker Rod Pumpxng

@

n51onal geometry Requ1rements for the type of .

steels and eat treatments to be used are very broad ma1nly‘
. / A } .

requ1r1ng the class @f steel and the ult1mate tensxle
strength to fall w1th1n a glven range for each’ grade of rod

.(Appendlx 1) Manufacturers of thefprevalent API grade Cb

rods typxcally use an AISI 1036 normal1zed steel with a

m1n1mum ultzmate ten51le strength of 90 k51(620 MPa)

~%

1

Slmply put an oil, well is a plpellne extend1ng from

the oil reservo1r up to the surface. Commonly referred to as*

a tub1ng strlng, this p1pe11ne typxcally consxsts of several

hundred 25 £ft(8.3 m) sectlons of 2- 3/8 in. (60 mm) steel
tubing: suspended in a bore hole llned with 7 in. (178 mm)
steel casing pzpe. At the level where the kormatlon 1s]to be:

produced ‘the caszng is perforated to allow well flu1ds to

' enter: the well bore from the 5urround1ng rock

In most wells, the f1u1ds enter&ng the well bore are

~l1fted to the surface by a rod strlng actuat1ng a ball valveln

pump at the bottom of the tub1ng str1ng (Flg. 3) At the'“

-surface ‘a pump Jack ‘pulls the rod strlng up and down 1n51de

the tublng. When the upstroke pegln{ the trave11ng valve

-hcloses thereby transferr1ng the f}u1d load to the rod strlngl:
:,(F1g; 4a) Dur1ng the upstroke, the f1u1d column 1s pulled

"up by the rod str1ng (Fxg. 4b) When the downstroke beg1ns,,
‘u‘the trave11ng valve opens and the standlng valve closes

,:thereby transferr1ng the f1u1d load back to the tublng (F1g.,7
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,mand the rod strxng experlence a cycl1c loadxng but the. range‘

B I R 100

4cl. Dur1ng ehe downstroke,,the rod str1ng falls through the

flu1d column to restart the cycle (F1g 4d) Both the tublng.

o

of stresses 1s much hlgher 1n tﬁe rod strlng Th1s i's due to

o

" the accelerat1on and deceleratxon of the movxng'rod str1ng,|

"

to the smaller cross sect:onal area of the rods, and to the

fact that the tub1ng is usually anchored‘at the well bottom.
, -

,Operatzng at ten strokes per mlnute,,a typlcal pump jack

—

1 will subject the rod strlng to over ten m1111on load cycles
,over‘a‘twovyear perxod (wells are often in production for

twenty ‘years or more).

234 Sucker Rod Envxronment o - ' o {f

The propertxes of the oil well flu1d5\can have a large-

v‘1nfluence on the serv1ce l1fe of a rod strlng When the

‘»water component (br1ne) of the pumped fluids is corros1ve, a
.Csynerg1st1c fallure mechan1sm known as corrosion fat1gue can
igreatly reduce the serv1ce 11fe.,Furthermore, the effects

’are more severe than can be exp1a1ned by szmply add1ng the ' {

, damage from corros1on to the fatlgue process. The presence

L

'of H S also plays an 1mportant role in reduclng rod strxng

serv1ce l1fe, though“the exact detalls of the 1nteract10n
are even less known than in corrds1on fatlgue. In both cases

of damag1ng env1ronments, the endurance 11m1t °lls,remqved,

. .‘- )
o IR K . Coe . . R R Lo
- e o - —— = - - G I

~3The endurance- 11m1t is the maxlmum cycl1c stress that can7

d”ﬂ be applied for an infinite number of cycles. In normal

Q;fat1gue failure of unnotched steels, cyclic stresses: that do ?-j.ji
not cause. faxlure 1n ten m1ll1on cycles w111 never cause e

‘affallurev



ar

sucker"rod fazlure ‘mechanisms are‘complex (Append;x 2),

v ! .

Thxs means that even very low cycllc stresses will cause

“fallure 1£ enough txme has elapsed Though the detaxls of

W

.important factor should be noted; stress plays a central

role in both damaging and non—damaging environments.

one
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following five categories:

3f¢Review of Sucker Rod Research

Research dxrecteq at 1mprov1ng the service: lee of rod

‘trzngs has covered a dxverse range of . subjects This review

f
efg?rnes the major areas of the published research in an

attempt to relate the separate efforts and to put the thesis

experxmental work in context. For the purposes of this

{

' review, sucker rod research has been classified in the

¢

i '
ot [

1. Prediction and measurement of nominal stresses
v . o ) . '

2. Reduction of nominal stresses.
“‘ ‘. o . ‘1 ) ' ,
3. Prediction and measurementwof material performance

4. Improvement of materxal performance

\

,Sfﬁ Ellminatxon of tne problem areas and 'weak links'

&,
" '
»

3.2 Prediction and Measurement of Nominal Stresses
Pred1ct1ng the stresses in a mile- long (1.6 km) rod

strﬁhg is a- mathematxcally difficult problem v$ solve.

Orlglnally, rod strings were analysed as a !’g;ge single

degree of freedom spr1ng mass model (Coberly,J938)
Measurements.from operating oil wells were then comblned
with the, sxmp11f1ed model to .obtain an emp1r1cal expressxon
for predxct1ng the rod stresses (Mills, 1943, Thompson, 1959).
Later on G1bbs (1963) modeled the rod string as a
cont1nuous elastzc structure u51ng a one-dimensional wave
equatxon allowlng for the effects of viscous damping by the

i 3 $ 'I‘ v" ) : ‘ O' ' e —

et | 12
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fluid column. Electric analog ‘computers were hsed to develop
a series of solutions to a model similar to the one pfoposed
by Gibbs (Midwest Research Inst.,1968). The design approach
developed from the solutions was included in the recommended
pfactices of API (API,1970). One study (Griffin51968) found
the newer methods to be only a slight improvement.owef the
earlier -Mills formula (Millsa1943).for predicting stresses
in actual wells. A recent digital computer model propesed by
Doty .(1983) takes into account additional factohs including
the dyhamics of thevfluid column and the tubing string, and
has shown good correlatlon with field measurements in a
prelxmxnary study (Doty)

Methods for measuring the loads and displacements of‘
the poiished rod * with a dynamometer and the dieplacemehts
.of the ﬁump’with a bottem—hole’dxnagraph were first
developed by Gilbert (1936) The ﬁeasurement of:rod string
‘dynam1cs was greatly 51mpL1f1ed by the introduction of the
"Delta II" dynamometer test)(G1bbs 1966). Using a computer
analysxs of the polished rod loads and d1sp1acements,
stresses anywhere within, the rod strxng can be determxned.
The technique eliminates the need for a pump dynagraph which.

’

requires that the rod string be pulled.

+
Y
——————————————————

4The polished. rod is the first rod in the rod string and
vconnects the rest of the rod string to the pump Jack ‘
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3.3 Reduction of Nominal Stresses

_Reduction of rod string stresses has proven ﬁo be an
effective t;chnique.in.reducing overall rod failures in both
corrosive and ndn—corrosive environments. Field studies by
Dale & Johnson (1940) and Atkinson (f960)'showed éignificant
reductions in rod-failures when stress levelsiwefe.reduced
in cbrrqsive wells. A léter study by Holliman & others
(1966) showed siﬁilar results in non—corfosive wells.

The primary method of reducing the mean stress is to
use a tapered -string, in which the diameter of the déeper
‘rods is éﬁallervthan'the diameter of rods cloéer to the
su;face. This féduces the mean stress in the top rods which
are carrying the weight of the rod string in-addition to the
fluid load. | |

‘ Shock absorbers, first proposed by Eaton (1936), and
hi—s;ip electric motors are both intended to smooth outkthe\
rod string load cycle thereby reduciﬁg thelampiitude of the
stress fluctuations. Field studies of shock absorbers
‘(Hollimaﬁ‘& others, 1966) and hi‘siip motors (Baron, 1980) .
have reported success in reducing the pqlisheé rod stress.
ranges. The'amplitude of stress fluctuations can also be
rgduced by using a longer pump stroke to reduce acceleration
loads.. New pump desigﬁs'have been intfodﬁced to give strokes
of up to 34 ft(1d§4 m) (Ewing,1971). e

| ~ Probably the most effective approach to reducing the
nominal Stresses involves proper design and bperation of the

beam-pumping system.”In a West Kansas study (Atkinson, 1960),

\ ' &
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‘the actual performance>of different rod materials in-

specific'corrOETVe-an.sour environments. One set of mixed

15

sxgnlfxcant reductions in. overall stress levels were
achieved by using actual load measurements to rede51gn the
pumping systems and to modify the operating parameters. A
field study.by Holliman (1966) fohnd thaﬁ pafaffin
accumulations and tight cleqrance pumpé had resultediin an
inc;eased range of.stresses.’ln some instances, cémpressive
stresses wére occﬁrring tausing the rod string to buckle on
the downstroke. Amezcua.(1980) found improvements in rod
string service when fluid pound conaitions Qe}e eliminated.
Fluid pound is a condition that occurs when a Qéll is pumpéd
at a rate fast enough to prgient comﬁleté filling‘of~the
pump barrel. On the downstroke, a shock loading occurs when’

the pump hits the fluid surface of the partly filled pump

barrel.

P
s

3.4‘Prediction and Measurement of Material Performance

| Methods to impfove material performahce in a given
énVironment under a given stress h;story”usually have
substant1a1 associated costs. Therefore, it is imperative
that the material performance be accurately predlcted and

measured in order to determine the net gains, Much of the

P

‘data on sucker rod performance in non-damaging environments

‘has beén éompiled in the API modified Goodman charts -

(API, 1969) for use in design.

Oon the other hand, very little has been publlshed on

L]

Ll
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rod .string tests * by Atkinson (1960), showed that the type

of steel used in a'sucker rod had little effect‘on the

'service life of a rod in a corrosive environment.’ This study

only covered a small subset of the cond1t1ons possible in
oil wells. There have been many laboratory studies of rod
string performance in sour and/or corroslhe env1ronments\but
the results correlate poorly with the actual performance in

the field. The poor correlation between laborator} and field

occurs because the long time durations and exact conditions

]

of the actual applications are hard to duplicate in

A

laboratory experiments (Zaba,1962).

3.5 Improvement of Material Performance

Organic inhibitors were.the first (Pearson,1948) and

-are still the most common method used to extend rod life,

-

yet some producers still questlon whether the beneflts
justify the add1t1onal costs. The bas1c concept of
inhibitors is to place a protective barrier between the rod'
surface and the well environment: (Nestle 1973), but 1t has
been found generally that the tubing.string 1s protected N
better than the rod string (Mehdizadeh & McGlasson,1967,
2fReyn6Ias & Vennet, 1975). fhe use of inhibitors that'
prevent hydroge;-penetratlon of steel (Mart1n 1980) and the

LY

'use of contxnuous mon1tor1ng to ma1nta1n “inhibitor

protection. (Shehorn 1980) both show promise in spec1f1ca11y

- %A mixed rod str1ng test is carried out by 1nsta111ng rod

strings made up of a random mix of the different types of.
sucker rods being tested. The performance of the dlfferent
types of sucker rods are then mon1tored ’

=
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protectxng Sucker rods.

Closely related to the )se of-lnhibitors is the use of
-epoxy coat1ngsdhonded~to the rod surface. Or1g1nally N
1ntroduced to replace metal and plastic scrapers in
preyenting paratfin buildups, studies showed that‘the;‘
‘~coatings also resulted in ektended rod lire (Crevolin, 1980).
élnce the coatlng is expens1ve, more research is needed to |
determ1ne the extent of the protectlon in dlfferent 4
envxronments. |

The substltutlon of different materials for the regular
rod steels has been attempted from the time steel rods first
replaced wooden rods. Fibreglass rods :(Detterick &.
Saul,1980) have recently been‘intrOduced to increase
productxon and to eliminate ‘the effects of damag1ng
_‘env1ronments. Problems in handllng large loads and hxgh
initial costs 11mlt the1r appl}cat1on at present.

The’finalrmethod'of improving material performance7
1nvolves 1mprov1ng ‘the surface qua11t1es of the sucker rod

o
steel. Induct:on hardened (Gl1ckman '1962) and shot peened
 surfaces (Mehd1zadeh 1974) have both shown potentxal for ;'
re51st1ng fat1gue in damag1ng and non- damag1ng env1ronments.;

Induct1on hardened rods,_though, have 1n1t1ally shown

‘quality control problems,(Atkey &'MacDonald,lSBO).
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3. 6 El1m1natxon of the Problem Areas and "Weak anks

_ Early problems with rod str1ngs focused on connect1on
“fa1lures at the p1n threads and inm the coupl1ngs. The
1ntrodudtxon of the undercut p1n (Vollmer 1952) and rolled
vthreads (Crosby,1970) greatly 1mproved the fatxgue 11m1t of
the co%@ect1on. Over the,same perzod, a gradual evolut1on of
,connect1on make up practxces resulted in reduced fat1gue
loadxng of the connection., A recent study (Steward 1973)
found that connectlon fallures accounted for only 20% of the

t

total rod fa1lures. Currently, some producers feel that .
A | .

~connectron fa1lures can be e11m1nated when proper |
| :xnstallat1on procedures (API 1973) are followed

" Raised stresses from sucker rods bent in the f1eld
d(dellowt&.Kumar,1978, Chasta1n,1977) and mxcrocracks
resulting from‘hammeﬁingvon'the\sucker'rods (ChaStain) have

been blamed in. many fa11ures. ‘The str1k1ng of weld arcs

N

dur1ng the 1nstallat10n of metal scrapers 1s one of the few

‘}manufacturlng defects~c1ted for caus1ng failures (Atkey &“

‘MacDonaIdr1980) Exper1ence in plpellnes had prev1ously
shown that the str1k1ng of a weld arc could result 1n .the.
formation of a macrocrack Breaks resultlng from roll1ng

defects and forg1ng laps are rare occurrences (Atkey &

-
o

. MacDonald)

Loy
.



3. 7'Exper1menta1 Research of the Thesxs "' o .
One of the rema1n1ng weak 11nks" to-be expla1ned
| occurs at the Junctlon of the upset bead w1th the rod body
'Maradudxn (1965) reported tha % to. 30% of all rod str}ng B
fallures occurred near th1;/;i:j3;on. Dvoracek (1973) latertl
' hrepopted‘that 75% of all the £a1lures w1th1n the rod body
happened near the’ upset end - (Unzon 0il wells) ~In, one test
-study of 60 rods, Bellow (1981) found that 43 ‘of the f‘-'fﬁ
tallures“occurred 1n thls same reglon. |

“ ‘Ehe authors of a Russxan paper (Makarov.& others 1981)‘
\.found that metallurglcal changes took place and that ‘.”.\w
re51dual stresses were 1ntroduced as a result of heatlng .
'a‘and subsequently, forglng uhe rod. end stng Xx-ray' .
;dlffractlon technlques, the study reported the occurrence 9§>
"surface res1dual tensr&e stresses that were, as hlgh as 70%
of the YIEld strength The study also reported 1ncreased

gra1n 51ze 'in the reglon of the rod subjected.to heatlng
dur1ng forglng. The study was based on Russ1an manufactured
-sucker rods, no comparable study based og North Amer1ca@" |
rods has been publlshed | . T

‘ Bellow (1981) had prev1ously proposed that bend1ng
o stresses due to mlsallgnments between the test rods and the o
'test apparatus were the cause for the h1gh proport1on of L
,‘,Ffa11ures near the upset end in. hlS exper1ments.,The n

;mlsallgnments were due to test rods not bexng stra1ght.,
n‘recently publ1shed Ch1nese study (L1 1984) reported that

‘dur1ng ax1a1 loadlng,‘bendxng stresses were found nearvthe

L b
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upset end of sucker rods w1th bent rod ends.‘The authors of
“the study were not successful in . relatlng the degree of bend
v‘exlst1ng in the rods to the resultxng bend1ng stress, though
‘ thegauthors d;d'estab11sh upper and-lower l1m1ts for the

St resses.

»

The purpose of thxs study was to examxne the bendxng
stresses wh1ch occur near the upset bead as a result of |
»‘non stra1ght rod ends. A method was flrst developed to
measure . the actual bends that occur in manufactured rods..‘
eUs1ng the measured bends, a numer1cal model was then used to‘
predlct ‘the bend1ng stresses’ that would occur under axlal
ﬁload1ng cond1t1ons similar to loadlng conditions in the '

- f1e1d.‘For an axial load of 15 kips(66.9 KN), bend1ng‘-”
stresses up to 68% of the nominal axiallstress vere
predicted (Chapter VI) rTheifinding of high bending stresses.
is s1gn1£1cant because of the role that stress plays—eﬂ |
dsucker rod fatlgue fallureSrln both' damaglng and

‘v.non damag1ng env1ronments,



4. Method‘of Analysing Non?Straight Rod Ends

4, 1 Introductxon‘

—

For the purposes of this: study, a rod end- is def1ned as
a sectxon of sucker rod extendlng from the shoulder to a
wpo1nt approxxmately th1rty four 1nches (860 mm) back onto

the rod body (Flg 5). The, rod . end 1s def1ned as

’

‘non stralght 1f it dev1ates from a hypothetlcal centre lxne

extend1ng through the p1n (Flg 6) In general -the extent

”

-of the dev1at10n 1n the rod end is small, usually, the rod

o

~end w111 appear stralght upon v1sual 1nspect1on.?

To analyse the stresses occurrxng in a non- stralght rod
end, elementary beam theory is used together w1th the
equat;on for unlform stresses in a bar subjected to an axlal
load where . |

Mr/I and o = P/A with

bending axial

. 1
M = bending moment, :
-cross section radius,
moment of 1nertua,

axial load

r
B |
P
- and
A =‘cross sectional'area;
The bending moment at any»cross section‘is simply
B M = Py e

b;where Y . 1s the deflected d1stance of the cross sectxoh‘ ‘
Atfcentr01d from a centre 11ne pa551ng through the appl1ed load :ﬂ
| The detalls of determxnlng the f1na1 deflected po 1txon'ﬁf'
fwlll be left for the next sectlon, but a 51mple calculzt1on |

21
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A——34in. (860 mm)—

* Fig. 5. Rod End ,L_/
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vcan be made to determlne the 51ze of devxat1on (after
deflect1on) that.;s‘s1gnrfrcant U51ng a rod d1ameter of o
1 0.75 in.(19 mm) and a load of 15000 lb(66.9‘KN),‘c0nd;t10ns

typical in an pperatingfrod string,ﬂthe parameters are |

r = 0.375 in. A = 0.442 in.® I = 0.0155 in."

e
~*

5 whxch yxelds a bendlng stress equal to 363y ksi and an. ax1al'
stress equal to- 33.9 ksx(234 MPa). If the fxnal deflected

‘p051txon at a cross sect1on 1s ‘one- sixteenth of an 1nch(1

',‘mm) from the centre llne,‘the 'bending stress w1ll be 22.7

ks1(156 MPa) wh1ch is 67%ﬂof the ‘axial stress. Clearly,
small devlatlons of the rod from the centre 11ne have the

'potent1al to create large bendxng stresses if the rod does‘

" not straighten under the axial load"
When exam1n1ng stresses occurrxng in non= stralght rod

ends, the d1men51onless bend1ng stress, DB is of use: for

“~

determlhlng the relatxve 1mportance of the bend1ng stresses
. as compared to the ax1a1 stresses. In thxs study, DB is

‘def1ned as the stress due to- bendlng d1v1ded by the stress

-

due to the ax1al load '. S '. . : | : h ' K

‘DB = abenqu/ axial® -

A

‘ 'For a non- stralght rod end where the bend1ng moment arlseg -

.

‘*'from the ax1al load the DB can ‘be 51mp11f1ed tO" ' o

. The concept of stra1ghten1ng under the load refers to a
temporary : elast1c deflection and should not 'be confused w1th
* permanent plastlc deformation, Any attempt to stra1ghten a.

- - .rod end that uses permanent plastic: deformatlons w111 result
o in h1gh res1dua1 stresses (Bellow, 1979) R
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DB = (Pyr/I)/(B/A) = 4y/r..
4.2\Ndmeriéa1 Model to AhaiYse‘ﬁon—streight Rod Ehds
a ‘ ‘ S : N “‘ ‘ »‘vh‘”
4 2. 1 Descrxptxon of Theoretxcal Model
In the preced1ng section the basic concepts for L
’analysxng non-straight rod ends were 1ntroduced Thxs|
‘sectxon 1ntroduces the d1£ferent1al equatlon used to
Adescr1be the flnal deflected posxt1on "of a non- straxght bar
subjected to an axlal load The equation was used
successfully by Bellow (1979) to: predlct stresses 1n bars of.
un1form cross'sectxon w1th a sha;p bend,(Flg. 8).
‘ ‘The'differehtial equation is der{ved_ftom the treeehody
‘diaérem in Fig. Q-where . |
| | M =Py "
and from the;elementary theory 6f-def1ection‘ofhadbeam where

e d‘(yo y) -
M= -EI - PE ..

'-In the abeve :duatton, (yO y) represents the deflectxon of
" the bar ﬁrom the unloaded pos1t10n. Equatlng the moments and
‘rearrang1ng the terms results An the follow1ng d1ffer§ht1al
hequat1on- ‘_;‘,45 t,‘sv - |

r_'_f;'v{d’_yb"”" |
R YT dz*.

Q
Fe
<

.l_

- N
»

”fSimilafly in: the x dlrectlon, the equatxon becomes

- § . S
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For a non-straight rod the DB at any cross section can be

& . .
determined from the final deflected position with the

‘ﬁ;olloW1og equation, - -

[

DB {x‘+y’)ﬁ.

]
o B )

~

- M A - . s - ' N A “ -
This equation is similar to .the previous equation derived

for bending about the x-axis only. ~
. . - ' f I N
4.2.2 Numerical Solution of Theoretical Model

Q . - : . '
N 1o analyse stresses 1n a non-straight rod, the

.differential equation must be solved for the case of a

chaﬁ@ing cross section’and an arbitrary initial berd in

L4 —_——

Yion + Yoo = ‘[hx+hx'+l+ h,I,.,*h,, T, < Y044

three dimensions. S:nce analytqcal solutxons are not "
possxble for this general case, a numerlcal approach must be ;l
‘used ta solve for the deflections. Towards this end, thej‘
equations are recast 1nto the following finite difference

form for the y-direction : ’ I F

™ ] . r'\“ &

Yo A-' h,+h, ., \
141° 3 = N S I B £
h [h.h 2e1 .1, )T R h hh.,, *°

per 40 TREES ‘ 141 i

S
and in an.identical form for the x-direction to péfmit a
'numer1cal solutlon (Appendix 4). These formulat1ons are
spec1fi§ito a case such as a rod string where no ﬂfments are

1mposed at the ends of -the bar; the only»force_applled is

' the'akial-load. The;bdundary conditions become ~~)
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y = 0 at z = z@ and y =0at z = 2.

TN

‘ ~N

For an n-element m%dél, the solution reduces tq“the‘solution
of two independent sets of (n-1) linear equatibps each with
(n~1) unknowns.

The speéific computer model developed to analyse the
conneétion of two rods utilized seventy elemeﬁts of unequal
size; small elements were used in areas of rapidly chaﬁging
cross section and in the expected areas of rapidlyvchaﬁging
bending moments whereas larger elements vers used elsewﬁere
to"reduée computation time. The model idealizes the
connection of two rods as a sixty-four inch(]625 mm) long,
non-uniform bar axially loaded at each end (Fig. 10). The
cross sectional changes through the upset forged region and
the coupling ére inclbded within the mbdel. A description
and listing of the subroutines used to set up and solve the
model are included in Appendix 4. |

Thé'nume;ical model was'initially tested by'comparjng‘
the numerical solution for a sharply bent bar wi“h uniform
Cross sectioﬁ (Fig.8) to the analytical solution for a

nearly identical problem with one exception; the numerical

model used a finite léngth of sixty-four inches(1526 mm)

while the analytical solytion is for a bar of infinite

length., The analytical solution, verifiable by back
substitution, 1is
1

(E1/P)"yEXP{- (P/E1)"2} = y

o N



28

(Ww Gggt) Ul v9

z

A4

e

£



29

‘
edN
002 © 00T

00¢€

oov

puag dieys e yitm ieg e 10j uo1INTOS

s

reotridreuy 03 UOTINTOS T[eOdTIawnN 3O uostaedwo) °*|| °btrd

, SHTHONI .mUZ<.H.mHQ . .

09 0§ - I ¢ ) 4 (0] 02 .ot o -

- Y - — _ T Y = Y o

- 15°

‘ 18

i 18

. Joe
.lll.\((.\K(.\(r.r..l..l.h.:..h.ﬂ. .................................................................... ‘. .l......l..l..l..t..l.r.(‘(l(l(llll i
* o:Q:::c PY 2 - . Q‘\
! l.ll \\.\\ Y.\M =
nnnnnnnnnnnn LY T T LR TR eO' o T :
- TYOLLATVNY 'SSEULS TVIOL LY P —

T SSENIS VXY “ L : |

TIAOR 'SSTYILS TVIOL o e T - | . 4%
aNEOFT - Ry |

\ 1. [-

A — (=]

\_\.\ : { b T L [ 1 1 nlun
0087 00%7 0021 0001 008 009 - 00Y 002 - .0

- . 90gos

a

avoT 4l 00067 "D3Q S'0=4 ‘ANIL JUVHS



30

. which also satisfies the boundary conditions
A%y Lo 8 L atz -0 andy - 0at z e
327 0, az Y at z 0, andy 0 at s .

“In Fig. 11, the agreement-between‘the two solutions is shown

; to be extremelx"oiose; apparently, the use of a finite

.isection of bar to model an infinite rod string is valid if
the bend (after deflection) is confined to the central

. : . f

section of the finite length model.
v 4.3 Measurement of the Initial Bend
o o ‘ s
4.3.1 Introduction
The next step in analysxng the beqd1ng stresses was to
‘develop a procedure for measurlng the pre- exxst1ng bends
occurring in actual rod ends. The strategy was to determ1ne,
at dlfferent locatlons along the length of the rod end, both
the- magn1tude of the dev1atxon, R{ from a centre line
| :_through the pin and the angle of dev1at1on, 6, from the
x-axis (Fxg.‘lz) This set of measurements was used for the
f | purpose of defining mathemat1ca11y &he pre—ex1st1ng bend in
‘the rod To connect mathematlcally two bent rods,_the
coordlnates of the 1nd1v1dua1 rods were mapped into a global
;”coordlnate system with the z- ax1s pass1ng through the(g
endpoxnts rather than through the pins (Flg. 13) The model

of the two rods was then ready to be solved numerxcally to -

Audetermrne ther1nal deflection under load; The details and

.
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e program‘listings for"theftransformations are included in
‘ ‘ : - 0 .

Appendix 4. v S "n
"4;3.2‘Mea§uring Procedure‘
To measure a rod end 41t was first screwed 1nto a
"couplxng that had been prev1ously centred 1n a lathe chuck
“(Flg 14)' SUbsequently, the rod was rotated about the

centre l1ne so that the dev1at10n ‘could be measured at each

-
f . P

looat1on fbr a serles of poxnts along ‘the z- axxs.‘,
o D1ff1cult1es arose, though because the procedure

| lrequ1redna hlgh level of accuracy, even small amounts of
bend can cause 51gn1f1cant bendlng stresses. Attempts at
mak1ng accurate measurements were confounded by two factors.

_elF1rst the 1ocat10n of the centro1d at-each cross section
. Xt

s -

‘could not be assumed because the. cross sect1ons were
: asymmetrlcal as anresult of‘manufacturlng 1mperfectlons.

'Slnce the measurements co d only ‘be made at the outer o

‘l5urface of the rod, the asymm try masked the actual

"0

‘magnltude of the dev1“f N, R,/ of the centro1d from the’

centre lmne (F1g 15)

e, from the x- axzs was dltfxcult to determlne 1n a 51ngle

1'.

-‘measurement. - ‘

The answer to both pr@blems was to determ1ne the

¢ N

-f{vertxcal devxatxon,‘Ri[ of the rod from the centre 11ne for

d

JR and 6 for a g1ven cross sectlon could then be obta1ned by

"fusxng a: least sqdares f1t procedure w1th the vert1ca1

‘.---w,.- R : PR
STl e ! R . Lo (TR R i s .

xSe ondly, the angle of the dev1at10n,'

:'a number of rotat1on angles, a‘,.of the rod The parameters f“
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‘Datumn Axis el

e

\" Centroid of Circular
1 Cross Section:

N ) —>

L

|/ . Centroid of Actual |
Cross Section .

Centre Line Through Pin |~ | |

Ry= dd-(d+) —— , -
. .where - r= rodradius . . e= error
Ra= assumed deviation d= measured distance )
dd= datumdistance - . ' R= trie deviation
~Fig. 15. Measurement Error Created by a Non-Circular Cross Section RN,

fo . . . . . . . . . Tt
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. " il Co b N : )

, I. - % . Datum Line
o
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devxatlon data(Append1x 3). The technique‘resulted”in an
approx1mat10n of the true dev1at1on of the centr01d as long
: as ‘the asymmetry of the cross sectlon vas small
'Idetermlne R' for each @, the vert1ca1 deflectlon of the rod

.from a datum 11ne was measured f1rst at “1 and then at-

rotatxon 180 degrees from a, (Flg 6). By d01ng thlS,

: v'Lf* ;

errors due to. bendlng deflectlons and errors due to crooked

" 'datum lxnes“were eliminated.

In the actual rod méaéurements, R, wag determined'at

'

'YgreQU1r1ng a total of twelve measurements at

\ ,'I'
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7‘f;apred1cted bend1ng”straans_though the?bend was ogle wﬂm‘{
‘ o S S I e o S

from a 51ngle batch q; 3/4 1h (19 mm) quengh and tempered

‘fﬁmanufacturlng plant

‘H;ends labeled a" and b for{1dent1f1cat'oﬂ,purposes.

(€3

5. Experimentalﬂveriiaﬁftion oﬁwyggel N
. o . - ‘F‘fw‘

v RN

Y
'

. | ' ' m‘

"l

5.1 Experxmental Procedure TR
“h The numerxcal modebmdeveloped 1n Chapter IV was -

conflrmed by cOmparxng the straxns pred1cted~by the model

for three palrs of . con%ected rods w1th the stra1ns actuley

T

. ' measured by straln gauges. The rod ends used 1n the " erj

exper1mental verxfxcatlon were se;ected from a group of ten

M -~ \

rod ends that had ‘been made by cuttang sxx\ft(1760 mm)

'-sucker rods 1n half The sucker rods were selected at random
s

|'. ¢’

nffgrade C sucker rods thag were part oﬁ the normaﬁ stockOat a

%

The sample of rod endsrwas £1ret measured and analysed

T ‘ Lo v o ! H

'E:{pus1ng the technyques d1scussed-kn Chapter IV..The rod end,

« !

'“'de51gnated 4a : was found to be the stra;ghtest and waS' v

:selected to be used as a common connethon rod for ‘-“‘

. '
hi
. b g "

‘;ca11brat1ng pqrposes.‘Two straxn gauges,x180 degrees apart [

*_;were mounted on the rod 9 in (23 mm) from the cut end‘for

. _/‘ ""‘ ' /‘( C .“’; 6, - ““
measur1ng the nom1nal ax1al stra1ns. Three.rod ends were'
: ) ‘ N

».v,v!

'*ﬂ’The rods were arbrtrar1lyenumberedfone to fmve'and the1r




three rod ends \Fh15n

©is conStant.‘jg}r SR L e

were mounted on the-teSt rod ends at the cross section

[

"‘f\largest bendlng stresses. For all

% ,
\Poqat1on was 3 3/4 in. (95 mm) from the

! \ o

-shoulder; at thxs po1nt, ‘the rod narrows to 1ts nomlnal

'dxameter. The gauges werq\spaced 90 degrees apart around the'

cxrcumference.- - \ .

For each test the selected rod end was connected to
b

the common calxbratlon rod end\w1th a standard coupl1ng The"

i Joxnt was made up uszng the c1rcumferent1a1 dlsplacement
‘method (API 73) and the relatxve degree of rotatlon between
“the rod ends was measured The the rod pa1r was: mounted |
,1nto a T1n1us Olsen tensile te::ipg machlne and the gauges

"were zeroed (F1g._ 8) To properly\s1mu1ate the type of

loadlng found in a rod str1ng, bend}ng momerits at the gglps

-+ of the test1ng mach1ne7Were7m1n1mxzed\hy usxng a greased

: hemxspher1cal ball and. socket connectlod (F1g.' 9).- The rods -

were then loaded to 15000 1b(66 9 KN) wh;le record1ng the

stralns at 1000 1b(4 46 KN) 1ncrements (Ta\ﬁi 1).
g ‘ L N\

b ' '
[ M . . , \ N
Rl y .

5 2 Experzmental Results B TR .’\' '

The exper1menta1 results were in reasonably good \

“fagreement w1th the numerxcal model espec1ally for loads 1n
”the 5000 lb(22 3 KN) to 15000 lb(66 9 KN) range (Flgs.
t20 21 22). In these flgures,,the stra1n rat1o "1s plogted ,&‘fu

r'tlas a ﬁunct1on of the nom1na1 axlal stress determlned by

o A
. . Lo X P |

- ﬁ'The straln ratlo is. the rat1o of bendlng stra1n to. axlal

strain .and is equal to the DB 1f the modulus of elast1c1ty

. RIS R ; v ) . oy
PO LI . N g : S . N |
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[\3

Rod : Load ue

axia : K ng . ) n
Connect1on- kips (KN) Meaé&red Mezgﬂr%d : Pread‘%ed
ta 2 . 174.5) 79 130 78
2 (8.9) 156 ‘ 176 129
. 3 (13.4) 232 . 208 162
.4.(17.8) .314 . 233 193
° 5 (22.3) - 392, .254 222
6 .(26.8) 468 263 242
J.(31a2) ‘545 281 261
8°(35.7) . 623 298 280
9 (40.1) 703 314 © 301
10 (44.6) 783 .. 329 317
.11 4€49.0) 862 © 344 330
. - 12 (53.5) 944 . 345 347
13 (58.0), . .1019 355 356
14 (62.4)° 1097 ~ _ 365 374
Js (66.9) 1175 375 385
4a 3a 1 (4.5) 81 57 76
2 (8.9) .159 102 125
8 (13.4) 233 139 159
¢ (17.8) 313 172 193
5 (22.3) 391 201 222
6 (26.8) ‘469 227 247
‘ 77 (31.2) 546 251 270
" 8 (35.7) 625 274 293 -
e 9 (40.1) 704 296 314
10 (44.6) 787 317 333
: 11 (49.0) 864 336 353
> 12 (53.5) 926 354 363
! . 13 (58,0) 1017 371 387
s 14 (62.4) 1096 389 403
35 (66.9) 1175 402 419
da 5a 1 (4.5) 77 123 130
Lo 2 (8.9) 155 205 212
3 (13.4) 231 267 268
) 4 (17.8) 315 326 323
5 (22.3) 390 367 360
6 (26.8) 469 407 397
7 (31.2) 551 445 433
8 (35.7) 621 . 476 456
9 (40.1) 705 509 487 ®
10 (44.6) 783 7™ 539 515
11 (49.0) ° 859 586 542
12 (53.5) 940 ‘ 593 - . " 566
13 (58.0) 1020 - 619 594
14 (62.4) 1096 645 ‘ 614
- 15 466.9) 1178 - 675. - . 638 .
---------------------- ~—

//’Vf\\\ Table 1.‘Experim;;EETTVéf\P:édicted Strains

/ \ .
! . ' . /K’/J . . o on
, | ) . ‘/- . , | .



MAXIM‘UM €a'snbmc/£Aqu

075

MPa
0 50 100 150 200

N 1 1 o ]
\

3

(\ —

u ~ LEGEND »
® MEASURED STRAIN RATIOS o
° Z2 PREDICTED RANGE OF ‘STRAIN RATIOS -
['gs '

1.25

- " 4a 2a COMBINATION

1

o
[Tl
o
)
N
o
f s - 0 »u s
é N \/r. “1 ’ ‘! ’rl -
-0 5 10 15 20 25 .30 35

NOMINAL o kd

AXIAL' -

42

Fig. 20. Comparison of Numerical Solution to Experimental

AMeaS);ements - 4a 2a C¢mbination

vl



43

_ : MPa
0 50 . 100 150 200
o T ‘ T ! v
0 O
o ]
, LEGEND ,
_ ® MEASURED STRAIN RATIOS
a" o Z2. PREDICTED RANGE OF STRAIN RATIOS
),
4l
-
W
~ .
z . 4a 3a COMBINATION
g .
w
=
)
= .
<w
< >
= © n
‘o
'}
o
[’
N
o
o 4 ! _ L MR 1 N : i
0 5 10 15 20 25. 3. . 35"
NOMINAL O sias KS1 . ;

Fig. 21. Comparison‘of Numericél Solution to Expgriﬁeptal,
Measurements - 4a 3a Comb;nation :



. | * »
- MPa. ‘
o . 50 100 150 200
N 1 ‘I 1 1
[Te)
e~ " s
| LEGEND
\ m MEASURED STRAIN RATIOS o
° Z7 PREDICTED RANGE OF STRAIN RATIOS
‘n . .
N0
W ,
\o .
Z 4a 5a COMBINATION
mo-‘
(3]
-
)
=
< uwn
<
2 o
(o]
a3
.o
‘ » '
N a
0 ,
Qo ,
o I'. . M 1 ‘. t ' " { .
0 5 w0 15 200 25 30 = 35
o NOMINAL o, ksi S

- Figq. 22 Companson of ‘Numerical Solut1on to Expermental
' Measurements - 4a Sa Combmatzon



45
| d1v1d1ng the applxed load by the. nomxnal cross sectxogal
area. The predlcted stra1n ratio is shown as a 95%. .certainty
range to account for varlatlon result1ng‘from'experxmental
error in measurlng the pre- ex15t1ng bends. The devxatxon of
the measured strain ratio from the predlcted value for small
loads can be.partly explaxned by_the 1ncrea51ng 1mportance h
'df_absolute measurement errors‘atllow,strains; If the
. absolute,siZe'Of the denomlnator and¢numerator is small,
small absolute errors can causeilarge errors in the derived
ratxo. Also, small moments that may have been: present at the
grlps of the testing machine’ would have been more notlceable
at small loads thereby exerting a greater 1nfluence ﬂn the
observed bendlng stra1ns. In Flg. 22, the experlmental
results follow the pred1cted values closely at low loads but"
show a trend to be slightly larger at the h1gher loads. Th1s
‘suggests that there may be an addxtxonal factor cau51ng |
stresses that 1s not accounted for 1n the numer1cal model
For pract1cal purposes in pred1ct1ng stresses 1n the
range of 1oads that, are typ1ca1 for actual cond1t10ns, ‘the
,mathematlcal model developed works qu1te satzsfactorlly.n
Chapter VI, the model is used to evaluate the bend1ng
‘stresses that could arise 1n the - sample of rods that was

obtalned from one manufacturer. o
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6 1 Introduc?xon :. o f- C Co RN

As descrlbed in Chapter v, the rod sample selected for ‘

analysz§ consxsted oT f1ve 6 ft(1760 mm) 3/4 in. (19 mm) pony‘.

rods whxch were cut an half to create ten rod ends. In turn,'

" the ten ‘rod ‘ends. represented forty f1ve poss1ble rod

, connectlon pa:rs,‘each of whlch could be connected at a‘

.mu1t1tude of tw1st angles. Therefore, the sample allowed a

large number of different: rod connectlons to be analysed by

the computer model descr1bed in Chapter 1v. The analysxs was

‘ used to examlne both the detaxls of stresses occurr1ng in

1nd1v1dual rod comb1nat1ons and the overall d1str1but10n of

'“stresses occurrlng throughout the posszble range of rod

comb1nat1ons. The 1ntent was three fold' f1rst to determlne

the type of stresses that could arlse in non- stralght rodSﬂ

.second to determ1ne to what extent bend1ng stresses may be

a problem' and th1rd to examzne current standards and

poss1b1e replacement standards for measurlng and def1n1ng

f‘stra1ghtness.

. The part1cular sample used 1n the analy51s was 11m1ted-

'because of the sample s small 51ze and its use of 6 ft(1760A‘

j\mm) pony rods 1nstead of the standard 25 ft(7600 mm) rods.‘,ff

fslnce the methods of rod manufacture are ba51cally the same'jg:

‘u;for all 51zes and grades of sucker rods, the sample 1s still

Aufuseful for ;ndxcatlng the magnltude and d15tr1but1on of -

'cubendxng stresses that can arlse near the end of sucker rods




”p6 2.2 Factors Affectxng the Bendxng Stress

~

manufactured by current methods.

'throughout the length of the connected rods for a 15000

47

6.2 Analysis of Selected Rods B

h6 2. 1 Stress Dlstrxbutxon Along Rod -

The predlcted stresses occurr1ng in the three rod B

co b1nat1ons for whlch stresses were experxmentally measured

j Chapter v are plotted in F1gures 23, 24,'and 25. ‘Bothrthe

axlmum bendlng stress and the maximum total stress -

-

lb(66 9 KN) ax1al load are presented in the flgures. In all

" the comblnatlons stud1ed the maxlmum bendxng streSS‘

occurred at - the poznt where the upset forged sectlon reduces
to the nom1na1 dlameter. As. noted before, th1s is the

locatlon where a s1gn1f1cant number of fallures have

' occurred The bend1ng stresses drop to 1ns1gn1f1cant values

| ‘approxlmately 10 1n (254 mm) trom thls p01nt of maxlmum
stress. From F1gure 25 1t can be seen that even a stra1ght
‘rod-(4a) ca? have ' 51gn1f1cant bend1ng stresses when |

-'connected to a bent rod

@l s o

"4 For any g1ven non straight rod end the bendlng stress

~ -

-ﬂ.wxll be a’ complex functlon of both the ax1a1 load1ng and thefjh“

‘geometry of the bend in the other rod of the connect1on.i f_
tkiThése two factors make 1t d1ff1cult to ass1gn a s1ngle valueh7 B

7*ichthat w111 meaSure the stralghtness of a non stra1ght rod f“*ﬁ

-
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R 1n the other rod of the connect1on is more d1ff1cult to.
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handle than the effect of ax1al loadlpg

' P ' ' &

%‘rxfm When an ax1a1 loadnls applled to a gxwen set of G o

\1 the other rod

'd‘stress. Though\this vs not true 1n the general case of a

. ! -\
[

X o v

Q.

S 3 ’ oot
T . (U

connected rods, the pre exlstxng ben@ w111 tend to ”.:em'ﬁ~“‘

A - s

f'iw-stralghten Qut thereby decreaslng the DB The analybacal

solutlon for a sharply-bent bar (Chapter IV) shows that the 6.

DB 15 1nversely proport10nab to the sqmare root o; the ax1al

) oS ®

non- stra1ght rod end,‘the rerat1on gives a. rea%onable DB

[

gpproxlmatzon (ioJO%) for ax1al streSSes\rang1ng from 10 ks1'

“0—4.

to 34 k51 (70 MPa to 235 MPa) 1f~¢he DB 1s orxglnafly'k B

‘ -

calculated for an. axlal stressaof 34 ks;(235 MPa) The DBn»i

for a dxfferent axlal stress becomes

i ".fju‘ T -L“JWK‘f B s
A o DB “7—' DB‘S;{'('34'3\l‘k517°.§x:a'1 )yzf, AT . \\

R e \v ) ! n 9 . ;
Lot PR “.a.rVg K I
Therefore the DB“ (dlmensxonless bendzng stress for an

'
. ‘ [}

’ ax1al stress of 34 k51) 15 usefﬁi as~a measure of the

. a

COmb1nat1on of two rods,;s,

Pl Qt #

uS1nglg“rod as arresult;of connectlng,the rod to. d1£ferent'

. o
)

stra1ghtness of a g1ven rod connectlon.»
. - Lo e f"i?~. ‘

The ma1n problem ar1ses when " one-attempts to ass:gn a

s1ngle measure of stra1qptness to anf1ndav1dual rod end (as

%pposedv&o a partxcular rod conn;ct1on) thhout cons1der1ng

LBy ‘ !

'n the connectlon. In Flg 26, a frequency

\.

éfhows the w1de range 1n DB“ (0 4 0 7) that occurs 1n a.
oﬁ‘i‘ ;

P e

rods at a number of tW1st‘angles. Even when a gzven o o

‘donnected the twlst angle e

N .-"‘ .
Mo i

P
Lo

end As wxll be\shown, the secoqd factor concernxng the bend‘*'
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- ROD 5a,15000 1b LOAD' -
. MEAN VALUE OF DB, ,= 0.562
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[

".of the gonnection can also affect the DB,, (Fig. 27}. The

DB,, that occurs when the rod end is‘connecﬁed‘to a straight

rod cdn be used as a measure of straightness, butfthis‘vill
pndefé/tlmate the DB,, that may occur in actual use (Fig!.

26). Both from the perspectxve of desxgn and from the

-~

" perspective of manufacturlng standards, measures of

straightness should consider a particular rod in context

with other rods from the same batch.

T

6.3 Analysis of the Oqgrail Sample

6.3.\”Distribuyibn of Bendi? :ttesses in the Sample

An interesting finding fgom‘the computer aha;ysis was
the extent to which stresses were incfeaSed~py small bends
at the rod end. In Fig. 28 a frequency distribution is ﬁsed
to illustrate'the\rahge in DB,, that would be expected in
céAnecfiéhs madé with ® from the sample. The dist}ibution
was conStrucﬁed by analysing each of the possiﬁle forty-five

rod*pair‘combinafions at twelve d fferent twist angles of

'conneétion. The values of DB,, ext nded up to 0.68 with a

‘:stress of 57 ksi(390 MPa). SR

mean value of 0.29, yet all. the rods in the sample passed ¢

' Y

current API standards on- rod straxghtness. In a rod string

) loaded to a nominal mameum stress of 34 ksx(235 MPa)

kY

”connect1on thg an DB of 0 68 would be loaded to a total

L9
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~ 6.3.2 Limitations o rent Standards

Based on the above dlscussion, it would appear that .

current API' standards on rod\end straightness (API'gpec 11B,
Sec 9.2.2, May 82) a;e not strinﬁéﬁf enough. ?et tightening
the‘cur}ent standard or makiﬁg simple modifications to the
measurement broéedure would not correct the situation
{becaﬁse of two basic problemsv" |

The first problem with the API standard is also common
to any standard that would éefine straightness based on the
geometry of an isolated rod end. As discussed4previously,
the DB, is significantly affected by the rod énds to Qﬁich
. the rod end in guestion iS'connectea: Therefore to have
‘meaning, a standard must at some stage cbnsiaer the isolated
rod end as part 6f a grbup of rods. Nonetheless, any
standard still has to begin by assigning some measure of
ﬁ spraightness to the individﬁal rod ends and thgs is where

the API standard has its second and most significant
{

’pdbb;em. | o L

In the API method, a rod is first centred in a lathe

\

eighteen inches(457 mm) from the rod shéplder. The chuck: is
then rotated through- 360 degrees”ﬁhi{f.a3dial gauge is
\ﬁtilized to measﬁre‘the deviation or @otgl'indiéator runout
(TIR) at the shoulder. The TIR‘is‘uSed_as a ﬁgasure of
straightness and ‘is limited to .200 in. (5.1 mm) . In'Fngre
29, the,rélationship between thé DB,, * and the TIR for each
bf}the‘tenfrod ends in,the'sample,is’plbttéd, As can be

’The'DBu is detefmined, in this case;‘by assuming Rpe rod’
end in qQuestion is connected to a straight rod end. '
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»  TIR MEASURED 18 INCHES FROM SHOULDER

mm
0 0.5 1 1.5 2

2.5 3

1 1 Ll .

LEGEND
® ACTUAL DB,,
" BEST FIT LINE.THROUGH ORIGIN

. 0.00 0.02 004 006  0.08
| TIR, INCHES

Fig. 29. Comparison of TIR Measured by API

°

Methods to DB,,
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1

' ‘resulting bending stresses. .

_‘\
b

. ‘\.

1
i

w‘four in. (102 mm) from the rod shoulder.‘Though the

. 58

)

seen from the figure, the correlation‘between the TIR and
the DB“ is poor. As a measure of straightness, the TIR does

-

not work because it fails to correlate the bend with the

After considering that the highest bending stresses

occurred close to the.upset bead, a modification of the API

\ ‘ . l » N . .
. procedure was tried in which the rod was centred in a lathe

correlatlon between the TIR and DB,, is better when using
‘the modified technique (Fig. 30), the method is st1ll . _
dneffective.for screening the "crooked" rods from‘the -
Aéstraight"’rods due to the large scatter'of'the DB,, values -
for small TIR values. | o .

| In summary;"the assuhptions, that TIR can be used as‘a.
measure of stra1ghtneés and that stra1ghtness can be
measured in 1solat1on from other rod ends, are |
51mpl1f1cat1ons that do not adequately account for the
complex1ty of the bends occurring in the rod ends.

g".

6.3.3 Evaluating Rod End Stra1ghtness
One approach to the problem ‘of rod end stralghtness 1s‘
to e11m1nate the standard completely and replace 1t w1th an T
evaluatxon report deta1l1ng the expected stresses for a
ngen batch of rods under d1fferent ax1a1 loads. ThlS type
' of approach would aiso allow the manufacturers to better .4
match ex1st1ng and future capab1l1t1es for rod end |

sstra}ghtness,w1th the producers_ requarements for

/. ; & '
S
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TIR MEASURED 4 INCHES FROM SHOULDER

| ., mm
0 0.5 A { 1.5 2 2.5 3
- T LI Tr— 1 .ﬁ
ol 7
ol o
o LEGERD \
® ACTUAL DB,, | C
© BEST FIT LINE THROUGH ORIGIN
of 1 '
‘ °
v
o - 31 3 n 4 1 ! 2 . : .
0.00 0.02 ,0.04 - 0.06 © - 0.08 - 0.10 0.12
. TIR,INCHES - .~ .
a N

. Fig. 30, Comparison of TIRiMeééu’r'ed at E‘o'ur_'Inc:hgsnito DBJ"‘“.‘.}
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‘ load carryingicapaclty; One possibilitv tor a deslgn“andl“; o

. evaluation chart is presented‘in ;ig 31 ln‘the chart I
‘vbased on the sample, upper l1m1t curves of the max1mum ’
"stress as a functlon of the appl1ed aglal load are plotted \F\\;
1 The curves represent the upper 11m1t on the maxlmum stress |
for a given percentage of rod connectlons in the sample.vForv'

‘.example, the~90§ curve represents the upper l1m1t on o

‘kvsf}e%sés for 90% of the rod connect10ns* only 10% of the rod.
connectlons w1ll have stresses h1gher than the curve.

From the perspect1ve of de51gn, the 98% curve:- 1s the"
most 1mportant because it approxlmates the average max1mum -
_stress whzch can.be expected to. occur at some p01nt 1n ‘a
.typ1cal rod str1ng mad:bup w1th rods from the sample. The-

‘; emp1r1ca1 relatlonshxp between the 98% curve and the average
1max1mum stress was ﬁound by us1ng a monte carlo sxmulatlon nl
‘techn1que in which 300 rod str1ngs‘° were modeled

G“numer1cally us1ng random rod connectlons selected from the ;
sample studled W1th a max1mum 1oad of 15 k1ps(66 9 KN)
‘average max1mum stress was found to be 54 k51(370 MPa) w1th
ha standard dev1at10n of 8 ks1(55 efa) This corresponds 1' "“ﬂ

f'~closely to the value of 55 5 k51(382 MPa) pred1cted by the ub‘.'

C'

=98% curve.

'°The rod str1ng model was constructed of 400 rods w1th a,
total of 133 - 3/4 1nch(19 mm) rods 1n the top sectxon.,w

' R . . ] . 0 S
AR [ T LT e L e




7 Conclusxons

1

The comb1natxon of the measurement techn1que and the
\numerlcal model can be concluded to be an effect1ve and

';accurate method for determ1n1ng the bendlng stresses that

v

‘can arise in bent rod ends. 1“* o p“ ;‘u | ‘u"“ 'f o
The d1mens1on1ess bend1ng stress (DB) definedxas the
5:bend1ng stress dlv1ded by the axial stress, was a useful
iconcept for evaluat1ng the relat1ve 1mportance of’ bend1ng
: stresses. The max1mum value for the DB occurred where the
‘upset bead narrows to the nom1na1 d1ameter of: the rod. For a :
ﬁrg1ven rod end the DB was a complex functlon of both the

,magnltude of. the ax1al load and the geometry of the other

‘rod in the connect;on. "“ AT ‘;‘ "‘9‘

J

In the sample that was used the DB extended up to 0 68

©

“fiw1th a 'mean vJ&ue of 0. 29 for an. ax1a1 load of 15 k1ps(66 9 .
KN) A DB of 68 would result 1n a total stress of 57 ' fﬁ
ks1(390 MPa) 1n a rod strlng loaded to a nomlnal max imum

’ stress gf 3% ks1(235 MPa). Though the sample cannot be

consxdered to. be a representatlve sample of sucker rods, fhe o

A

sample does 1llustrate the large bendzng stresses that can .

RS

a occur in rod ends.l

v
e

The present API standard on rod end stralghtness was

.J‘;concluded to be 1nadequate. The TIR value used by the
. )
standard to measure stralghtness d1d not correlate w1th the

" 'A\‘ Py

‘5ﬁ befdmg‘stresses arls1ng in the rod ends._‘t‘“
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Appendi?'1é QPI,Suckér'ﬁod‘GradesT> : A
& ; L ' 5 IR o SR f L A
.Section 2 1 of Ag}’spec.:11b (API 1982) specxfies the

requﬂ?ements for API C D, and K grade sucker rods and pdny

rods. The specxflcatxon dOes not prevent manufacturers and

purchasers from proéud1ng %{ purchaslng sucker rods made to

>
o’

dxfferent specxflcatlons. The three grades are descrxbed

be’low,g'._nj S o 9
1. Gradq C rods a#e to be made faom a Carbon manganese
. ‘s@ee; (A1S11036 or similar) With a min. tensile
. dtrength of 90 ksi(620 MPa) and a max. allowable tensxle
-strength of 115 ksi(793 MPa). ., .
2;-.Grade D rods can be made from. any steel (carbon or
-alloy). which can be heat-treated to a min.. tensile
. strength- of 115 ksi(793 MPa) with a max. allowable
tenslle strength of 140 k51(965 MPa) ' 7

3. 'Grade K rods are to ‘be. made of a. n1cke1 and molybdeum

. steel (AISI 46xx) with a min. “tensile strength of 85
ksi(586 MPa) and a max. tensile strength of 115 ksi(793
MPa).

4
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Appendix 2: Sucker Rod Failure Mechanisms

o SRR

Introduction

Sucker rod failures can be rationally understood if the
basic mechanisms of failure are understood. This appendix
first examines the basic theory‘oflfatigue.failure and the
:importance of crack initiation in sucker rod failuresr.This
" is followed by an investigation of the factors which can |
lead to sucker rod corrosion. The appendix closes with a
literature-review of the interaction of the environment with
fatigue processes;'in particuiar, corrosion fatigye, pitting

attack .and hydrogen sulphide cracking are examined.

'Fatigue Failure
Theoxy of Fatxgue

Fatlgue falgure 1s a cumulatlve damage mechanism

. { -
resulting from repeated stress fluctuat1ons. The metal w111
’ .
eventually’ fall at stresgces below those requlred for statlc
fa1lure. The process can be d1v1ded 1nto three stages each

of whlch ‘has a d1fferent dr1v1ng mechan1sm.-’

=t

’ Crack 1n1t1at1on is the f;rst (Stage I) and also the

"

hd L]
‘least understood phase of metal fatlgue. Slnce it 1é,a

L

:surface phenomenom, surface condzt1ons and the surrhundlng
;' envxronment ;an have strong 1nfluences on ‘both the rate and

| the prlmary mechan1sm of crack 1n1t1at1on. In the absence ofr
"‘damag1ng env1ronments, pycl1c stresses cause local plast1c |



n

\

strain reversals on{the metal surface. These local plastic
strains occur ‘at stresses below the bulk yxeld stress of the,
material ahd result in the 1n1t1at10n of a crack When
corr051ve;eny1ronments or enWironments conta:nlng H,§ are‘.
present,‘crack‘initiation is only partly understood; in some
instances, cyclic stresses may not be required for crack
initlaticn to occur.' -

The second step (Stage II) of fatigue:lnvolves tne
growth'of.tne inttiated crack under an imposed cyclic
-.stress. The stress int@nslt§~range at‘the'crack‘tip is the

important parameter in determ1n1ng the rate of cract“
'propagatxon (Broek,1974). Both in-the presence of hlgh mean
stresses cr damaging environments, the initial crack s1ae

'required‘for the start of Stage II crack growth/will be
smaller. Also, damag1ng environments will accelerate Stage
I1 crack prOpagatlon. The final stage (Stage III) of fat1gue
" failure occurs when' the crack reaches a cr1t1cal size; q
sudden fa11ure w111 occur e1the2~by unstable/crack
propagat1on or by duct1le Q.féture. :

W1th1n the normal range of suckér rod stresses and

[ . v

service 11fe, the two key,parameters are the rate-cf crack
’ﬁnitiation and the initial‘crack size which is reqﬁfred‘for

Stage II propagatxon to begln. Onc@ Stage II propagat1on ‘has

3 started fa1lure w1ll\occur in less than 40 days(600 000 o
cycles) even in non- damaglng env1r;nments (Fig. f3 Clearly
o once Stage II crack prqpagat1on has started the remaaning

- .service ‘1ife of a rod str1ng is m1n1mal.

-

L



- ksi(96 MPa), thils expression for oK, @an be "
substituted into the Barsom equatlon and 1ntegrated
- as follows' '

‘ which reduces‘to

Where a, and a, “are the 1n1tLal cracksizé and
'faxlure cracksize respectively, Without loss of

' Once a crack is present, the'growth of the

_crack can be estimated by empzrxcal formulas that

relate Stage II crack growth,” da/dn, to the tensile
stress’ intensity at the crack tip, K;. The
calculations for estimating the number of cycles to
failure, N, use the Barsom equation (Barsom,1971)
for carbon steels which relates the Stage II crack
growth to the change. in stréSs 1nten51ty, AK,, -‘as

_ follows:

da/dn = 3.6ti0‘m(AK )‘3 (ksi%in.).

" A repsonable value for AK, can be obtaiped by

consfidering the crack to be in plane strain in an
inf n1te1y~deep plate in which

) Yar (Broek, 1974).
S
Not until the crack length, a, has become comparable

AK, = (o

. X max

"to the rod radius dboes this assumption become

invalid. Since this later period of crack growth
represents only a small part of the total cycles,
the or191nal assumption remalns a reasonable
approxxmatlan. ,

Using.a o of 34 ksx(235 MPa) and. a o, of 14

in

-
..~

62350 j"“‘faf”z - of‘ dn

N = 124700(a1 2 - a7y

?nzflcant accyracy, a, can be taken-as..75 in. (19
even though. ductxle .failure or, alternathely,

lgnstable crack propagation will have occurred prlor

to the.propagation. of the érack through the rod.

. diameter. a, ls determined'by taking the K. .4 Cfor’
|~ Stage TI crack growth as 10 ksiyin.’ (Barsom g1v1ng
- a;-equal to:.03. in.(.75 mm). Substituting these -

values into the precedxng equatlon g1ves N equal-to

575960 cycles...,.

In other: words, the rema1n1ng serv1ce 11fe 1s
only about 40 days (10 strokes/mlnute) once .a. crack

'is present. Sl R o

-

‘h“

Calculatxon of sze to Fallure for
_LStage II Crack Propagat1on —
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Empirical Studies
S1nce crack 1nt1t1at10n mechan1sms have yet to be

‘quantlfxed empirical fat1gue data is used for desxgn

=y

purposes. The data is plotted on an S-N chart, which is a
plot of the amplltude of the stress fluctuatxon as a .

functlon of the number of cycles requ1red to nge a 50%
l ’

chance of fa1lure. For steels cycled in non- damag1ng
env1ronments and in the absence of stress concentrat1ons,"' ’
the S-N ehart shows an endurance 11m1t. St fess ampl1tudes-'
4 below this endurance l1m1t w111 result in an 1nf1n1te )
fatigue life. W1th sucker rod strlngs, an obvious 90a1 wquld

be to des1gn for stresSes\below this endurance l1m1t. ‘ R
“1), ’ “ " N J

The normal des1gn procedure for sucker rods in R 'é@
non—damag1ng env1ronments 1s‘t0'11m1t«stresses to rqnges}u
‘defined by the API‘mod{fied Goodman'chart'LAPI 1§69) "For a

typ1ca1 stress range of 20 k51(138 MPa) the max;mum stress

would be limited. to 34 ks1(235 MPa) w1th grade C rods"

¢

Sucker Rod Corrosxon . o

-

Corroslon 51gn1£1cantly affects the fatrgue performance

Lo [ T \
- of.suckes rod steels yet the const1ons whlch can lead to -
. T K . -
corros1on rn operat1ng wells are not fully understood.~--"”

Because corr051on 1s frequently observed in. cas1ng and

ub1ng strlngs, the occurrence of cOrros1on 1n sucker rod

f str1ngs is, somet1mes automatxcally assumed These»

L "‘mhe u1t1mate ten51le stress 1s assumetho be 105 k51(724f’
"»fMPa) in, th1s example..;;{\“ — K i




"'~se1dom berow 6 4 (Shock) However, Bonls & Crolet (1983)

b

wdeposits are mistaken for corrosion products‘(Couch;1981).ﬂ .

,But in contrast to ca51ng and tublng strlngs, 1n whzch
‘corr051on can also occur as a result of low. pH condensate
and sulphate reduc1ng bacter1a (NACE 1976)‘ corros1on of
"sucker rod strxngs only occurs when spec1f1c condltlons make

the brxne corros1ve to the rods.mk

e
i
‘,‘n

The sp"‘%f1c cond1t10ns which lead to. corros1ve brines
‘were in questlon for many years (Copson 1951) but’ recent -~
’~stud1es (Bon1s & Crolet 1983) (Margln 1983) have shown that
‘f hboth low pH due to dlssolved)CO and h1gh ox1d1z1ng - \
:)potentxal due to dlssolved O‘ are key factors. Prev1ous
. ‘studles (Shock & Sudbury,1951) (Rogers & Shellshear 1937)
v demonstrated that a pH,pf 4.5 was requ1red for corfbs1on of__n
steel’ to occur in the presence of CO (Shock) and a less
lac1d pH ,of 5.4 als& resulted 1n corros1on 1f traces of H,S
.were present (Rogers) These results seemed to rule out pH

e o «

‘as ar factor 1n sucker rod corros:on s1nce well head pH was

1exam1ned pﬂtas a functlon of CO part1al pressure, . \;,‘

L5

. temperature, and buffer salt concentrat1ons and subsequentlya)f '

AT

ihdetermlned.that downhole pH of the br1ne could reach 5. 0 1n:j¥fhpﬁff

.‘_»




hypothe51s, Martln observed ‘that oxygen cguld be partxally '\yc¢;1

‘reacted by naturally occurrlng reduc1ng agent& in the 011 ’ ﬁlnf
. well fluids. In this 1ntermed1ate state°'the oxygen could f,};dii

‘not. be deteCted‘bY convent1onal methods nor could gt be lh bw‘.k

removed by oxygen scavengers yet rt retaxned much of 1ts

' f
LN v - o

[}

.ox1d1zxng potentlal i . ‘»c-u:

hd K

In conclu51on, both low pH brznes and oxzd121ng brxnes

probably play a role in sucker rod corr051on though research
o .

\E requ1red to determlne the prevalenqe of’these factors in -

| ope&‘atxng wells. L ""';-'1 S
. Effects of Damaging Environments . . = . . v

Intfbduct1on \‘ P ge,ﬂ,j ﬁ_?"?ﬁﬂ?.gW] vgg; T e
. . e s N ca - e o o
v qpe 1mportance of crack 1n1t1at10n~1n the sucker rod

fallure pxocess was outl1ned in the fxrst part of tﬁls
. . ',.1 ] ¢ »;“' ‘-
appendlx, Crack 1n1t1at10n can occur by regula: fat1gue‘- -é

mecﬁanlsms, by mechan1cal damage, by exzst;ng manufacturlng

S -

ﬁflaws or by the sxmultaneous actron~of stress 1n a damag1ng

¢

_f,‘¢ env1ronment Th1s sectlon w111 examxne=th1s lasi mechanlsm
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. effects of corr051on and fat1gue are much greater than the

separate sum of the1r effects (Wescott 1948)

W'

“‘j%fr ' Though S~ N‘charts are used to descrlbe fat1gue lzfe in’ L

corrosive dguqronments, the results mUSt be carefully

k

R 1ntenpreted Crack 1n1t1at10n 1n damaglng envuronments 1s N
o ' - i . ‘
NN not only a functxon of stress fluctuatlons, but is ‘also a ’

4 functlon'of the exposure t1me and the exact env1ronmentar

N,

-~

,'«f condltlons. Therefbre each S N chart w111 be spec1f1c for,f:

. \
Y

the cycllng frequency and the cond1t1oas under wh1ch the

tests were conducted "Thls 1s an zmpprtant conszderat1on 1f

the results of short term h1gh~frequency t sts are f\

.

extrapolated to long term low frequency appl1cat1ons._Not ,

¢’

o - N
S only wxll the cycles to fallure he reduced, but the W”

; mechanlsm of crack 1n1t1at10n may be completely dlfferent.

One general1zed f1nd1ng df S N charts deallng w1th corros1ve',

L

L ;’env1ronments 15 the absence of an endurance l1m1t°‘fa11ure S

“71w111 eventuallg occur at any stress amp11tude..Arb1trar11y,_ S

\i m11110npcycles 1s somet1mes taken as the corros1on fat1gue
E ,‘: e RIS ) | »‘ L L & “‘_' '
11m1t (Zaba 1962) ;ufd;;ﬂys”~" o~ ﬂvf : ' "

k4 N . PR
N . e,

‘,r,:(19§b):was the flrst to examlne the poss1b1l1ty




‘fully revérsed'bending‘load,‘the‘corrosion”fatigue‘limits

(ten m11110n cycles) of steels was consxstently around 10 -
':ks1(69 MPa) i | L -

Wescott (1949) also observed ev1dence of corros1on

fatlgue 1n neutral unaerated 011 well waters but the v
ftf1nd1ngs were contradxcted by later researchers who found no
'lev1dence of corros1on fatlgue unless medlum strength‘ac1ds ‘
.\or oxygen were present (Mehd1zadeh 1974 Duquette{ |

Ulh1g,1968) It is p0551b&e ‘that Wescott was not’ as . ﬁs
- successful in. e11m1nat1ng a1r from the test envxronments.

.

The work of Ulhlg & others (1968 1969 1972) was key 1n4.\;_f
. ~ #
e establlsh1ng the relat1onsh1p between corros1on and h1gh

‘cycle corrosxon fatlgue.,The f1nd1ngs showed the exxstence,
of a cr1t1ca1 general corroslon rate below wh1ch corrosion’

‘ had no effect on the fatlgue l1fe. Corr051on rates above the

t

cr1t1cal rate showed progress1vely greater effects 1n

‘f tlgfreduc1ng the fatlgue 11fe untﬁl a 11m1trng effect was

,.reaehed at ten to twenty t1mes the cr1t1ca1 rate.’Beyond 3’;if

'Fffwjth1s po1nt further 1ncreases 1n the corrosxon rate‘d1d not
~\result 1n further reductlons of the fat1gue performance.

At 1800 cpm(30 hz) (Ulhlg),ithe cr1t1ca1 corros1on rate

n, 1 . .',

*Vi“fn”‘r“el correspbnded to the removal of one 1ayer of atoms
fevery f1ve mlnutesLﬁThe researchers prOposed that the“

'fco¢r0510n process unlocks surface d1slocat1onszby*




e

in1t1at1on and a dlsappearance of the endurance 11m1t
The exper1mental stud1es of Ulhlg d1scounted both

plttzng attack and hydroge\-attack as factors in hxgh cycle

‘ corrosxon fat1gue. The presence or absence of p1tt1ng had no

4

1nfluence‘on the observed fat;gue 11fe in’ corr0510n fatigue.
lJWhen p1tt1ng‘d1d occur at a crack 1t was found to be the | .
. result of crev1ce corroSzon occurlng after the crack ha?
fbeen 1n1t1ated. 1f atom1c hydrogen played a role 1n h1gh
ncycle corrps;on fat1gue, cathodxc protectlon wh1ch results N
'1n the generatzon of hydrogen should not- have been of .
benefxt. In‘contrast, cathod1c protect1on resulted in a full

»

restoratlon of the non corros1ve fat1gue 11fe and enaurance
-

) .
The . work by Ulhlg & others did not exam1ne the effects
]of cycllc frequency on corr051on fat1gue. Slnce sucker rods

‘koperate at much lower frequenc1es,'the p0551b111ty of other f\é*;

|- . .

fd,types of env1ronmental damage cannot be ruled out.‘.f"‘ﬂﬂg L

\

JIn summary, general corros1on can result 1n almajor

reduct1on 1n the fatlgue l;fe along w1th a removal of the

\

enduranc"eeol‘“mlt When corros1ontatigue 19 present,




L Stress %gxsers from tht1ng ..',“\f.‘

tht1ng corr051on 1s a locallzed form of attack 1n .

whléh hlgh corr051on rates in small areas lead to- the

format1on of hem1spher1cal p1ts. The rest of the surfacei

N O i
i

usually shows no ev1dence of corroslon._* . ’ o
PP ' e ‘ » ="

lu"f"f} . The extent of p1tt1ng can vary w1dely and depends

! env1r
~.- . " ¢ [ AY'

. cst"rong i on the type of steels used\and the type of . ',f_;ff‘r
of h1gh stress are thought to be more suscept1ble to p1tt109‘(

t to wh1ch ‘the steel ;s exposed Localxzed areas

‘, attack and also to»have an’ 1nfluence on pit" geometry Steels‘

., ‘

!
exposed to sour env1ronments are also cpnsrdered to bg mores

t

sasceptlble to p1tt1ng (Zaba 1962) (Gupta 1981)
LN RR VA
h At one tyme, p1tt1ng attack was thought to be a. . o

;);_,_mechanlsm of crack*1n1t1at1on in corros1on %atlgue e N

\ e (Wescott 1948) but p1tt1ng is now recognlzed to be a .

-

' separate form of env1ronmental damage. A good example of a

g:;” sucker rod Steel tbdt demonstrated good corros1on fat1gue

L - Loaom
performance but poor p1tt1ng reszstance was the 4140 steel .

'f 1ntroduced 1n the ﬂ940 s (Bucaram & others 1973) Dur1ng »”ﬁfﬂgﬂt

9

hlgh frequency corros1on fat1gue tests, the new alloy gave a'ff:g

RS .

émuch superlor fat1gue llfé‘c”'paredgto the regular carbon aﬁ;‘””t




‘\" N ' " K [

Va‘mlnor roledin this'steplby)someuhat accelerating the'
process and by 1nfluenc1ng p1t geometry. In the second
stage, a crack 1s 1n1t1ated at’ the base of the streSs ralser .
by regular fat1gue processes. The duratlon of crack

h1n1t1at10n w111 depend both ‘on the geometiy and the . sxze of

the p1t as well as on the cycllc stfesses belhg 1mposed.

To summarrze, p1tt1ng attack is a long term process in

.,’

,’whlch p1ts are formed by local corros;ve attack These p1ts 3
." then act as stress ra1sers where crack 1n1t1at1on can occur

V-

by regular fat1gue processes. Crev1ce corros1on of . exlst1ng‘
N \ °: . v
cracks 1s often mlstaken fon p1tt1ng attack ‘and ,therefore,

‘the role of p1tt1ng in sucker rod faliuresils not fully
“ ‘ ; n . ‘ P ,,_.‘ . : " . , ‘. , oy .
, known.' ¢ ) ‘ L ' \\ R o o
. . C . . @ ¢ A . . [ N ) * K
'Sulph1de Stress Crack1ng i ,]‘j , ,Y

‘ Sulph1de stress cracklng (SSC) is a fa1lure mechan1sm.

‘%;1n whzch a steel suddenly fa1ls by brlttle fracture after a
%pnnpperlod.of exposure to a statlc stress 1n an. H S env1ronment.-ﬁ.
;"The “H, S 1n1trates hydrogen attack on the steel though the,
'fyhexact mechan1sms of SSC are unknown (Martln 1974) Though '
f‘fﬂktthe pH of the H 2S solutlons has an 1nfluence, SSC can occur’

iﬂat neutra" pH cond1t10ns (Hudglns & others 19653




J“)A j:ﬁﬁcomblned thh therfact\f?at actual rod‘stgesses may be above ‘
T : 8 N : ‘
o ;the assumed des1gh streskes, suggests that SSC cannot Qe

”f\p ﬁruled out as a fact%r 1n crack 1nxt1ac1on 19 sour wells... Co
;Recent flnd1n98 (Mart1n 1983) support the poss&bllxty thatr

‘ SR 2
SSC 1s a factOP in rod strlng faxlures. Martln repor;ed that '

1A

the 1nh1b1tof5 thatﬁgave the lowest h{}toéen penetrat1on

. rates were alSo.the mOSt effeqtlve in educxng sucker rod

L M ' B 'l

@Jures. 'rhe 1nh1b1tors :g;udled were . al\l\\equally effectxve
."’ ! . X B
in reduc1ng the general corrosxon rate.\-” f" . ﬂ_‘,w ‘ l(:

-
[

In SUmmary sSC could be a factor in c:acﬁ"initiatiqn;l‘
,ptocesses If Ssc does occur, the time of exposurefand‘the‘j ,
v ~ "maximum Stress may be more 1mportant than t:he numbei: of/‘ ‘ %
o walncycles or the Stress rangeﬁ Proggr materyal selectlon and f'ﬁw |
‘ﬂ¥9ﬁﬂ{lfreduct10ﬂ of Stresé 1evels below a. cr1t1ca1 value coulg be ﬁi B

" -

7nﬁ“§possﬁble means of ellmlnat1ng SSC crack 1n1t1at1on I
. . . e . ! ' K n
. | : Summary : g
e . (e "," | . .-; : ' ’ ’ . f :

o

‘The craCk 1n1t1at10n process is the key step 1n sucker.;

-rod fallures and resulfs elther from purely mechanlcal means
'fgtor from mechaﬂ1¢a1 env1ronment§l 1nterapt1ons. The rol
.‘ . ,:(
t‘-tffia fallure mechanlsm can occur. Except when»cracks are created

plf dur1ng manufacture or,dur1ﬁ§ mzshandl1ng of the rods, stres'
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Appendix 3: Least Squares Analysis

- ' -

’ » )

? ~

The basic problem is to estimate R and 6 at a given

cross section using a. series of vertical ‘deviation

4

measurements, R, at the correspondinﬁ rotations, a . From

1

Fig. II1, one can determine the following relation for R,

S
, ™~
. AN

/

R = Rcos(a‘-e)

\

which can be rewritten as
. - . '

R, = Rcosfcosa, + Rsinfsina .
- b

I . .
Two new Fonstants, A and B, are defined such that

A = Rcosd and B = Rsinéf.

Y lathe

Ve

. .‘1
G },\'53

82

Fig. II. Relatiopship of . and R, to R and 6

Y
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\

‘ﬁhe task'of'finding R and 6 then simplifies to finding the
constants A and B such as to minimize the sum of the error

squared (least squares fit) in the following equa;ion¥

A Y

Ri = Acosa, * Bsi““x'

”
[N

The solution is obtained by'soiving the following system of

equations (James,1977) for the coefficients A and B:

| " RIIFI{g) = (FI'(R,) N

where {c} is the coefficient vector, {R‘} is the vertical

deviation vector and [F] is the following matrix: -
osa, sina,
N - cosa; Sina,
~ lcosas sina,

. o cosa, Sina, i 4 |
cosas Sinasg ‘ )
OSaes Sinag- . : -_
( :
The parameters R and 6 can then be found from the following
relations:

8 = atan(B/A) and R = B/sin® or R = A/cosf.
. A Q R

.
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Appendix 4: Difference Equation§, Coordinate Transforms, and

. Prograhn De%cription ‘ *
s ’ . !

A}

. r : -
Finite Difference Form of Differential Eqydtion
The finite difference form of the llowing equation,

,

2 dry 3 dye
1. z?,

— -, _—‘y'a -a——

'
oA . /
.

can be derived by ,integrating the singularity: functions
o ‘ »
(Shigley,1977) for the rod elements i and i+1 which are

adjacent to node i (Fig. 1I1). The singularity function for

the moments can be written as | v
. !; . .
2. d*y/dz* = (M/EI, )<z>° + {M/(EI‘”)-M/(EI‘)}<z-h‘>°.
f‘ ' - ) ) ' '
- z . . y s . i -
———h, ~ b

i+1

Fig. III.,ng i with Adjacent Beam Elements e
|  a84 '
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Integrat1ng twice and solv1ng for the’ constants g1ves ‘an’
" 2 !
expresslon for EI%—X 1n terms of the nodal dlsplacements

Y Y,,,and ¥,,, as follows:

kS

\

‘ 3 | | y. o
3 dzy Yo by - (h +h111)y1 + yiJhiLLZEI I

VA dz’ \ _
" hxuht(hxlxn 1”1:)

. ‘ : ' A

— When I‘ equals I, and h, equals h the finite‘difference

+1 1!

' formula reduces to the more fam111ar central d1f£erence '

N\

\‘)equatlon, ’

: ‘ ‘ ’ '
4 ’ ' ' sz,= Yy - 2y, Y
- dz* h? .. .

- \ .
The last step is to substitute 1quation 3. into Equation 1.
which, after some rearrangement Jof terms, results in the

final form of the finite ddffenence formulation as follows:

Yia Y.i-\’ fh han hI,,,*h, I, ]Y 701«1 T+ Y°i.~u ...'hx"'hu!
:’

h th.h 2EI I h

1+1 i 171 1741 - i L TIPS

Lo
b

The finite difference for o£§the equatiOn for deflections'(i
in the xtdirection is idejtﬁcal to that for the y directiont
‘,The‘ffnite difference formulation results in two

. independent sets 6f (n-1) simultaneous equations‘to.be
‘solved for vy, and X, subject to thevboundary conditions that
‘both y, and x, equal 0 at’ node 0 and .node n. The system of
}equat1ons is solved by us1ng a Gauss Se1de1 1terat1on method
-(James 1977) in whlch an overrelaxatlon techn1que was used
to speed convergence. An optlmum relaxat:on parameter of -

=
1 89 determlned by tr1a1 and error, gave- convergence to a-

9 .

S | R Y 85

.
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o

solution within 300 iterations for the, 70 element modelt The»

computer subroutine,‘SbLVE, which is listed at the:énd‘of‘

i

.y . . o . : s 9 ‘1
thig section, is the actual fortran program used.in'the

solutipn 'of the model., Lo T

Coordinateé Transformations

t

The fxrst step in transformxng the coordlnates\to a
AN
global system is to map the cy11ndr1cal coord1nates!(8

R
z) (Fig. 12) of~ the connected rods. to a rectangular

» coord1nate\§ystem (F1g 13) Asxng the- ﬁd}low1ng equat1ons '
. ' ‘_n !
for the_first rod: - | BT ol
S
x ="Ryco0s6,,

y =R,sin6j, 7 o

and z = -2,,

. ° . o . o B ey
> and the following equations for the segond rod:

x -
"

R,cos(-6;+ANGLE),

" Rzsin(-6,+ANGLE), ..

<
]

and.z = 2z,

' where ANGLE is the rotatlon angle of the-connection between
the two rods. The coord1nates -are then transformed to a.

global coord1nate system,-x YG, ZG, (F19._13) us1ng a.

M
transformatlon matrix (Paul 1981) and d1sp1acement vector as-

: follows:

‘N na 4x *o . xh;‘v@" S
01 02 Y-Yo \nycn.w‘d; o
Pi Pz_Ps Zz=2o0l ' lZgh o o

‘96
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.
I ‘ 5 oo S . \‘f:

S

" wiere {xo, Yo, zo} is the d)splacement vector to the orlgxn

obal coordxnate system and {x, Y, z} 1s\the
! N

coo inate vector bexng transfq§med The component vectors
{o},_and {p} of the transformatxon matr1x correspond to

the . respgctlve unit vectors 1n the Xsr ¥y and.z“dlrect1ons
\ ot
y(Paul) A new constant MAG represent1nq the magn1tude of "

the vector between the ends of the connected rods along the"

//?Efaxis € defined such that iy 'f¢ . " o ﬁ", .

~-."» L LN e

c\ (x50 .+‘”7(y"n7‘y'o)_= . <z,,-'z°,;}vz B

Qw

.. ’ : ) '-‘:.‘ TRy [
lies alon the Zs ax1s, become Ce - SR % Pl
» 0 S LA : ..‘): &
. . ' . \’ ¢ \ : .:".‘.‘. ) T ' r“r
! A \.:_' e S “ ¥
. P S (x -x«)iMAcn... R e
L ' b v ;3‘
; pz = (y 5y°)/MAG, and . e
U " A\ R - \‘:':.' ‘ e
. ps’= (2 -20)/MAG. %~ to- N
. - ) P ‘e :
T, b

7 - “ ‘ ' \
Arbltrarlly sett1ng ng to be 0 ang, n, to' be positlve ghd

;, .

I :
furthermore, n6t1ng that the vectors are un&t vectors andr:»_

are, also perpendlcular to each other (dot prqgucts equal"ﬁﬁ
—e "u ey
0) results in the follow1ng set of s;multaneous eduat1onsz.;
: : A . R Lo K : ',, C fg.- ' J‘? R ';' ‘
5 ¥ +n = 0 R 'ff'f o
o SRR | 1P1 393 | S A
R : L ﬂi°1 + na°3.= 0 S R
. : C oy : o oot L
| " mm+°mr+%m~° S
. ny? - n,* = 1 and ISR T
o R B © Lo “» “ ‘,L-‘”



§ ) ) ";.\ N a ) , ) B - .
{ g N - ‘ . SN e e -~
at + «\\" "“-.‘
; " 3’ e
. . 2 P | 2 1 /'\V'/
I ,.- + 03 03.’ = 1.
T'.; o L .‘Q ‘ C
[N xR K
Lo B -»'\,* Ry .
AN Ao ot AOFRES SRR AR

F”JTSprlng Ehg eouatdons g1Ves the remaxnlng components of the

| “2* sjn(g){1 ) (n;‘/n;') + g7}

S (puh Pant)/(Pzih

-:.o_

. \‘-“

'ﬁg#,’ vws‘ The transformatlons are performed by the subroutine

E%mh f%rlncluded in the=program L15t1ngs.

. Descrxptxdn\of Computer Proérgmsk; ﬁsf _‘« - !
. Tiﬁ%ﬂ _ All the programs disouseed 1n thls sect1on were {
f}_l'.ycomp1led mzt ‘a Eprtg complleg oh an Amdahl 470V/6 computer
.::3~ ue;;g the\ﬂih;‘r gan Term1nal System.,The fugiy documented

«;115t1ng§ of Ehe.erograms are 1ncludeg at the’end of th1s ﬁg
SV .,a o "' % PO B ,

| apigendrx am ':\'”:.'O‘D,_“ 2—, ‘Aj’ o g "‘I."v ‘ . ‘

Gﬂ-ﬁ ;g'ffewmhe némerlcal modei makes use of‘three maJor subrout1ne .

v’

... “.
“..-'

program‘MAIN\fi$st read§p1n the rod data and 1n1t1a11zes thef

'M"r, subrout;ne pa%amet&rs» SubsequentIy/ the program calls

TRANGwahlchuconnects two rods by mapp1ng the coordznates ofj

tuigm subrvutlne SUCROD 1s called~to/der1ve the physzcal

‘ ) . ...v,—-—. ’,' s
- o . ’ i . . e



——i “\

89 .-

-character1st1cs of the rod elements.‘Fxnally, the subrout1ne

‘r‘SOLVE 1s called to solve the numerzcal model and output the
results.“ EREI ‘ " _'. P |
Dividing thenprogram into 1ndependent modules gave a
,great deal of Elexlblllty in analyzlng the rod sample. Major'
changes in the program actlon could be eas1ly ‘?ought about
w1th relat1vely m1nor modlflcatxons to MAIN. Each of the
program sectlons s dlscussed br1efly in the follow1ng
'paragraphs. Detaxls of program operatlons can be " found in
mf the documented,program l1st1ngs.‘ |
) | The program MAIN, in add1tlon to call1ng the
‘\\;Ebrout1nes 1n the proper sequence must 1n1tialxze the.
8 var1ables and read in the rod datajrequlred 1n the

subrogtfﬁes. Rod data
Iy ﬁermanent f11es RROD TROD and ZROD wh1ch contain R, 6 and

rom the rod sample 1s read. Erom the

——

z, respect1vely for each point measured on the 1nd1v1dual

rods. These f1les are 1ncluded w1th the program llstlngs to

N

show, the format used ‘Some of the 1mportant parameters

,@ .' i/}t1a11zed by MAIN 1nc1ude the 1oad1ng vector, P, Whlch
B onta1ns the list of loads to be solved for a&ong with NUMLD |
:whlch g1ves the number of loads' the rod 1dent1f1ers, IR1_;,
IVP,and IR2,.wh1ch determ1ne wh1ch two rods are connected along

o ‘t.

;‘4'w1th ANGLE wh1ch g1Ves the rotatlon angle of connectlon- and

lﬂ .
the 1terat1on parameters, NUMITR and RF whzch determzne the_
o number of 1terat10ns along w1th the relaxatlon parameter,to f

be used 1n solv1ng-the model



w

dev1at10ns. The 1n1t1a1 dlsplacements of the rod in the X,

. T : ' . T . . v .
! , : ‘e e T . .' ' , ! ! \ \
e L : ‘ - -9Q
\

The subrout1ne, TRANCO .is the f1rst subroutlne called

»

by MAIN TRANCO constructs the 1n1t1al dxsplacement vectors
in the global coordxnate system (Flg. 13) of a connected rod

pa1r, usxng matrzces, R, TH and Z1 whlch contaln the
~ Ca e~

cylxndr1cal coordlnates (Fxg 12)’ of the 1nd1vtdual rod

—

and“Y}\dleect}ons a,e,output 1n the vectors XO and YO to the

temporary file, -yout - ASs well TRANCO outputs the values of

AH

_ z, fOr all the- nodes to the temporary fn e,bcaout.

< . y

After the 1n1t1a1 bend of - the rod paLr 18 deflned by
TRANCO the subroutlne SUCROD is called to determlne the

radlus, moment of 1nert1a, and the cross-%ect1onal area for

L

” each*element 1n the‘model SUCROD uses the nodal z values R

from the temporary f11e —aout in determ1n1ng the

P

H
characteristlcs of each element SUCROD output 1s d1verted ‘

“to anotﬁzr temporary f11e, —zout. The number of elements is

output fLLSt followed by the d1stance, rad1us, moment«of

1nert1a, and ctoss sect1onal area vectors ‘

//

F1nally the numer1cal model constructed by TBABQQ.and

SUCROD 1s solved by calllng the subrout1ne SOLVE SOLVE uses{
" g

the 1n1t1al deformat1on data 1n -yout albng w1th the element;‘
character1st1cs 1n -zout to solve for thg;flnal deglect1onsvu
e P .
result1ng from the appl1ed loads 1n the load1ng vector, P.;

The result1ng stresses and DB are also calculated and outputy'f

to dev1ce 12 (ass1gned when the program 1s run to e1ther 3 o

f11e or the termrsal) A\sampae output lxstlng is 1nc1uded‘ f'ﬂ

w1th the program llst1ngs.;v‘ o

e

B A S KEEAFIETE - . | VRN Vool . P



¥ . A
Program Listings

‘ érog:am MAiN
» SuSrougingiaRAycg‘

Subroutine SUCROD

File RROD

File TROD.

~

File ZROD

' Sample Output File

Subroutine SOLVE

- 91



e,

<

. '35 FORMAT (F5/3)

t " . /
UL /
. . . B . s .
Program MAIN ° ‘ o W ;
C This is the main’ rounne of the anolysia rogram for ‘ '
" C the meuured data. -, ' / .

Dxnznsxon R{ 36, 12) Tn(ss 12), zx(36) IDENT(IZ) x0(150).‘

+¥0(150),20(150),P(150) )

, CALL FTNCMD{'ASSIGN 8=RROD',13) ?
CALL FTNCMD('ASSIGN 9aZROD' 1?) :
CALL' FTNCMD(* ASSIGN 10=TRPD", 14)
. CALL rwncnn( ASS1GNe123-0 4/1«);

c Initialize, arraya of meaauéet/l lues.
DO 10 1=1,36" '
READ (8,15) (R(1, J) J=t,
10 CONTINUE
15 FORMAT {12F6. 1

, DO 20 1=1,36

READ {10,15). (TH(1,

).d=1,12)

20 CONTINUE 41
- READ (10,25) (I1DENT(1J,1x=1,%2)

25 FORMAT (12A4)

DO 30 1s1,36
~ READ (9,35)
30 CONTINUE. !

(1) .

DA‘!‘A P/1 00. 2000, ,3000 ,4000., 5000. .

" FAC1sl 001" o ‘ _
FAC2=. 001 T S

C Main ﬁroger séction " ‘

/CALL. FTNCMD(’ $EMPTY -20UT",12)

" CALL FTNCMD{ " $EMPTY -xouT' 12)

CALL rwncnn('ssupwy -AOUT' 12)

‘*6000.,7 00..8000 9900.,10000 11000.,

~gd“—

. WRITB (12 4s) IDBNT(IR” !D!NT(IR2) ANGLB

CALL TRANCO(R TH 21 IR1, IRZ ANGLE FAC\ FACZ.-XO YO0, ZO)

. GALL'SUCROD . .
| caLL. SOLVE(NUMITR, RF,NbIST NUMLD, B

45 FORMA’I‘-—“X/.' ROD ',34. AND ROD '..Aﬁ ' A'P ',!‘6 1

"ii +* DEGREES') - ~‘.:'\,
“RETURN" R

AR - I ::'."4' B

LA

e

T

B

-



‘.{  ANGLE=ANGL1#P1/180,

i

c Loop to transto:n caordinates L

Subroutxna TRANCO ;,- T ', g S ;

SUBROUTINB TRANCO(R,TH, 21, IR! 1R2; ANGL!.FACI FACZ X0, 10 z0)
This routine takes the ‘cylindrical coordinates from two o
rods and trcnatorns the’ coordinates to x,y.z coordinates .
originating at the end of ‘réd 1. The variable afgle, containg
the angle of tviat connec:ion betveen ‘the 2 roda x0,Y0, )
and 20 ‘are the output vectors. Ou;put is Airected to the ;“
-zout and’ -sout arrays. ‘

. n‘n L R N

N Pl1=3.1417532
c Trans(otm cylindrical coordinates to an x, Y,z aystem originating
C at :he centre of the "two rods.
Do 10 1=1,36 R . o N
"y R1sR(1, IR1) ".‘, Vo
R2eR(I,IR2) o T
THI=TH(I, IR1) &
TH2=TH(1, 1R2)
X0(37-1)=R10COS(TH{19P1/180) ¢FAC)
" Y0(37- I)-RIOSIN(THIOPI/IBO)OFACl
20(37-1)==31(1) R ,
xo(asﬂ)-nzocOS(-rnz-px/mmmenz)oncz ‘ o
' !0(35'1)-RZOSIN(-THZOPX/180*ANGLE)0FAC2 ‘ ‘
zo<35*x)-zx(1) o
10 couwxuuz . i .
c Determine the trana!ormed coordinatea ‘
AMAG-SQRT((KO(71)-X0(1))'02*(Y0(71) 70(1))002+(zo(71) z0(1))
4+002) ' S | .
' zt-(x0(71)-xo(1))/AnAG . A « -
22«(Y0(71)-7Y0(1))/AMAG o L
23a(20011)-20(1)i/amA6 | o .
‘_A_xz-0<_'_~_._‘ ' ) Lo
'Y CIF (Z21.EQ.0) co-ro 20
xa-sqn-r(1/(z3~zs/(zuzt)ﬂ))
IF (21.6T. 0) x3-—x3 _
- GOTO- 30 . ro

4

Y

1

207 .%3=0 . 7 e T
30 xt-somn-xaoxz) o S
i 17 (226X1.£Q.0) GOTO 40 B

ETA-(110X3 23 XI)/(zzox1) . | |
Y3'SQRT(1/(BTAOBTA+l¢xao;3/(xi031))) - S
xr (BTA.LT 0)* !3.~y3 ) L L )

Jeore S0 © e o
_¢o ¥3e0 N _
50 Tia-xdeyasxl . L oo @ ‘
!2-5937(1-!1.71-:3.:3) T ;L;;~ - Tl

C “Transtorm coordinatea to xnitial detormatxon
C De;ermine dxaplacement vector ' L . L
CA1ex0(1) TL-.;f‘_*,» T L
Y T R SR
A3-20(1)

: x-xO(t)-At u‘,ﬂj 3:3.L.L~i ‘f;L L R

DIMENSION R(36, 12), TH(36 12) 21(36) 30(150) 10(150) 20(150)




\ . Co
“‘y : e . o i ' ' i

. Y=YO(X)-A2 ' aiv S o ‘ -

" 2az0(1)-A3 C I
'XO(I)%X10X+X207+X30Z R ‘ ‘

| YO(I)aYisX+y2ey+y3ez '

. "20(;)-z1ox+2207+i301 '
100, CONTINUE . . ' - T N

C Output x0,y0, and 20 arrays ' L LT

'

. e : i
CALL FTNCMD('ASSIGN 10=-YOUT®,18) ' Lo b

CALL FTNCMD{A§SIGN 11=-AOUT", 15) ‘
 NUMEL=70 ".. - . o \ .
NDISP=0 . L ‘ s o
. N=NUMEL+1 \ ‘ ‘
WRITE (11,15) NUMEL ;o '
wa:wz{(1d,15) NDISP *
15 FORMAT(13)

>

WRITE (10,35) X0(1);¥0{1) - %
WRITE (11,35) z0(1) .. S
110 CONTINUE
35 FORMAT (2E14.7)
" RETURN
END
c"ocgtootobooq.otzoocooo¢o-ooooco;ootdo.ioooo

DO 110 I=t,N . : ' : oo ,



Sugfoutine SUCROD

SUBROUTINE SUEZROD .
, C This subrou:tpc/ﬁaes the 2z array stored in -Aout

C to create R, XI, and Area arcrays which are stored T Y

C interleaved vith Z on device 8 which in-assigned

C tile ~Zout. T .

‘ DIMENSION 2({150),R(150),AREA(150), xx<150)
6 Aesign input and output files
CALL FTNCMD({'ASSIGN 9=~Aout"’,b 14) '
CALL FTNCMD(®ASSIGN B=-Zout’,14)
C lnput parameters
" READ (9,5) NUMEL
5 FORMAT (13) !
NaNUMEL+ 1 ‘ L
DO 10 I=1,N '
READ (9,15) z(1)
' CONTINUE
"Ys roRMAT (£14.7)

C Initialize parameters
P1e3.141592
DIA=.75
COUDIA«1.625
WRSQR=1.0
ZCEN=Z{(NUMEL/2)+1)
I1=2.0
222,375 ‘ '
23=4.1875 ’ © .
24-5.625

C.Loop to calculate R, X1, and Area arrays -

DO 20 1s2,N
2Z=ABS((Z(1)+2(1~1))/2-ZCEN) . B
Ir (2z.LT.21) GOTO 100 ; ]
. IF {22.LT.22) GOTO 200 ' ) ’
IF (2Z.LT.23) GOTQ 300 -
IF (2z.LT.24) GOTY 400 .
R(1)aDIA/2.0 ‘ ' ‘
RKI(1'=R(I)eodop1/4 ' ‘
AREA{1)sR(1)eR(1)ePI
GOTO 20 - . : e N
100 R(1)=COUDIA/2.0 o
~ XI(1)aR(1)esasP1/4
Aﬁta(x)-n(x)tn(x)ié&
. GOTO, 20 o v . .
200 n(x)-(dbunxa-‘tzs)lz.; ' - :
X1{1)eR{1)00esP1/4 - '
AnnA(l)-R(x)oR(x)opl
GOTo 20 | -
) *WRSQR/2
;xt&t)-wksoaoco/tz
! _.~ARBA(I)-HRSQROHRSQR
' GOTO.20 : - L
' prsesz-z3
~R(I)sSHAPE(DIS,DIA)
XI(1)R(1)0s4eP1/4

»
<,

N

300

o



e e e e I e R e e e e

AREA{1)}=R(I)*R(1)*P],
20 CONTINUE
Initialize first element of arrays
R(1)}=0
X1(1)=0 » '
AREA{1)=0 '
Output number of elementa ' .
WRITE (8,25) NUMEL '
25 FORMAT (13)
Output arrays
DO 30 1=1,N
WRITE (8,35) 2z{(1),R(1),X1(1),AREA(I)
30 CONTINUE ,
'35 FORMAT (4E14.7)
RETURN
END . A \ —

SE0COANCCCEIROEI0CCEROINRSCPCECOCECROICOIPIOQRODPTOIOSETS
FUNCTION SHAPE(X,DIA)

X 1S THE DISTANCE FROM

THE TOP OF THE CURVE

DIA IS THE ROD DIAMETET

IN INCHES. .

000000000000 CS

THIS FUNCTION CALCULATES

THE DIAMETER OF™FHE

ROD AT ANY POINT )

ALONG THE CURVED )

SECTION, ‘ :

El=x

X2=Xe¢X) ——

X3mXex2

X4=xex3

XSaxexs

X6=X¢X5

X7=X0X6

X8=XeX7

X9=X¢X8

X10sx¢X9 : ,

X1 1=XeX10

¥=34.5354+36.618X1-232. 1043X2+322.2869X3-125.317¢X4

Y=Y-46.31299X5+38.9632¢X6-36.4274¢X743.5325¢X8

Y=Y+25.3138¢X9-9,57848¢X10-1.19452eX11

SHAPE=Y/25.4eDIA/.75/2

RETURN )

END -

-~
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Subroutine SOLVE ° .
SUBROUTINE SOLVE(NUMITR,RF,NLIST,NUMLD,P)
This subroutine solves by weighted iteration,
the problem of a bent rod under tension. Data
sbout the rod characteristice ‘are put in numel and
arrays' z, ¢, xi, and area trom the tile -zout.
Data about the geometry of the bend is input
into ndisp,x0, y0, ydisp, xdisp from the file ~yout. .
Data abou:tthe loads to be tested .
are input into numld and array p from file load,
¢ output ¢
bata is output into arrays smax and itheéa, and
also into sf, sa, st, z(m), p{j). These arrays
are written to device 12, '
DIMENSION X0(150),Y0(150),XDISP(150),YDISP(150) .
DIMENSION Z{(150),R(150),X1{150),AREA(150) ‘
DIMENSION P(150),K()50),X(150),Y(150),D2X0(150),D2Y0(150) \
DIMENSION A1(150),SBEND(150),SAKIAL(150),STHETA{150)
C Set input filea to device numbers
CALL FTNCMD('ASSIGN. 8s-ZOUT', 14)
CALL FTNCMD('ASSIGN 9=-YOUT"®, 14)
C Read solution parsmeters
READ (8,15) NUMEL
READ (9,15) NDISP
1S FORMAT (13) .
_ NeNUMEL+1 : . , 2 X
C Read tlie rod deformations ) . .
DO 10 Ie1,N _
READ (9,35) x0(1).Y0(I)
10 CONTINUE

N OO0 N oO0oN0oonnon:»

IF (NDISP.EQ.0) GOTO 12 .
DO 11 J=1,N . ‘ '
READ (9,35) XDISP(1),YDISP(1) ‘ -
11 CONTINUE 3 » , «
12 CONTINUE : : AN
35 -FORMAT (4E16.%) - : "
C Read the rod characteristics . Yo .
DO 20 1x1,N ~ o
READ (8,35) 2(1),R(1),X1(1),AREA(I) o« . .
20 .CONTINUE '
C Initialize x and y vectors : , ) )
IF (NUMLD.EQ.1) GOTO 38 j ‘ - ,
DO 40 I=1,N ) ' ) . , Co
X(1)=x0(1) ‘ o ‘
Y(1)=¥0{1) ' o : i _ .
40 CONTINUE . | . '
GOTO &1 - ) . M . )
38 CONTINUE » S ” )
© DO 39 Ia1,N o < :
X(1)=0 A - , ‘ -
" M=o . " , ' . . _
'39 _CONTINUE -
41 CONTINUE ' ‘ T ' ot

c {ﬁﬁializo h vector o ‘ .
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DO 50 1=2,N .
H(I)=Z(1)-2(1-1)
S0 CONTINUE ° ‘
C xnitiallze'}nitial curvaturé vectors
DO 60 1=2,NUMEL ‘ o
D2Y0(1)eYO(I+1)oH(I)-(H(1)+*H{1+1) Sex0(1)+Y0({1~1)oH{L+1)
D2X0(1)=X0(I+1)eH(1)~(H{X)+H(I+1))eXO(T1)+X0(1~1)eH(1+1)
60 CONTINUE : ‘ '
C Intialize variable E

il

-

Ky - -

E=30000000.0 .
c
,C Main Program Sélvlng ,
c .

C Loop tor each solution for each load .
WRITE (12,57)
WRITE (12,58) .
DO 100 J=1,NUMLD ‘ !
C Initialize Al constant vector
DO 110 1a2,NUMEL '
ACI)sH(I)+H{(1+1)+P(J)eH(1)eH(1+2) e (H{I)ox1(I+1)+H(I+1)oXI(1))
< +/(2.08E0X1(1+1)0X1(1)) ' : '
1,50 CONTINUE '
C ‘lterate for solution given a particular load . o ’
DO 120 K=1,NUMITR .
C Culcﬁlete at each node:
1F (NDISP.EQ.0) GOTO 128
DO 130 I=2,NUMEL
X(1-1)=x(3-1)+XDISP(1-))
Y(I-1)=¥(1-1)+YDISP(1-1)
X(1+41)=x{1+41)-XDISP(I+1)
* Y(I+1)mY(I+1)-YDISP(1I%1) .
Y(I)eRFe(T(1+1)eH(1)+Y(1-1)eH(1+1)-D2Y0(1))/A1(1)-(RF-1)
+e7(1) '
X(1)=RFe(X(1+41)eH(1)+X(1~1)eH(1+1)-D2X0(1)}/AY(1)-(RF-1)
+¢x(1) "
X(1-1)ax{1-1)-XD1SP(1-1)
¥(1-1)=¥(1-1)-yDISP(1I-1)
X(I1+1)nx(1+1)+XDISP(1+1)
Y(I+1) =Y (I+1)+YDISP(1+1) . :
130 CONTINUE '
GOTO 120
128 CONTINUE
DO 129 1=2,NUMEL . —_—
!(i)-RFO(Y(!*I)‘H(L)’Y(I-l)OH(I*i)jDZYO(I))/A‘(l)-(RF-I)‘
+ey(1) ’ .
x(1)-Rro(x(1~l)OH(x)#x(x—l)OH(;+l)-szO(x))/Al(l)-(Rr-t)
- dex(1) )
129 CONTINUE
120 CONTINUE . *
'C Section to compute stresses
DO 140 I=2,N .
SX=P{J)s(X(1)+X(1~1))sR(1)/(2eX1(1))
SYsP(J) e (Y(1)+¥(1-1) )eR(1)/(20X1(1))
SBEND{1)=SQRT(SY*SY+SXeSX)

98



140

"./

"SAXIAL(1)=P(J)/AREA(1)

STHETA(1)=ATAN2{SY,SX)¢160/3.141592+180 .
IF (STKETA(1).LT.0.0) STHETA(1)=360+STHETA(I)
CONTINUE ’

MaMXSUB(SBEND, SAXIAL,N/2,2)
StAC-Sn!’P(M)/SAXIAL(H)
STRESS=SAXIAL(M)+SBEND(M)
DIS=30-{Z2{M)+Z(M-1))/2
M1=MXSUB{SBEND,SAXIAL,N,N/2)

SFAC 1=SBEND{M1)/SAXIAL(M1)

STRES 1=SAXIAL(M1)+SBEND(M1)
DIS1=(Z(M1)+2(M1-1))/2-34

C Section to output’ stresses.
FORMAT (* LOAD DISTANCE  ANGLE NODE STRESS',

- 87

58

55

59
61

150

100
¢
¢

—

10

'+' STRESS STRESS STRESS®)

FORMAT (* (LB) (INCHES)  (DEG) (pSI)

+* (AXIAL) (BEND) FACTOR')

.
»

~

WRITE (12,55) P(J),DIS, STHETA(M) M,STRESQ, SAXIAL(M), SBEN

+D(M),SFAC

WRITE (12,55) P(J),DIS1, STHBTA(MI) M1,STRES, SAXIAL{M1),

+SBEND{(M1),SFAC!

C Function programs

- -

- -C-Function to return aube'cript of nninum"atréas »
lrguncrxon MXSUB(S§,A,N,NSTART)
-DIMENSION. S(150),A(150)

1 .

AMX=0
DO 10 I=NSTART;N = ' -

JF (S(1)+A(1).LE.AMX) GOTO. 10

AMX=S(1)+A(1) . o
M=l .

CONTINUE.

MXSUB=M

_RETURN . . -’
“END ‘

FORMAT (F8.0,F8.2,F8.1,18,F8.0,F8.0,F8.0,F8.3)
IF (NLIST.NE.1) GOTO 100 ‘
 WRITE. (12,61) ‘ .
DO 150 1=2,N ' .
zDIS=(2(1)+2(1-1))/2.0
SFAC=SBEND(1)/SAXIAL(1) :
WRITE (12,59} 2DIS, STHETA(I) SAXIAL(1),SBEND(1),
+SFAC -
FORMAT (F10.2,F10.1,F10.0,F10.0,F10.3)
FORMAT (1X/," DISTANCE','  ANGLE °,'AXIAL STR °,
+* BEND STR ',°STRESS FAC') v o~
CONTINUE
"CONTINPE
RETURN
END i
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File RROD
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 . 0.0
0i0 0.0 0.0
3%, 200 1.8
2.6, 10.7° 18.5
3.9 9.8 15.4
5,0 8.9 13.5
6.1 8.1 11.6
7.1 509 1000
11:2 6.3 9.7
9.9 8.2 8.9
1.9 6.5 2.2
13,7 3.1 8.2
13.4 6.1 14.5
15.5 7.3  21.9
lB.%h 9.4 31.4
24.4 11.9 48.7
31.8 15.0 67.3
38.8 18.9 83.6
45.8 23.4 97.4
52.8 28.3° 111.
61.0 34.0 1285,
67.9 38.8 139.
75.4 45.0 154.
82.5 50.9 - %69.
89.2 53.0 184.
95.8 64.0 198.
102.5 70.8 213.
108.6 77.3 229,
121.9 90.7 261.
134.5 104.0 291,
147.9 116.9 322,
160.5 129.7 352.
174.2 141.0 383.
187.1 151.0 %14,
3b 4 Sa

0 DWW RO WNA s 0¢ = b

0.0 0.0
vb.q' 0.0
0.0 0.0
0.0 . 0.0
0.8 2.5
14.4 14.0
13.7 12,9

‘13.4 11.7
13.2 10.6
12,3 10.9
13.8 8.5
ll.} 15,3
16.9 2.0
19.6 2.2
22.4 0.7
24.8 3.0 '
28.3 5.1
35.7 9.5
44.2 15.5
5.1 20.7°
62.9 26.4
72.3 33.2
79.9 .42.4
89.9 51.9
98.8 62.2
107.6 72.3
118.1 81.4
128.0 90.4
139.0 98.2
147.3 104.9
168.4 119.2
187.1,131.5
209.0 142.4
227.5 155.0
246.0 165.6
269.7 176.5
1 1a

This tile contains the maximum radius of bend at each z
location measured. The units are_thousandtha of an inch.

File TROD

- 20,0

104.0

0.0 0.0 0.0
0.0- 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
1327.0°3:0  27.0
1.0 127.5 131.0
1.5 '135.5 124.5
356.5 137.5 127.5
369.5 139.5 130.5
0.0 . 150.0 135.0
33.0 148.0 125.0

170.0

0.0,
0.0
0.0
0.0
53.0
301.5
309.0
314.0°
315.0
321.0
329.0
328.0

0.0

0.0
0.0
0.0

£123.0

228.5
225.0
224.5
224.0
218.0
208.0
195.0

147.0.

112.0

288.0 186.0

0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
2.0 2.2 4.5 3.8 4§§§
9.6 9.1°\18.0 13.5 20.4
13.8 11.0 20,4 11.8 18.7
[2.8 1. 19;3 10.8 18.1
11.9 11.2 18R« 9.9 17.6.
10.8 11.2 16.98.2 1. T
7.9 11.5 14.9 9.9 16.6
7.7 7.4 22.0 5.5 16.)
5.2 10.8 3.3 8.2 13.2
6.2 15.0 .12.0 9.7 136
9.1  18.7 12.2 12.2 12.4
11.5 17.9 12.0 15.5 15.6
16.1 20.0 10.9 18.% 18.9
23.6 25.4 10.7 25.7 25.0
32.3 35.7 10.3 32.0 30.5
41.0 46.3° 10.2 42.5 37.0
50.1 55.2 11.0 48.8 42.9
'59.3 64.9 11.0 59.2 48.8
68.8 74.6 12.3 68.0 54.3
78.7° 83.8 13.2 77.7 60.3

89.1 92.9 14.0 87.2 65.2
99.2 101.2 15.8 96.9 70.6
409.7 110.1 16.3 106.3 76.9
120.6 118.2 18.0 114.9 82.4
130.8 )27.5 19.9 125.7 88.6
140.0 134.7 21.7 135.6 94.4
159.8 151.5 24.8 155.6 104.8
178.9 168.3 28.3 174.5 111.9
198.0__25‘.‘6 31.74,195.0 118.3
218.0 202.5.35.0 ~212.6 125.2
236.0 220.5 41.3  231.0 131.7
255.6,238.2 47,3 251.3 138.4
5b 3a ‘4a  2a  2b
0.0 0.0 .0.0 0.0 0.0
0.0 0.0 0.0 0.0 :0.0
0.0 0.0° .0.0. 0.0._ 0.0
0.0° 0.0. 0.0 0.0 0.0
48.0, 9.0 358.0 153.0 47.0
165.0 68.0 294.0 266.0 28.0
166.0 76.0 '292.0'261.0 27.5
161.7.78.2 2§5.2 258.2 29.2'
157.5 80.5. 298.5 255.5 31.0
148.5 87.5 ' 293.5.254.0 34.5
147.0 93.0 298.0 212.0 33.0

46.0

0.6 0.0 '
0.5 0.0
1,0 0.0
1.5 0.0
2.1 00 °
2.7 0.0
3.0. 0.0
3.3 0.0
3.5, 0.0
3.8 0.0,
‘41 0,0
8 0.0
5.0 0.0
5.5 0.0
6:0 - 0.0
6.5 0.0
7.0 0.0 -
8.0 0.0
9.0} 0.0
10.0 0.0
1n.0 0.0
12.0 0.0
13.0 0.0
4.0 . 0.0
15.0 0.0
16.0 0.0
17.0 0.0
18.0 0.0
19.0 0.0
20.0 .0.0
22.0. 0.0 -
2¢.0. 0.0
26.0. 0.0
28.0 - 0.0
¥30.0 0.0
32.0° 0.0 -
0.0 0.0
0.0° 0.0
0.0 0.0
0.0 . 0.0
0.0 0.0
0.0 0.0
0.0 " 0.0
O.bj 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0—
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38.0 125.0 265.0 331.0 217.0 90.0 108.0 325.0 136.0 35.0° 0.0 0.0
22.0 190.0 272.0 351.0 206.0 85.0 107.0 334,0 139.0 §7.0 0.0 0.0
.18.0 230.0 271.0 357.Q 113.0.83.0 114.0 329.0 132.0 70.0 0.0 0.0
7.0 233.0 267.0 6.0 °58.0 68.0 113.0 324.0 117.0 75.0 0.0 0.0
_ 368.0 230.0 265.0°10.0 55.0 64.0 +101.0 319.0 112.0 76.0 0.0 0.0 "
. 349.0 224.0 266.0 22.0 - 43.0 55.0 75.0 314.0 100.0 79.0 - 0.0 0.0 ‘
345.0 214.0 267.0 32.0 37.0 52.0 62.0 - 302.0 94.0 77.Q 0.0 0.0
342.0 206.0 268.0°39.0 33.0 S51.p 6.0 297.0 90.0 77.0 . 0.0 0.0
340.0 201.0 269.0 42,0 31.0 49.0 52.0 291.0 88.0 77.0 ' 0.0 0.0
340.0 199.0 270.0 46.0 29.0 48.0 50.0 284.0 86.0 76.0 0.0 0.0 S
338.0 199.0 270.0 46,0 28.0 47.0 47.0 281.0 85.0 75.0 0.0 '0.0 '
. 337.0 198.0 270.0 ¢7.0 27.0 47.0 45.0 27970.84.0 76.0 0.0: 0.0
337.0 199.0 271.0 48.0 26.0 46.0 44.0 272.0 82.0 .73.0 0.0 0.0
1336.0 200.0 271.0 49.0 25,0 46.0 42.0 '270.0 82.0 72.0 0.0 0.0
336.0 202.0 272.0 50.0 26.0 46.0 41.0 -268.0 81.0 71.0 ©.0 0.0
336.0 203.0 272.0 51.0 23.0 46.0 40.0 261.0 80.0-70.0 0.0 "0.0
336.0 204.0272.0 52.0 ' 23.0 46.9 39.0 259.0 80.0 68.0 0.0 0.0 .
336.0 205.0 272.0 §3.0 23.0 " 46.0 38.0 257.0 80.0 '67.0 0.0 0.0
335.0 207.0 272.0 54.0 20.0 48.0 36.0 252.0 19.0 66.0° 0.0 0.0
335.0 208.0 272.0 56.0 18.0 48.0 34.0 245.0 78.0 64.0 0.0 0.0
335.0 209.0 272.0 58.0 16.0 48.0 33.0 '239.0 78.0 63.0 0.0 0.0
335.0 209.0 272.0 59.0 13.0 48.0 31.0 233.0 77.0 62.0. 0.0 0.0 !
333.0.210.0 272.0 60.0 10.0_48.0 29.0 227.0 77.0 61.0 0.0 0.0 __
333.0 200.0 272.0 62.0 8.0 48.0 28.0 221.0 76.0 60.0 0.0 0.0
3b 4b 5a b 1a 5b 3a 4a 28 2b AN ST
This file contains the angles of the maximum bend in'the
., rods as measured from the coupling with the 3 notches on. - .
it (center notch = 0 degrees). The format is 10F6.1. .
File ZROD
0.0 : .
- 0.5 ‘ ) ,
1.0 ' o S o
2.125 . S ‘ L .
2.75 Sy o e o,
3.0 T __— " ‘ o ,
. 3.28 _ ' S " Iy i
oA T , T _ T
38 e o SN .
128 L S o Lo PR
a5 IR o N - : ST Ly .
5.0 . Lo o ) o o . . S
5.5 = T . _—
6.0 T | . I K
6.5 I ;‘f , S S R . S
CE0 L T e
9.0 - . RS R T R A
1.0 o SRR - Co el na T
S 1240 S
i3 . ‘ . :
w0 S A ) ,
R o T - - ‘ :




15.0

16.0

17.0

18.0 A
19.0 '

20.0

22.0

24,0 ‘ . .
26.0 ‘ ‘ ‘
. 28.0 o .
+30.0

3%

1%
1

" This\file gives the z coordinate from the chuck on the °

‘for the rods that vere measured. Coordinates at
5, 1.0, 1.5, and 3.25'inches have been added for
computational purposes. The deformation at these points

must be interpoiited.
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‘Sampie Output File o o ) o -

"ROD 4a AND ROD 3a ' AT . 60.0 DEGREES N N ‘

LOAD DISTANCE ° ANGLE - NODE STRESS 'STRESS:.STRESS  STRESS

“(LB) (INCHES) ' (DEG) ,(PS1) (AXIAL) (BEND). FACTOR.
1000. 3.75 33. 23° 3129. 2264. . B866. 0.382

' 1000. ° 4.26 . 37, 51 e418. 2264 ' 2154. 0.952,
2000. . 3.75  29. 23 '5685. . 4527. 1158, . 0.256
2000,  4.25  36. 51 8075. 4527.  3548. .784
3000.  3.75 25, 23 8064. 6791. 1274.  0.188
3000. ' 4.26  35. 51 '11430.  6791.  9639. ., 0.683
4000. . 3.75 22,0 23 10368.  9054. 1314+ 0.145
4000, 4.25 35, 51 14618.  9054.  5563.  0.614
5000.  3.75 ° 1. 23 12635. 11318. 1317. _ 0.116
5000.  4.25 . 34. 51 17697. +11318. 6379.  0.564

. 6000.°  3.75  14. 23 14880. 13581. . 1299.  0.096

__6000. ' '4.25 34 5120898 13581. 7116. 0.524
7000.  3.75. 10 23 17113. 15845.  1268.  0.080
7000. 4.25 3. §1 23638. 15845. 7793. .492
8000. 3,75 7. 23 19338. 18108.  1230.  0.068

8000. ‘e‘25 . . 33.
9000. .3.75 - 2,
'9000. . 4.25  33.
110000.  3.75  358.
10000. * 4.25 33.
11000, 21.00 _-161.
11000.°  4.25 ~ 33.
.12000. - 21.00 161,
12000.  4.25 . 33,
13000. 21.00 161
*13000. 4.25 - 33,
14000. ' 21.00 '+ 161.
14000. "+ 4.25 33,
15000.  21.00  161.
15000.  4.25  33.

©23 21560. 20372. 1188 0.058
51 29383, 20372. 9011. 642
23 23781. 22635. 1145. .081
51 32202. 22635.  9566.  0.423
6 26035. 24899. - 1137. .046

51 34991. 24899. 10092  0.405

.6 28368 27162.  1196.: 0.044
51 '37754. 27162. 10591~ 0.390
6 30676.  29426. 1250. - 0.042
51 40495. '29426. 11069. - 0.376
6 32990. 31690. 1300. - 0.04}
51 43214. 31690. 11625, . 364
.6, 35299. 33953. . 1346.

: .040
‘61 45916. 33953. 11963.  0.352

()

0

0

0

0

0

0

0

0

0

0

0

0
0

51 26531. 18108.. 8422.  0.465

' 0
0

0

0

0

0

0

0

0

0

0

0

0

0
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