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ABSTRACT

One of the major problems in the development of hydrostatic extrusion
as a production process is the design of vessels to withstand high repeated
pressures for adequate economic life. It is'suggested that vessels prestreseed
by a layer of pressurised fluid have advantagea over conventional designs
and two particular examples of such fluid supported vessels are where the
support pressure is either static or cycles in phaselwith the internal
pressure.

A fatigue press has been built and special purpose test rigs constructed
for the application of combined repeated internal pressure and static or
dynamic fluid support pressure to cylinder test specimens in En25 ateél.
Patigue tests have been carried out over a widé range of stress conditiéns
and at lives up to 105 cycles. The tests have demonstrated that both static
support and dynamic support vessel systems are reliable and that g&od
fatigue performance is obtained.

The results of the fatigue tests are presented on a shear stress
range/maan shear stress basis for the design of vessels in En25 steel. {For
the design of yielded En25 vessels elastic-plastic analysis is necessar& to
use design curves presented on a shear strain ranga/mean shear atrain bgsin-

In both elastic and yielded cases the design curves.embrabe a8 wide a rgnge
of conditions as‘would be encountered in the design of either fluid
supported or traditional compound vessels.

For high endurance vessel design in a material for which extensiye
cylinder fatigue data are not available a method is presented which predicts
the fatigue limit pressures under s&ll the test conditions employed. For
design in the mortal fatigue region in the absande of cylinder fatigue data
a simplified fracture mechenics approach ie presented which is.in good

agreement with the experimental results.
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NOTATION

Symbols are usually defined on their first appearance in the text
or in a diegram. The following refersnce list containe the commonly

ocourring symbols.

K zatio (outer diameter)/(inner diameter)

a, b bore radius, outer radius

¢ elastic~plastic interface radiue

r any radius

P pressure

Pys Py internal pressure, maximum internal pressure

max
P, Po oxternal pressurs, maximum external pressure
max

P endurance pressure

#c clamping pressure

By, hydraulic pressure

pcollapsa " gollapse pressure
C7‘1,C72,C75 principal stress components
Cjb ’(7;’c7; principal hoop, radial, and axiel stress components
CT1 eto. maximum principal stress components

max ‘
(jb effective hoop stress
effoctive

O,

© 1ams Lamé hoop stress



ZCXCT asymptotic stress range

651,652.63 principal strain components

6@. er' € ” principal hoop, raéial, and axial strain components
G;P plastic strain component

- & elastic s[train component

DE strain range

T ghear stress = Oo " Jp

2

rcgange range of shear stiress

e

Lﬁesn mean shear stress
1:; shear yield stress

2§ shear strain

r,K o ghear strain at radius r, and outer radius
zﬁ;}g shear strain range

u, displacement in radial direction
E Young's modulus |

G Shear modulus

\V Poisson's ratio

T torque

J polar moment of area

stress intensity factor

fracture toughness



a y acg ar

&l

range of stress intensity factor
number of cycles
total number of cycles to failure

initial, finsl, and rth cycle crack lengths

crack growth rate

15



. CHAPTER 1o

INTRODUCTION.

R 1% § Bgc}_:_gmggd tn the Jog_k |
| In recent years the industrial anplication of hydrostatic

extrusion has received incressing attention. Considemble effort
has "beeni direc#ed tbwar&s dévéIOpntgu?wdxostatic extmsion as a
fproduction process, Orbhodox hydrostatic extrusion is 1imite&

both in the length of product *vhich .azn be extmded and in the
rate of 9peratlon as the process has to be interrupted to Peed

in a heﬁ 'bil,let. | ﬁmiie no practicable contimious rﬁethod of
Wstatic extiﬁsim is yet proven, both the principle and a

, par‘bi.cnlar method of semi-contimmus Wdrostatio extrusion has
| ‘baen the subject of work at Imperial College.

| The semi-oo:}tinucrus hydrostatic extrusion process has been
dgécrﬁ.bed fby gfalgzandér and Lengyel (1 ), and 1éter'-papers: (2,3)
. by the sa.mehauthom have dealt with partiSular problem areas involved
in the 'developmént of pydxustaﬁio extrusiaod as a production’ pfoceés‘
The Froeeas involves t};e repeafed‘ild;mping, éxfmaion, and release of
"shor'b lengths of continuous feedstock, and the main problems in
d.evelccpmo 8 semi continuous hydrostatic extrusion machine are,
- (1) the desizn of- cmﬁainers for vory large cyelic pmssures ~
 nith sufficient fatigue 1ife. | ‘
C(44) the.de_velcpment of feed -vs{;ock &mp;mg devices.
(iii) the developuent of Staﬁc and dynemic seals.
(iv) the investixrati.(;n of': high bra’ssﬁm fludde.

”The wotk descr:.bed in this theeis is chieflar directed towerds
an imrastigation of the first p:coblem BTR8, fbhe fatigue life of
containers subject to hwh oyclic pressux:es. Initially a design - .
study was _carried out by Lengyel, Burns and Praéad;( 4 ) f’:o‘

' .compare six different container designs, monobloo, multi-ring shrink



or taper ﬁ.‘b,’ stﬁp wound ov«ar a solid liner, strip wouncl over
& segmented liner, and coneantric compound cylinders with atatic
or dynamic fluid preasures between them. 'Bhe study considered
& design pressure ofng‘J‘ Tczm.‘/i.n2 (2.3 GN/mz) with a container life
‘of 10% oyoles. The design study indicated that if the assumpbions
made aboub fatigue behaviour proved correct then the design with
static interface pressure was most attractive. A container life
greater than 195 oycles would not be needed for a hydrostatic
extrusion press, and it could be uneconomic to strive for anybhing
highere In two-shift working, the e:f:tmsion press rumw.ing at
say 5 cyolé‘s per‘mixmﬁe, ’105 life would represent & liner change’
once in every six weeks, very good by any staﬁdard. Also under
productioﬁ conditions damage other than fatigue is almost bound to
ogour ovfer a period oi“ 8ix wecks and thua' the liner of an 'infinite-
1life! container could need replacing in any case at this stage. The
economic advantages of hy&roatatic extrusion over conveﬁtional metal-
wcrkinv proaesses such as wire dmwing are greatest at the highest
pressures. A pressure of 150 Tomf/in (243 Gﬂ/m ) is probably a
_conservative limit as the pressurismg plunger is supported over mosd
of 1ts length by hydrostatic pressure. |

. Lengyel and Alexander ( Z )} have inveatigated container
designs for 220 Tunf/in (3.4.GN/m ) cyolic pressures. Two designs
with cyclic interface p:;eaaure referred to ag 'floating liner' ‘and
| 'fioating die' were proposed. DBoth designs proﬁﬂ.e a neans for
generating s supporbting pressure on the cutside éf the liner.
‘The“:szﬁpporti‘.ng pressure is always proportional to the internal
pressure and is determined by ares ratio consideratiens. By
~ suitable design it ogn bev ensured fh‘at no tensile stresses ocour
in fhé liner, thus enabling the usé of hard brittle materials, This
can of' course be achieved by ‘static supporting pressure but in that

case the range of shear and 6ther stresses is wuch greater than for
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dynanie support pressure and this could be detrimental in fabigues
‘ Eluid sup@orted cylinderé have many other édetages in

addition to the considerations of stress distribution and fatigue’

behaviours These may be lisedias follows: | | |

(i) The imner liner may be ea.sily removed for inspection or u
replacemente There is no inherent umitation on the length of a fluid
,suppoﬁted odntaj.ner. ~ This is not true of ccmpo@ad vesaels involving :
interference fits between nabting eylinders, where a large hydrwiic
‘,press nay be needed to separate the components.

(i1) The dimensional acourdcy of the surfaces in contact with the
supporting fluid can be of rornal hydraulio engineering practioe. Fxtreme
precision to tolerances of the order of 0.,0001 in (0.0025 wm) is ﬁeé&ed.
for shrink and taper fit construction. | | | |

"+ (i41) There is no temperature limitation asin shrink it
containers o i:he extent of the preload which can be achie'ved and there
is no danger of components suddenly springing apart as in taper fit
construction. |

(iv) The magnitude of preload achieved by fluid support cen.
be accurately known end maintained. ,

Also the ﬁnifomiity of interface loading can be guaranteed except
'for the z:egmn close to the seals whero special premticms are needed.
Jork by Burns and Crossland ( 5 ) and Burns and Parxy ( 6 ) has
shown that even wnder the most careful lsboratory conditions shrinlc
£it cylinders are Subject o significant axial stresses and the magnitude
of the preload obndifions can not be predictéd acéurately. Shydnk:
£it, taper fit, wire wound, and aﬁtofrettag’ed ‘eylinders also suffer f:mm

the problem that pressure ¢yeling may result in redistribution of stresses

8o that the preload conditions ab i;he; bore of tﬁe vessel are not maintaineds

(v) There is & greater chance than with other rieeig;ns of detecting

I8



the failure of a fluid supported liner before further damage pyn——
It is simple to monitor an interface fluid pressure signal and to use
this signal as part of a fail - safe aﬁtm- within the ‘con?;rol gystem
- -of the extrusion press. ' '

(vi) As there is no metal to metal ‘conté.et between the liner
and ondter cylinder of a fluid supported vessel there is no ‘danger of
fretting demage which could grestly reduce ’fatigué-reéistance.  Allowance
has to be made for fretting in the desipn of wire wound aontainars and ‘
in the design study by Lengyel et ol ( 4- ) this amounted to a fatigue
safety factor of three.:

(vii) An advantaze of the $luild supported comstruction in the -
context of hydrostatic extrusion is that the fluid pressure provided
or gaﬁergted can be mged to perform secondary functions such as extrusion
back pressure or to actuate clamping devices.

Fluid supported cylinders have disadventages which should not
be ovei'lcoked in an assessment of vessel desims for hydrestatic extrusion.
In the case of &mamic supnort construction the vessel is cmsiderably
| more complex than other cantainers, there are a nmaber of moving cumponents,
seals, and check valves subject to fatigue which must reduce the overall
reliability of the system. The static support vessel is much simpler
although a high pressure pumping system is rec‘;uired" ' Suoh systems
are now available commerceiallys. The aééurate winding of wire or strip
under carefully controlled tension however is a Aifficult machanical |
problem and costly capital equipment is neededs . In this respeot wire
winding appears less favourable than a static support system. Seals
are o-problem in any fluid supported vessel not only in ensuring minimum
leakage and long life, but also in the intrpduction of undesirable stress
disconténuities with serious implications for bri‘bﬂe"ﬁ materials with low
tensile strength. |
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From the previous discussion it should be clear that fluid
. supported vessels are very syztable for high pressure applicatians
such as‘hydrostatie oxtrusion. There is a need however for fatigue
tests to be carried out on fluid supported vessels before large scale
design is attempteds The purpose of these tests would be to develop
£iuid supported vessels from & basic idea‘to & relisble working stage
and to gﬁther fatigue information which oan be used in the aubsequent
design of‘lar ge soale hydrostatic extrusion vessels or high pressure
vessels for othe&‘f&tigue applications. The develop@ent of
fluid suppbrted vessels would produce information about related"
topies such as the perfbrmanceldf static amd dyﬁamie sealé, high
fressure check'valves, and accurate repeatability of pressure over
long time periods, and the effect of vessel gedmehxy. ~ Such information
and tﬁe fatizue data would be of comsiderable value not only in hydrostatic
extrusioﬁ work but in general high pressure technolozys bevelopmants
such as fast cyoling isostatic eompéction, high pressure chemioal
procesées, end metal cubting by high'pressure fluid jété all demand
this informatiaﬁ for the design of safe reliable equipment.

The advantages listed earlier of the fluid support prineiple
over other methods of vessel design apply perhaﬁs even more strongly
when & fluid support vessel is used as a fatigue specimen. It is A
possible to in&eatigate a wide range of accurately known, uniformly applied,
and constant loading ccﬁditicna,) These are essential requirements fox
fatisue teéting which are nob satisfactorily met by other vessel designs.
The various elastic fatigue stress conditions which can be achieved in
both dynamic and static supported vessels‘have ﬁean digcussed by Harvey
and Lengyel { [ ),‘and recently Crossland ( 8 ) nas propoaed'the
vse of combinatxons of internal and external pressure to investigate
the fatigue of thick-walled cylinders. The most signii‘mam‘fﬁ? fluid

supported cylinder fatigue tests is that such tests pernit the investigation

- " of the separate effect of the important fatigue parameters, an impossibility
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with monobloo eylinders and an impracticable proposition with

compoound cylinders.

1.g. The 2rocess of Faticues

The process of failure by fatip'ue is currantly:faonsidered to
be divided into a number of stages which nay be identified ( 9 ) as oraok
im.tiatiqn, 8lip band crack growth, c;cael: grow—hh ont planes of h:.oh tensile
stressy and final fracture. TFatizue initiation oc;:urs in slip bands
which result from partially reversible slip motion on 8 few favourably
oriented sllp planes govexned by shear gtress. Slip - band orack
srowth, termed Stage I crack growth by Forsyth ( 10 ), entails the
deepenix;g of the initial crack on planea of high regolved shear stress.
This mode of, propogation may be absent in a highly stressed specimen or
oi' it may involve up to 907% of the life in a low stress tost. |
Craak( growth oh planes of high tensile stress knowmn as Stagé II
growth is %he most familiar.mode and produces by far 'bﬁe largest area of fatigue
fracture éurface. The surface often ghows characteristic macroscopic
progression marks or striations. ' The Stage II mode may occupy only
10% of the life to failure in & low stress long 1ii‘é test (high cycle
fatigue) whereas in a short life test (1ow cycle fatigue) it may oBcupy
1007 oi‘ the life. The low cycle and high cycle fatizue ﬁrocesees are
identical metsllurzically and the differences in behav"lo}m in these regimes
gtem from the differeﬂt pﬁoportion of the 1life to failure spent in the
two stages of orack propogation. For example the inhemnt saatfer in
the results of high cycle fatigue tasts may be attributed to the 1ar<re
fraction of the life spent in : taue I umuk propogation where microatmctural
variations are significants, The final fracture in fatigue occurs when -
Stage IX éraal:s, have weakeidihe component to the extent that the gross

stress csn no langer be supported and unsiable fast fracture results.
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In the engineering analysis of fatigue a clear distinction
is made bbween low and high cyole fatigues The dividing line between '
the two regimes ususlly occurs at about 107 to 10° cyoles and may
be. attributed partly bo the different loading oyoles employed in |
laboratory fatigue testing. Hish cycle fatigue is normally
oha:cacterise& vy coﬁstant load "amPlitude ayeling, and low oycle
fatigue by constant strain amplitude oy@linge In high oycle
fatigue the nsual elastic relations 'Eetween stress end strain are vslid,
whereas in low cyole fatigue maoroscopic plasticity is involved and
the s"tress/ strain relationship is non-linear and further complicated ' ‘
by the ¢yclic strain hardening or eofiening characteristic of the
‘material ( ! ). | o
| Ideally & designer needs the knomledge to design against
fatigue in a material fci which perhaps oniy static properiles or
at best standard 1abo£atory fatigue data ave available. The
complexity of the fatigue prodess is such that ielia'ble design from
static properties will probably never be achieved although design
using stendard data such as zero mean stress rotating bending can be
attempted. There is & vast m&ﬁgzt of information ( 12 ,13) to call
upon particﬁiaﬂy‘ in the high cycle fatigue regime, asnd at present
| the teblmique consisfa of gathering tozether an appropriate series
of modifying factors to add thé influenoea of mean stress, type
of 1oé,ding, si&é effecta, stress concentrations, #urface finish .
environment snd 80 on to the basic fatigue data. | The literature in
low cyclé fatigue is also considerable aithough the manson-%ffiﬁ
Ltaw ( {4 ) has rationaiiaed the fétj.gua hehaviéur of a wide range
of materials and some success hag been' sohieved in relating :‘ati@ae
to static properties { || )s Low ‘cyole ‘fatig{z.e is not as éensitivg
‘ ~tc.5 the influences of the factors mentioned earlier but allowances

can be made for such effects where necessarys



One of the most important influenciﬁg factors in the context

of the present work is" the effect of a multiaxial stress system in |
fatigues The various criteria goverming static failure under
complex Va’treas have been applied to fatisue and it is usually armied
tha£ as Vfat:'igﬁe failures propagate from & free surface where one
principal stress is zero it {8 sufficient to consider biaxial stresses
only. Forest (| ) ) discusses the work of & mumber ofl investigators
- and shows that a von Mises shear strain energy criterion most closely
represents the available data,although there ave a number of exoeptionss
Gough ot al ( 5 ) proposed an empirical ellipfical relation to pie&ict
the fatigue strength under Itha' important enginesring combination of
bending and torsion. In low cyc‘ie fatigue work has also ooncentrated
on biaxial fatizue and a von Mises equivalent étfain relationship has
been applied (- | ) to relate bisxial fatigue results to the basic
I;ianson-(:offin Laws Pascoe ( i6 ) ‘has eﬁggested. thaf for design
Mcses fatigue resulta for all states of strain pould be ‘diaplayed
‘on a singlé plots Pascoe's work showsd that low oycle biaxial fatigue
is ‘aﬁeéﬁatelj‘ vepresented by the Manson«Coffin Law although the constents
are dependéni: upon the state of otraing as well as -the strain emplitude.
Low cycle biaxial fatigue data from other sources along with uniaxial
data 18 used by Pascoe to plot comtours of equal life on the basis of
the two principal strains. -

| " Recently much attention has been devobed fthe fracture méchmicg
analysis of fati‘;me' Fx:aéture mechanios is the study of the mechanics
of crack growth starting from an initial crack or flaw. Tt therefors
‘poes straight to the héart of the fatigue ‘process and cen be regarded
89 & more fundamental apsosch then phenomenologlosl studies to
mderétguding‘ i‘atigue'a " In frecture mechanics the stress ‘li'iéld in

the region of a crack is described by the. sttesa:inﬁanaity factor KI

3

and values of K  are now Imovm for a wide range of cracked configurations { 17 ).
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The subso:eipt, I, denotes the opening node of crack suzjfgce displacement
which is the most common mode of fatigue orack propogatiom. hen K
rci’aches a critical value K known) a3 the fracture touglmess of a
: parb:.cular material then the crack ertends s uaually oatastrophically.
The final fracture stage n.n the fatigue process may occur in this manner.
flowever the oconcept of the stress intensity factor can be used in the
stﬁdj of 'aub-cz}itical‘ crack growth mechanisms such as fatigue and
stress corrogion which cause slow crack zrowth at st:;ess intensity
factors below K_ (18 ) Paris and Zrdogan ( 19 ) and more receritlj
Frost et al ( 20 ) have shom that the fatigue crack growth rates for

& large body of- exz;erimental data can be related to the range of stress

int\ensiﬁy factory, AK 4 by an expression of the form,
& - B(AR™ | (1e1)s

where B and m are constantss
Once a desi@er is armed with a master curve of da/an aéainst
AXK for a part:.cular material he can thevn prediét the crack grmth rate

in any oracked borly from a mowledge of {;he appropria.te stress in‘aenaity

factor. This is the chief attraction of the :Lracture mechani.cg e.pproach

. to fatigue.

1.3. The Repeated Pressure Fatime of Thick-walled Cylinders,

Mazming (21 ) end Crosslend ( B ) have both reviewed the
1i~bera.ture on thiok~w:zlled cylinders sub;}ec’s to repeated internal
‘pressure. Nanning‘s contribution conte.ins an interesting account .of
| events leadinq up %o the ccmisaicning of the firat pulsat:i.nw presmzre
i‘atigue r:Lﬂ', but covers om‘ly the earlier "rork on the subject up to 1963,
Crossland's rev:x.ew publisheﬁ in 1970 is mzrrently ’che most comprehensive
account available. It contains in additian a review of other fatigue
tests carried out under fluid pressure. The present reviewincludes

both Low cycle and high ¢ycle fatizue work and treats the subject

[



chronologioally. Haturally some of the work has alreg&y been.
reviewed by Manning or Crossland but it is important to present
& cmnplefe ploture tb highlizht the significonce of more"reqent
work éﬁa the outstanding gai:s in our Imbw;edge.

A larze percentage of all thick-walled vcylinder fatigue
results has been obtained vith the 'Bristol' pulsating pressure fatigue
machine. Details of the design of this machine were given along with
ihe first results by Moz;x;ison et a.l-.1 ( 22 ) in 1956. The nachine
operates hy recipmca'l;iﬂg & crank-driven ram inside a closed volume
of fluid in a closed éndea. test oylinder. To~day the machine is able
to run at speeds up to 1,000 cycles/min, and apply oyolic pressures
up to 50,000 Z!Joi‘.‘/:i.n2 (3’45 }m/mz). Repeated pressure fatigue tests

1 on 1 in (25.4 m) bore cylinders

were carried oub i;y Morrison et al
of Tn.25 steel heat troated to s néminal ultimate tensile strength of
56 monf/.{nz (865 1A ‘2) sometimes referred to as '8oft! Ene25. After
the cylinders had been machined to the correci dimensions, and the |
bores honed to & mimor finish the cylinders were vacuum sbress relieved.
The cylinder X ratios ranzed from l.4 to 2.0 and it was found that the
results were most closely grmxped together within a nawrow band if
plotted on the baais‘ of maximum shear stress rather than the maximum
tensile hoop stress. However the nqmiz;al.repaated shear stress value
at ‘éhe 'fétigue 1imit was surprisingly low compared with the fatigue
limit sheér stress in torsion. This could be attributed perhaps to
the efi‘e:;t of hydrostatic tension in a closed-ended cylinder or to the
penetra*l;ion of miero-cracke by high pressure oil. Further tests were
reported bj Parryr( 23 ) on a wider range of K ratios, from 1.2 to |
340, ami s#lso on the effects of & 0.6 in (152 ma) bore and ionger

gangze 1erig1;h, honing and rubber protection of the bore. The‘resultgﬂ

“confirmed the maximum repeated shear stress criterion of fallures The

smaller bore and increased gaugme length appeared to have no influence
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‘whe'regi‘.é “honing after, rather then before, stress relieving, and |
bore'pmteétion both had a significant strengthening efreét. As i
auch a wide range of K ratios and corresponding hydrostatic tensile
s*bress states had ‘bhen been tested it was srgued that the initial
shear stress could hardly be affected by the magnitude oi‘ the
hy‘drostatio tensile stresss It was aleo concluded that;\effect
. of both honing, and bore protectlon was to prevent the high pressure
oil from penetrating micro-cracks.

Cansz.derable new thick-walled cylinder fatigue data for
En.25 steel and a ranc'e of other materiala wag presented in 1960 by
Norrison et al? ( 24 )» Tt was found that autofrettage and nitriding
significently improved the fatimue vesistance of Mne25 cylinders, and
that the ‘benefitis of aufai‘réf;tage wexre greater for ‘the“ iargér K .ratios.
Autofrettage& cylinderé. could be strengthened still further by rubber
protecting the bores Tatigue results for Hn.25 head treated to an
 uhtinate tensile strength of 68 Tont/in® (1050 18/n°), & ¥ chromium
steel knowﬁ a8 Hﬁéro, aend 0.15% carbon steel 211 ecmi‘i;med the maximum
repeated \shear. é‘tress cz;iterion at the fatigue limit, and all
exhibite;d a; similar measure of disagreement with the "respeotive,
i:orsibnai fatime 1imits. - The fatigve resistance of Hykro cylinders
was 1@::&@6. aubatani:ially‘by nitriding although some of the improvement
nay have been dne to yialding and resultant autofrettage. Yielding was
also blamed fo::' ‘hhe poor agreement on & shear stress basis of the results
for various K ratio oylipdefs in both austenitie stainless stesl and
‘titanivm. DID, 364 ‘aluminium alloy oylinders results have no true
A, faﬁig&e lmit‘ In 66nc1usion Morrison et ;a.abg suggested as. & simple
&esign rule tha’é the pemiss:'wle repeéted ahear atrass at the fatigua
1imit for 8 thn.ck—walled cylinder is giv:an by one thi:r:& of the ultimate
: tensile ﬁtrength | '
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 The fatigua strength of oylinders with cross-bores was
consldered by Morrison et 313 ( 25‘ ) éﬁ& axperimentgi‘reéults were
presented for Ene25 oylindem of 2.25 K ratio with % in (3,2 m) and
~ 3/16 in (4.8 mum) diameter orossboress . It was shown that the reduction |
iﬁ the fatigqe strength could be estimated by a simple stress concentration
. factor approach.
. The resulis of a low cycle fatigué investigation on open-
ended thick-walled oylinders was roported in 1963 by Davidson et al
(26 Ys The cylinder material was SAB 4340 sbeel, which is fairly
similar to Fne25, heat treated to an ultimate tensile stvength of -
Tie5 ‘I‘onf/inz (1104 m‘r/mz). ' Repeated internal pregssure tests were
performed on cylinders of K ratios ranging from le4 o 2,0 in both
~ the non-autofréttaged van'd fully-agutofrettaged conditionss The test
rig‘fqr preséures up to 80,000 lbf/inzf (552 Im/mz) operated from an
_in‘benaifiez; Systqﬁ and fatigued four apeéimens at the sam'é times
However the maximm oyocle speed was only 20 eycles/min. f‘or pressures
up o 150,000 1’af/$.n"2 (1034 Ml?f/mz) & Harwood intensifier s;}stem was used
with an even slower oycle speed of 10 cycles/mine . - The results were
presented on t‘he basis of & normalised prineipal stress difference
function and it wes observed that the fatigue resistance wag increased
by autofrettaze and that the benefit increased with decreasing operating
~ stress level and incressing K ratios . , |
; - The ‘seccﬁd low oyocle fatigue investigation on thick - walled
cylinders waa pi*gsenteﬁ in 1965 by Austin end Crossland ( 27 ). The
toet material was 'En.zs in the soft 56 Tonf/in® (865 MN/n°) condition.
Flain 1 in (25.-4 mn) bore sylinders of 1.4 and 18 K ratio, amd cross
bored 'cylihders éi‘ 2.25 K ratio were subjected to repeated internal
 pressures up to 40 ”'I‘o:‘xj‘.‘/i:n2 (618 m/m?f) in a olosed ended ocondition. -
The test rig consisted of a hydrmzlioﬁlj operated 3ack which reciprocated
a plunger through a conventional hydraulic seal 'within the test specimen.
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The plein cylinder results were plotted against life on the basis of the
.méximm elastic shear stress range, and on the basis of maximum hoop
stmss range‘.‘. In the mortal resion the agreement between the two
\ faﬁigue curves was closest on the hoop stress plot although illogically
the 1.4 K ratio oylinders appeared to live longer than the 1.8 K
ratio cylinzieré.' For that reason the shear stvess oriterion was
~ preferred.
further thiok-v}alled ¢ylinder and ancillary tests on soft Eﬁ. 25A
and ‘othér materials were also reported in 1965 by Pam'yz, (2% )¢ The
E‘n-25 regults showed that theré was n§ slze effec‘b within the range of
bore diemsters from 1 in £0 04375 in (254 m to 9»5 mm), and that there
was la.ttle difference in the fatigue uves of oylindere with radial or
te.ngentral CI.‘GSB“bOI.‘eSQ ﬂ.autofmttaging crosg- bored cylinders greatly
‘ incréase‘d%heir fatigue strength even to the extent of ‘ccmpensating,
‘ completely for the detrimental effect of the cross-bores ' The other
naterisls ‘covered in the investisation were 1373 Cr Mne56 steel,
7 H:L‘a- o - Ho maragiﬁg steel, 15 Cr ball race steéi En.31, beryllium
| . copper, and tungsten carbide. The En.56 cvlinders were tested in |
various tensile strengbh conditions and it was shown that the higher
tensile strength cylinders had lower fatigue strength due probably
%o the poor ;brans'fe:':‘se fatigue properties of this materials. Haraging
steel was als‘-d a disappointing performer ab long lives in spite of its
v‘ery high fenailé strexigth;' "There is 1ittle to comment on the ocylinder
fatigue results for Ene3l and bexyllium copper, and no cylinder fatigue ‘
results could be obtained for tungsten carbides ‘
_ As yet no sericus attempt had been ma&e to predicdt cylindex
Fatizue behaviour from basic fatigue infomatim &uch a3 from irotatmg

bending testa. Hannan { 2_9 ) proposed an empirical relation




b, = [(uw)(Ms)(S‘é)] $+(l— —"?_)(5‘_-3) | . (I,Z)'

where the endurance pressure. (Pé) is predicted from the rotating
bending fatigue limit stress (S f) and & von-Miges equivalent stress
functions Also included are factors which correst for hydrodynamic
Vwedging (HY), mean stress (118) and size effect (SE). | A1though Hannon
obtained quite g od agreement with the fatigue results puhlished by
- Morrison et al ( 2‘1‘ ) doubt has been expressed by Burms and Parry

( &) on the validity of the correction factorss

In 1967 Blass and Findley { 30 ) published results of pulsating
| pressure fatigue tests in the region of 105 syclic life on thick-walled
cylinders of 1.414 K rp.tio in -SAE 4340 steel (similar to mn.as in the
‘sof't condition)« i special sub - press had been used to apply pulsating
in - phase axial tension .or compression, which permitted the influence
| of the iﬁtemediate p:cincipalfstresé on fatizue to be investigated.

Over a i@gg of axlal stresses from a tensile value equal to the bore
hoop stress to a compresgive value egual to the internal pressure the
éxpérimenta showed that the intermediate principal stress had no .
~influence on cylimier fatizue. ﬁ?his important finding memnt that _
in En.25 ,ste’a}._éltl lives of about. 10 cycles thexe wasrm reason to

| expect any diffefatxce‘ in the fatizue behaviour of open-ended and
closed-ended eylinders.

4 number of papers ( 6 3i- 34‘) on the subjeot of thick-walled
cylztzider fatigue were presented in September 19\67 at the Hiigh Pressure
}Bnginéering Conference arranged b;y ‘#;he Institution of Heéhenical Engineers.
ine2% was again the i'a\fourite test materials One of ﬁhe most significant
‘contributions from the point of VlBW of the present work was 'by Burns and
Parry ( 6 )+« These authors &escribed long enau:czmce fatigue teste
using a Bristal machine on monobloa Fne25 eylinders with deliberately raised
mim.mum cyclic pressures, snd on duplex shrink £it oylinders to investivate
the effeot of mean shear stress on fatigue behaviours Resulis also
obt‘a‘ined on cylinders of 0.1% carbon steel. The K ratios tested were

1.4 and 2,0 in the case of the high base pressure tests and 1.2 in the

2)
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case of the inmer c¢ylinder of the compound cylinders. A plot
of range of shear stress aga;inst mean shear gtress for & life of 107‘
cycles showed that the safe range of bore shear stmgg decreased as tﬁe
mean shear stress inoreases providing that cyclic sqftenimg does not
occurs However there was no agreement with either push-pull or
torsion fatigue results plotted on the same graph, and it was suggeafhed
that the high preééu:e -rluid in contaot with thg cylinder bore may be
one factor which accounted for the discrepancy. . Another factor which could
provide a partial explanation was the magnitude of the tensile nommal
stress on planes of maximm range of shear stress, or simply ?he ,
maximum tensile stress. N |
" Prost and Burns ( 3| ) subjected 1.62 X ratio cylinders of

Ene25e to static integnal pregsure and pushupull fatigue along their
longitudinal axis. The purpose of the tests was fo investizate the
effect of Tellus "15 oil and mercury on the fatigue behavioure It
was concluded that at high enduranoes the fatigue stmngth was waffected
by either flnid at pressures up to 32,000 1bg/in? (221 m/n?). The
fatigue limit was re&uced with increased intemal pressure Imt thia was
due to the higher static strgsaes and not the particular pressure mediume

Thiék-wal}.ed cross~bored oylinders of 2.25 K ratio in 35,25 steel |
heat treated to thrée ultimate strength conditions 63, 83.5 and 112 Tonf/in
'(973, 1290 and’ 1729 }m/m were subjected to repeated mternal pmessure
by Crosslend and Skelton (32 )« The authors used a modified version of
the. testing nachine described by Austin and Crossland ( 27 ) and obtained
failms at 1ivés from 102 to. 10_6 cycles. At the fatigue limit 't;.he,v ‘ |
harder oylinders lasted longer whereas at short lives the aofter.aylin&ars'
had the ;rgatex.fatigua;reaistance.. : ?he harder cylinders were also
subject :bo aaﬁaatmphie fast fracture éﬁ failure and this 1ed the
authors to emphasize the importance of fracture dougimess of the

cylinder material and i‘racture mechanics analysis of crack propq,ation
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e for the safe use of high ptrength materials.

‘ . fustin et al ( 3% ) carried out a cémprehénsive‘ series of

teata .{nk the range 10341:0 1()5 eycles on open-cnded oylinders of a'gun

steel similar to SAE 4330 which had been heat treated to between 79

 and 88 Tonf/in® (1220 and 1359 MV/n°) ultimete tensile strength.

. The gylinder K ratios were le2, 1.5, and 2.0 and both smooth and

;'rifled bore sxaeaimens were tested. Teats were carried out on cyl:i.miers
vwhich had been autofre‘btaged ‘by means of an aversize swazing mandrel,

:and. also cylinders with chromium p}.ated boress The authors found that

' the ::eeults from different K ratio cylinders correlated best on the basis
‘of maximm hoop atress. Autofrettage was observed to inorease fatigue
 resistance more for Pifled than for Smooth ‘bore cyli.nclers and generally

| more improwrement was obtameé%\inereasmv K raticy Theré was a alisht

' reductxon in the fatigue strength of, cylinders with chromium plated bores. .
Jomaa and Tmn!d.ns ( 34 ) inv'estwatnd the low endurance i‘at:.a'ue
of ﬁex:y thiek-walled cylinders. The cylinder K ratios were 3y 5 and 7,
and the ‘materiai xused. fhi'mghout was E:nlA ateel. Thé specimens were fatigued

3 to ’E.n»:l.Cv4 cycles in an opennended condition by using a

in the rann-e 10
testing machine to reciprooate a sealeﬁ piston within the bore of the test
cylinder, Iost eylinders were tested at pressures above the collaspae

: pressuz-e and ther &fore consi.derable plas‘bie expansion ook place early

in the 1ife before a steady etate was reached but nevertheless the i‘ina.l failure
was 'by fatigoe. The authors propased a nmnber of mathematioal models to |
rapresent the shakedown of atress in the cylinders to a atnady state. Using :
these models with plastic analysis of the cylinder and cyclic sbress / atrain
data f.‘o:c the cylinder material 1% was possible to prediot the steady state |

| strai.n range, amd finally to predict 'bhe oyclic life from the Ixaneon-(‘offin Law-
' The pre&ictian of the experim@*bal msults was reasonabiy goo& although the

method,was complex 4for desigq purposess Jones and Tomkins were the first to
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present a 1031@&1 axiélyisis. enabling prediction of low endurance oylinder
‘lives from basic fatigue data, and it is sigxificant that no allowanoe was
.made in the anaslysis for the oil effeo‘b.

| . The first results of fatigue tests cerried out on fluid supported
: fbhick-wailed cylinders wereAdescribed in 3.968 'by Ilarvey and ngyel (7 )
'Soft' n25 stesl cylinders of ledy 1.8 and 2.0 K ratio were subjected

" 4n s special sub-press to repeated. mtem.al and external pressure. ’

A few monobloc tests were also reported for comparison. : itt was |
concluded from the limited evidence that the reduction in maxitmm tensile
hoop stress achieved in ‘bhe fluid supported tests had not .ini‘luencea +he
pemissable range of shear stresa. |

& review of failure criteria for the pulsating pressure fatigue
of thick-walled cylinders was presented in 1969 by Marsh and Haslam { 35 ).
- The review confirmed the uacx:imm shear atreas criterion at the fatigue
| limit but sugzested that a maximmn principal sb::ain criterion was more ‘
correct in the mortal region, Howevez* the authors also mention the
idea of using Gough's combined stress criterion in conjunction with
stress components which have been modified to account for the oil
. pressure effect. Ixperimentsl results of ,152‘ K ratio Ene26 cylinders to

: ﬁﬂsatmg pressure x{ere,also preasented and shown to be in;‘good agreement
with the :r:eaults of earlier workers. | | ‘

In a further report Has‘lsm (2f ) expreased. Gough's combined
stress criterion in prineipsl stress form, and proposed that the oil
e‘f»fecst should be represented b:} a sifiple function ( n D), vhere n iw
- constant emd p the fluid pressure, added to the conventionsl Lanie,hoop
gtress to give an 'eflective’ hoop stress which éhoul& theh be vusecl in
Gough's oriterion, It was argued that if the cylinder hore were protected from
the direct effeg{:s of the fluid pressure ihen claariy (n) must be zero.
The results of pﬁlsating pressure fgtigue tests on protested bore cylinders
of 1.2 K ratio in In26 steel were presented by Haslan® ( 37 ) in 1970,



and it was confirmed that the fatigue behaviour "oould in faet

be predicted from the rotating bending fatigue limit by use of
Gough‘ls oriterion and the simple Lemé priﬁoipal stresses. The best
value for the oil effeot factor (n) was found by analysis of all the
‘inown experimental results to be (5 /K + 1). Very good égreement
wa3 obtained between the predicted and experimental fatigue limits
for a wj.de variety of materials and K ratios. -

IR The_ fatigue behaviour of thick-walled cylinders in the low
endurance region was also investigated by Haslam 3¢ { 28 )»
‘Use was made of a simplified fracture mechanics approach on the basis
of the fatigue crack growth rate equation (1.1) mentioned in Section
1.2. By integ'ra’cing equation (1.1) the mumber of cycles (N) required
to propagate an initial fatigue limit orack throush the wall thickness
of the cylinder can be found. A vexry simple stress intensity fector
.‘ was used and thé governing stress assumed to be the effective hoop
stress determined earliexr by Haslamal( 37 ) which takes account of
the oil effest,  The faticue curves predicted by Haslam were in good
agi'eemenﬁ with his own experimental results for Bn.26, and also with
previous work by Morrison et al 2 { 24 ), and Austin and Grossland
{ 27 ) for ©n.25, Hylcro, and 0‘13’5 carbon steel over a range of K
ratios from 1«2 to 3.0+  Lesas satisfactory agreement was obtained
for aluminium aelloy DTD.364 and titanium cyii.nders results but
relatively few uxperir&ental éaf;& were available in the mortal region.
Haslam recommended that the method of prediotion should be limited to
repoated internal pressures below those required to csuse yielding
in the Boop direction ab the bores |

| In oonoclusion, there is \conaidarabxe' experimental evidence for
e maximum shear stress criterion of failurs for the high endurance \'
fatizue of thick-walled cylinders in duoctile mafeiials. A The rémgek

of shear stress at the fatigue linit is much lower than would be

expected from standard fatizue tests and the difference can be attributed

33.
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to the combination of the effects of mean stress and the high pressdre
oil in oontact with the borg. The importahee of mean stress was shown’
by tests on autofrettaged oylinders, compound cylinders, and cylinders -
with high minimum pressure, and the oil effect was revealed by rubber- | |
protecting the bores of monobloc cylinders. Tests have also shown that the
'magnitndé of the axial stress has no effects . The most satisfactory '
way yég found to predict the fatigue limit of monobloc oylinders from
standgid fatigue data is to employ Gough's combined stress criterion of
failurp in conjunction with Lamé stresses modified to account for the
, ol piessure effect and knowmn as 'effeotive! siresses. | In this way
. the oil effeét is quantified emgi:ioally but is~a§ill imperfectly
underatood. | | ’ ‘ |
Less experimental data are available in the lo# endurance fatigue
rezion and both maximum shear stress and meatimom hoop stress oriteria - 4
have received support. The stress ranges are treate& as purely elastie .
even beyond yield and no analyﬁis is normally made of the state of mean
stress, despite its importancé as a faéigue parameter. A linear elastic
fracture mechanics approach again using 'effective! stresses has‘resultgd
in good predictions of monobloe cylinder fatigue hehavioui in the mortal
xegion praVided the cyolic behaviour is praﬁqminantly élastic;‘ ‘hen
—cansideraﬁle yielding takes pleace aAfull Shakédown ahal&sia~of the - |
repeated étresa state and the applica%ian of the Mansun‘— befin Low

may be necessarys

Ob ;ctlves» d Prozramme of iorks
The broad objectlve of the work was to investigate the fatigue |
behaviour of fluid supported thick-walled cylinders over a ranze of
lives up to 105 cycless The particular justificatmon for the work waé
to provide design information on the feasibility and fatigue performance
of fluid supported vessels for semi-oontinuuus hydrostatis extruaion.
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} .The figure of 105 cycles was jud*ed to be an ecanomic life expectatian
| for an extrusion vessel and there was no intention to gear the investigatlun ‘
specificalxy towards a study of low cycle fatigue. Fluid supporte@
vessels have applications outside hydrostatic extrusion, and the fatisue
data from testing rluid supported vessels can be appliéd to dther :
prestressed vessel designs. In fact.a more neneral aim of the work
was to provide for the first time rellable fatigue criteria for a range
of lives and stress conditians of considerable importance in prestressed
vessel designe It was hoped also that the tests night throw gome

light on the little understood fatigue strength reducing effect of

high pressm:e oil in contaoct with the bore of a oylinder subject to
repeated pressure fatn.ﬂ'ua.

‘ ' Two particular designs of flﬁid support vessel were of interests
one with atatié external pressure and the other with dynamic external
pressure in phasé with the cyclic intenna; pressuree. It wés inteﬁded
that work éhould not oniy reveal the merits of these designs on the
bagis of fatigue but also on pradtical grounds such as mechaniocal
reliability and sealing @erformance. _ 7hile not & primary objective
4§f tha work practical infﬁrmation fxﬂm ﬁhe tests would be very valuable
to the designer concerned with high pressure fatigues. It was deolded
thﬁt this first ventﬁre into fluid supported vessel fatigue wbuld be
made at relatively modest oyclic intewrnsl pressures up to 50 Tanﬁ/in2
(172 MH/m ) with a material for which aonaidarable fatigue data including
thickewalled cylinder fatigue already existad, ngmely‘ﬁn.QS steel in the
Ysoft! 56 Tonf/in® (865 1V/n°) vltimate tensile strangth conditions

By 1imiting the pressuie conditions it would be possible %o-re&uce the

seale of‘ﬁhe test rigs and employ fairly simple components for end plates



outer vessels, and tie rods. Hopefully in this way fatigue failures
in components other than ‘the’ test specimens would be avolded. It was
decided to test cylinders in the ope#—ended condition\ as ‘bhié is the
most convenient arranzement for fluid support vessels and is of most -
interest in hydrostatic extrusion. | By using En.25 steel it would
be necessary to perform a minimum of ancillary tests as a vast body of
information was already available to assist in the enalysis of fabigue
regsultse |

Before testing could start & considerable quantity of test
equipment had to be gathered together. The programme of work was
divided into the following broad stages.

1i Design and builde (&) Fatigue press.

and  (b) Static high pressure pumping system.

2. Design and build.  (a) Dynamic support test rig

and  (b) Static support test rig
Arrange high pressure megsux;iqg gystem and recording system,
and means of calibration. | |
3+ Ancillary mechenical prqpeﬁy tosts on ¥n 25 materiale
4+ Patigue tests on monobloc, and fluid supported oylindera.
5. fnalysis of resultss | |

34
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GEAPT“Q Zo
THE FATICUE PRESS¢

2,1 Deaion Considerations.
' The overall aim of the present work was to develop principles

- on which the design of & hydrostatic extrusion production machine cculd
be*based. Vessel fatigae behaviour was to fom the hem of the work
but it was intended that in addition information on’ seal perfornance,
| ~hi.‘.@,h pressure instmmentation, and press perfomance would be gathered.
- It wasy therefore, important that the i‘at:.gue testing machine used in
the test work should ‘bperate in s manner representative of & ‘potential
pmduétibn machine. Such a machine would be 1ikely to operste at a
slow eycling rate and with a typioal eontainer life of :l,()5 cyoless
The first design decision concemed the maximum cyclic
pressure which the press would be required to gmeratec It was
felt that this pressuze should be in the range of 150 o 200 Tonf/in®
(2.3 to 3.1 GH/ %) for future work on Very ‘hich strength vesseld.
The simplest method of generatinﬂ pressure would be to reciprocate
a plunger within seals inside the test rig itself. In thj.s way the
‘number of components subject to fatizue would be kept to a minimum,
end a variety of différent testing designs could be accommodated.
 The maximum plunger load which- the press could be requireld. to
‘produce was the next consideration. If the plunger diameter were
very small then the press load and the scale of the pre;ss would
Also be eméll’. However considerations of buckling and the need
to lead electrical wires through the plunger led to a cmnprbmise
. minimum plunger diamoter of § in (9.5 m). The ninimm préss
l‘ capacity could then be fixed at 20 Tonf ‘(’199 !&i)'. This meent that
alloz»rino for 107 friotion losses a pressure of 164 "‘onf/in (2.53 "N/m )
could ba generated with a & in (9¢5 mm) diameter pltmgerc It was deoided



that in a simple testiﬁg a 1/2 in (12.7 mm)'working stroke would
suffice but for complicated rigs with internal movenents sucﬁ as
& floating liner rig 11in (25+4 mm)or more gould be necesqary. A
further requirement beyond the basio workinv stroke was the facility
%o withdraw the plunwer approximately 4 in (102 mm) to clear the
~ test rigs 4
| | Having established'the essential fegtﬁres of the pééss
the possible driving ayatems were reviewed. The choice lay between |
‘a meahanloal orank operated system and a hydraulio gystems The
main‘feature of a orank driven system would be a high cycle speed,
up to 600 oyoleé/min avéinét 60 cycles/min foi a hydraulic system,

but high spead would not neoessarily be an adVantave in the present
'application. For example e oyole speed of 600 cycles/min would
be quite unrepresentative of a hydrostatic extrusion maohine, and

: would dictate the use of a non-mibbing seal sudh 88 the Morrison seal,
E It was felt howaver, that the use of synthetic rubber geals would be
‘ 1nevitable in both the test rig and in a hydrostatic extrusion machine
beeause of their simplicity and ability to accommodate misalignment.

: A hydraulic press could easily provide the requirement
of loﬁg stroke oapability with a short working stroke, whereas~this
would be much more awkward to incorporate in a mechanical system.
yThé accurate maintenance of test rig oyolic pressures would be
affecfed in a hydrauliﬁisystem by variation in seal frictidn. In
é mechanical preés cycling with constant stroke aﬁplitude changoes
in tﬁe compressibility of the high pressure fluid with temperature
would also influence fhe nocuracy of the testins pressure. In
addition to a dﬁange in compress@hilify seal leakage would afféct the
pesk pressure if the stroke were fixed. It was felt that seal

friotion in the cylinder of a hydraulic press would stabllise

2y
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after a short period ef use and that the fnictional variations in
- the test rig aeala would be less significant than the cumpreasibility
?‘_and leakage effects in a mechanical system.
In ccnclusion the hyﬁraulic operated press had most to

- :offer for the test rig of vesszel desiuns for hydrostatic extrusion
"i'at high cyolic pressures and 1ives up to 10° oyclose

» The speed a&vantage offered by a orank operated mechanical

press would be both \mnecsessary and undesirable for this works A
hydraulic system could be construoted from oommerolally available
_aomponents, and would ramain i‘lexible it modx.fications or extensiona :

were neededs - TVery 8low or incremental prassurisation of the test‘rig
- for a buwst test|example ﬁould be an additional facility provided ’

b& a hydraulic pressQ“' | A
; 242 Construgtigg of the P;eaa.
a "l“ The overall layout of the fatigue press 18 shown in Fig ,2.1,‘-
' énd‘on the phutgraph Pig. 2.2. ' The press frame and hydraulic cylinder,
Vthe hydraulia valve 88Ty and a separate electrical oontrol cabinat
are mounted on & 1/2 in (12.7 om) thick mild steel table. The table
is supported by a welded ang sle framework whioh contains the ‘80 gallon
(364’11tre) oil tank and the hyﬂrauliq pump gear; - An electric motor
is flangefmoﬁﬁted tb‘the punps and exfends from fhe back of the unit,
A separaterbumj and motor’unit for suppiying and’fepienishing‘ﬁigh -
preséure fluid o the test‘rip'is mounted above the hydraulic valve
| 3ear in the topJ compartment of the press. . ‘
The press frame, which houses the rig under test, consiats a}-
;' '19 in. (483 mm) sq_uare x 2% in (73 mm) thick top and bottom plates beld in
position by four 2.1/2 in (63.5 mm)&iameter columns. - The apacina .
between the colums is 12.1/2 in (316 m) which umiw the width of

' test rig which oan be accommodated. © To ensure good paralleslism
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betggaen' the plates the columns were acscurately shouldéred’at each
- end,and variations in length betweeﬁ‘shoulders held within 0,001 in
(0.055 mm) 2 in, BeS.F. nuts looked in position on assembly ]
provide rigid olamping under the full press hoade The test rig . -
rests on the bottom plate end may be olamped dom if required.
The top plate supports and 1ocates the hydraul:.e cylindere The
aylinaer, which was custom built by “1an6. Engineerinw Cos Ltd.,
| is double ended with a 5 in (127 mm) bore, a 2.1/2 in (63.5 mm)'
diemeter hard chhomed rod top and bottom, and & maximm working
pressure of 3,500 1bf/in° (2441 W/u®)e A 1/4% disneter hole
thx;ough the centre of the rods provideé é pagsage for. eleotrical
leads oi’ for replez;i,shing fluid to the ‘;est rig if required.
The maximum stroke is 6 in (152 mm) and in the fully retfaotesi
position the 'dey}.ight between the front rod and the bottom plate
is 20 in (508.mm)s Two proximity switdhes are mounted on opposite
sides of t-h; tail ro&; on vertioal pillarss They may be ad;}ustéd
and: locked in pogition ags reqﬁimd.
‘2 ulic uipmentes |

) ‘ A graphical dlar'ram of the hydranlic circuit is shown
in Fir 2.3« The equipment was supplied by Towler Bros. Ltds and
aaaembled by'Rae and. utephens Installations Litds - 04l is supplied
to the syetem by awashplate pump P.Ve at a rate variable between
0 and 60 in3/sec (984 om3/sec) and up to a maximum system pressure
of 3,500 1bf/in2 (24.1m/1%),  The flow rete is adjusted by
- hand wheel extendinw at the side of the press._ Vane pump P.F.
provides a fixed delivery of 9 in3/ sec (148 cn’/sec) at 250 Ibt/in
(1724 KN/M ) for pilot operation of the main control valve Vele
Filter’ I*‘L 2. ensuraes the cleanliness of the pilot supply while
FLs1. f:.ltars the oil a3 it 1s returned to the tank. The oil
used is Shell Tellus 27, and a heat exchanger AE ensures that the

oil temperature is kept below 60°C.
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In operétion pilot preéauréxis supplied to ﬁoth ends
" of the main cantrol valve apool holding it in the neutral position
shown in Fize 243s Vhen solenoid tal is enerﬂised ‘pilot pressure
in exhéﬁé§9d~frnm that end of the spool and the epool moves ovar
" to the right toward 'a'e OLl then flows from PuVe %o the top |

; annulus of hyﬂraulic ram R.l. while oil trapped below R.l. ia returned
to tank. The ram travels downwards until the system pressure reaches
%he settihg of relief v‘alve Ve3e 0il then spills back to tank via

the check Valve Ve6. which oreates a baok preasure of 100 1bf/in

(689 Kﬂﬁi ) %o close the pressure awitch contacts P. Sele This
pressure switoh provides the signal for the reversal of the stroke

when oycling. At any stage of press operation the hydraulio preasure _
in the gystem may be read on the pressure gauge G.l. by pressinc the
‘1531ator button V.S.

‘ If the ram is to tavel up solenoid 'b? must be energised

 to éilow éilot pressure from 'a' to push the spool-aoross to the left."
ﬁEWevér,‘in ihiq césg the spool is‘restraiped bj an internal anti—aurge
piston from complete changeovér uhtilrfiuid pressure in the bipework and
- top annulus of the i&m hae dissipated ﬁhroﬁgh a small eiearancp to a
Avalue lower thap the pilot pressure. - The spool then moves fully
over and supply from P.V. iB direc%éd to the underside annulus of R.1l.
The rem will travel up to the top of its stroke unless limit switch

'L.S.i'is arranged to provide a signal to halt or reverse the ram at

' ,sOme intermediate position.

An adjustable stop is provide& on the main control valve
to control the gositlon at which spool motion is arrestea by the anti—
gurge piston. In this way the rate at which pressure may be disaipated
can ia»eontrolled {syB, feature of eans;derable importance when fatigue~

testing a pressure vessel.
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2.4 Repleniahing Pump. _ 5
The supply of replenishinv fluid to tha test rig is

prOV1ded by a Savery APP 349 Pump and ! xotor Set mounted above a -
5-gallon (23 1‘itr'e)’ storage tank. The pump can deliver at 10
vallona/hour (45, 4 dn3/he) and the delivery pressure may be
adjusted by a built-in velief valve up to a maximum of 300 1b£/in°
(2068 HN/iZ). A Vokes 10 micron filter ensures the clesnliness

of the £luid supplied to the test rige Sﬁell Tellua 27 wﬁs used

as the test rig fluid for the work describad in this report' The
delivery pressure, ;noraally 250 lbf/in (1724 W/i2) is indicated
-on a prQSSure ‘gauge fitted with eleotrical contacts and mounted ‘
 on the main Press Control Panel: The minimum contact is usqally
set at about 200 1bf/in2 (1379 K/i62). Having switched on the
240 v supply the pump may be atarted by pressing the white START
button on the contiol panele The button must be held pressed until
the pressure exceeds 200 }.bf/in2 at which point[a‘hdlding relay is
latohsd. If due to excessive'léakage or lack of fluid the pressu&e
fallibelow~2001bf/in2 (1379 kﬂﬁﬁz) the pump would automatically out
dut;ih l

25 Elecgfical Controls.

The slectricel control gystem was supplied as a custom
built wired up unit by'Brookhlrst Igranie Ltde It employs for the -
purposes of controlling the press a static switching syatem known as
'Bi-Statte In this system convenﬁional circuit devices such as
‘ ie1ayB and timers are~rep1aced by static units devoid of eleotrioal
ééﬁtaots, and in which limit switches are based on contgctless pr&ximity
elements. Auplifiers Qperated by this systen serve to energise the
‘ ééntactors or solenoids of the normal system. The‘life of the
static units is independent»of'tha unmber of opératiéns} eleaiiy
an advantage foriiatigue press operation. = A séhamaf{c diagram of

the control ci#cuit is shown in Fig 2.4P, This will not be described
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in &etréﬁ.:; but reference will “now be made to the following importaent
oontrol features. ) | ) |
. 1¢ A normally open proximity limtt ;vifch L.S.1. defines the top
“ reversal position of the ram.
2. A ﬁomallyéopen pressure switeh PeS.l, with conventional microswitoh
aonbtacis deiiines the bottom reversal positioﬁ of the ram.
3. A normally-olosed proximity 1init switoh LiS.2., deteots when
the ram overstrokes past the x__lor:ﬁal P.S.1. reversal posn_‘.tion; |
This happen when there is & seal failure, leakase, or fatizue
" failure in the test rige ,
4; A nafmall&-upen prassurs sﬁfch PeSe2, detects the malfunction of &
separate 'hj‘.gh pressure puniping rige ] | |
5; A T&tal Counter records the number of cycles from the stert of a
test. | - | '
6+ ‘& Preset Counter signals completion of a preset number of oycles by
closing of normally open contacts. ‘
7; A Thermometer Regulator indmates the temperature of the hydraulio
oil in the storage tank. -
To operate the controls the main isolator switch is
- first switched one A- The motor can then be atarted by pressiﬂg the
PMMP ON butbon and the -pumps will deliver oil which is directed by the
main control valve back to i:amk. The mairi sel)eotor‘ switdh may be
turned either to HAND or AUTO a.nd the corresponding z.ndicator 1ights
will illuninates |
. In HAND it is poasible to move the :cam by pressinw the
U? or bO‘VN buttons which energise the appropriate solenoids. Then
- the button is released f;he control valve returns to neutz'al and theAv
ram 1s rhalcl’ in poaition.. The control switohes L.S3, 1, L.s.z, Pm.l
and P.S;é; are all 'fully operatlonal in both mm and AUTO.
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Howevér, when'setting up it is sometimes usefuljfo overide L.S;2-, 
an& this may be dohe by changing the upperlselecfor éwitoh from
NORMAL to L.Se2. OVERIDE. if is impossible to cyéle the press -
unléss the seleator is returned to NOHMAL;'
‘ '  In AUTO two control buttons are in commend CYCLE START
and CYCLE STOP, Having fitst set L:S.1., L.S.2, the relief valve
V.3, and the'pump gpeed, CfGLE START may be(présSéd. Th§ TR
will then rééipfocate betwoen PeSel. and L.Sel. limits and will
continue to do so untilystopped by the operator or one of the
aut'omatic cut outs.,
| | ' The operator would nommaily halt the machine by
preésiﬁgAﬁYCﬁE STOP which will returmm the ram ts its t&p LeS.1
ﬁositicn and 1eave‘t£e pumps running. By pressing EIERGENCY STOP
o? PUMP OFF the pumps will euf out and the ram will stcﬁ immediatelys
# | _ Automatic halting of the press occurs under any one o§
a combination of the following circumstancest-

1. Ran ovérétrokeg = 5.S¢2. contacts Qpén,

2, Pﬁmping Rig pressure Taulty = P.S.1L~§ontacts close.

3+ Preset count complete =~ contacta close.

4. 041 temperatdre above 60°¢ - contacts opena

Two engraved indicator lights L.S.2. and PuS.2, are

illuminéfqd when either or both of these faults occur in operation.
The lizhte are held on after the press has stbpped so that thé
vopeﬁator immediately knows the osuss. hen the fault has been .
corrected the RESET Bufton is pressed’ﬁo switch off the‘fault,lights..u
2460 Preéé"?ébfor@gﬁcé. ‘ ' ‘ » |

Reference was maa; eaﬁliér to'the‘decompreésion‘faoility
of the main control valves This féature pro%idas a very impdrténf

control ‘on the press particularly in the situation when & pressurised



ooiuﬁn'of‘fluid aoting like a spring continues to offep a substantial
restoring forcé'on the returm stroka.  ilithout deoompression in the
" main valve the ram wonld retum at great speed and cause considerable
shock in the pipework, However, by adjustivthe decompression screw
.the‘réturn speedlcan be reduced to'match the down specede There is
still some ﬁinor shook when ’bhe‘ spool finally moves over completely
at & line pressure of 250 1bf/in” (1724 mc:/mz)f Tith a 5/8" (159 mm)
dianeter plunger this corresponds to an inlernal tesf fig pressurs of
. about 5'¥bnﬂ/in2 (17 Hﬂﬁﬁz). The effect of this pressure is to make
the rom speed up for the last sfage to the top Le3s1, position. . If
the workino stroke 6£ the plunger were small the time taken for tﬁia
last'stage in the return stroke would be of the same ordei as the
Tasponse tlme of the valve. In these clrcumstances the press runs
erratifally and the pressure will not raturn to zero every cycle.
The nroblem ia solved by inoraased the workinv volune of fluid in
the test vessels If a base pressurs of 5 tonf/in (77 MNVHE) or
more is spplied to the cyocle then thevproﬁlem does not arise.

| The only component in the system which gave serious
. tzouble was the pressure switohs Originally a diaphragn operated
- pressure switeh was fitted but the degree of wear and’intarnal
" dameze. auatained after as few as 100,000 cyclea often rendered
vthe swmtch inoperables . i ventually a Lockheed pressure switoh
of the sprznn loaded ‘plunger type was substituted and has proved
entirely- satisfaetozy, ‘
’ ‘»_ Variations in friction conditions ab the main hydraulic
ram and plunger seals ware not 6etectable prDVlde a period of warn

up allowed along with a short periqd(of running in st low pressures
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CHAPTER 3.

HIGH PRESSURE PUMPING RIG.

3.1 Desim Considerations. }

The basic requirement was to provide a seli contained, portable
and automatic means of generating a high static pressure which could be
deii.vem& to a test rig in the fatigue press. In spite of occasit)nai
mincrdleaka\ge from the test rig pressure would need to be kept constant
within say « 3% for periods up to 100 hours continuous runningze Using
commercially aveilable components the maximum ‘pressuré was limited to
200,000 1bg/in” (1379 1M/n’) for a hish pressure intensifier, pipevork,
end valve géar. |

-To generate this pressure the low pressure side of the intensifier
would need to bé supplied at 12,500 1bf/ 1n? (86 Im/mz)g This pressure
could be provided cither by an eleotrically drivem high pressure pump,
. or an air-hydraulie pﬁzp operated from lov pressure shop air or gas
bottles .. An eloctrically driven pump could run continuocusly and dump
excegs fluid throush a relief valve, or operate ‘intemittently as determined
by a pressure switohe Continuous running involves umnecessary wear and
tear on the pump and relief valve while intermittent operation has the
disadvantage of a laxge pressura-on pressure-off differentisl possibly
greater than * 3%, An alr-hydraulic pump would introduce increased
friction loss in the intensification system end this could be subject
: tot variations However, it was decided that an air-hydraulic pump
gystem was the better choice.

3s2 lf)ez:»zi:a:r.~i.g:c_,i‘tog~ of the Rige ‘ ‘ ,

A grophical diagx:am for the punping system is shown in Figs 3.1P
and & general view of the ﬁg is showmn in the photograph Figure 3e2.
The unit consista of a two tiemd trolley, the upper shelf

- containing the intensifier and associated hiszh pressure piping






5l

gnd‘fittinés, and the lower two ai;-hydraulic pumps, the control
gear and separate fluid reservoirs. Flexible high pressure hoses
conneot the two levels and the heivht of the upper shelf may be
adjusted to sult a particular tegting rig.

o The 200,000 l‘bf/in (1379 MV/m?) intensifier was
8upplied by Harwood Enwineerinv Co. Incs It has a nominal intensification
retio of 16 ¢ 1 & 4 in (102 mr) stroke, and a capacity of 1,22 in
(20 on’) strokes The 200,000 1b£/in® (1379 1M/A?) fittings and valves
were glso supplied by Horwoods = The two-air hydraulic pumps are v
identical, 'Olinair Junior' pumps with a nominal pressure ratio
of 244 1, a meximum working outlet pressure of 15,000 1b£/in2
(103VMN/ﬁ@) for 60 lbf/inz (414§N/ﬁ?) inlet pressure, and a delivery
of 0.31 in3 (5.1 om) ﬁer gtrokes The pumés with the control gear
and reservolrs were supplied by Olin Mathieson Ltd. 7

One of ﬁhe'pumps acts as'a‘d:ive pump on the low pressuré
side of the intensifier while the other serves as é charge pump on
the high pressure sides The charge pump is necessary to prime the
high pressure syétem,at;a moderate pressure, to reduce the number of
strokes needed to achieve a hizh pressuie, and also to drive back
the inteneifier at the end of its stroke.

' Referring to the rf:caphi.c:a;!. diagram Tig 3.1Pthe
operation of the rig ia gs follows. - “hen the vnit is switched on
the solenoid shub off valve V.1. allows filtered air at 80 1bf/in
(552 Kmﬁﬁa)‘to be admitted to the main air-operated control valve
Ve2e In its nofmal position, 25 shom in Fige. 3.1, V;Z“then directs
gir Qia a pressure regulator P.R.l. and speed control valve Ve3.

to the éharme pump P.l.  The supply pressure fb the charge pump
ie 40 1bf/in (276 mw ) snd the pump draws high presme fluid
from tank Tul. and delivers it at 10,000 1bf/in? (69 MW/A°) %o

’ the intensifier and high pressure equipment through check valves
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V.9. A. and B. . Esso Univis P.38 is normally used as a high
preséure flu.;l.d.. " The in‘bensifiéf piaton is pushed back and when
fully retracted the pressure risas sharply at the 6ﬂb.rge pumpe.
On the inlet side this preaaure is sufficient to withdraw the
1atoh pin L. and. allow the aetuator A to operate ponpet valves
Vede and Va5« At the same time the internel check valve of
the pump is unseated so that eny h:.r*h pressure leakaze can drain
back to tank./ Vo5 directs pilot pressure to the main control
. valve Tﬂ2., while Vi4e exhauste air remaining in jbhe charge Fpump
lines -
‘ V+2e now éireéts the air supply to the drive Vpump
N ;and\ to the unloader valve V.7, The unloader valve consists |
of a shut off iraive opeiated by the piséon assembly of an aif
hydreulic pumpe Adr supplied to V.T. 18 resulated by PaRe3e to
| 20 1b£/in? (138K5/) and at this value the velve can check a
hydreulic pressure of 35,000 1b£_'/:in (2410/#2) . When the charge
pamp ?.1. is in operation the val%re is not suppliéd with air gnd
71l allow fluid driven back by the intensifier to drain to banks
' The air to drive iﬁmp Pe2s passes through regulator

A ;P;E.Q' ‘and speed control valv'e '\f.6. . Pu2., drawing Shell Tellus 27

©.oil frcm regservoir tank .2., drives the intens:.i‘ier forward and

pressure is gradgally built up :;.n the system until the pump stalls.
At this point all the piston and friction forces are balanced and
'*ht\lehhigh pressure genera;t:ed. by . the ‘inten.sifier will be.nt')minglly, 4
16"x 244 = 3,904 say 4,000 times the regulated air pressure set‘t;ing
of P.;R. 2e o Clearly PaRe2s must be adausted with caution. The
in‘bensii‘ier ma'y reach the end of ite stroke before stall conditions

are establisheds In this case 8 probe extending into the intensifier
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. barrel will operate povpet valve V.8. end the alr supply holding the
actué%or, A, formard will be exhausteds- The Latoh Pin L. will
re—emage and V.4, Ve5 and Vo2 wi'll revert to their nomal starting
positions. Air is once again direoted to P.l., and the whole cyole
- will be ropeated until equilibrium pressure conditions are established.
A rupture diae assembiy is fitted to prctect the low pressure sida
of the intensii‘ier from pressures in excess of 15,000 lbf/in (103 MN/m
' . An additional check ValVe v.12 and h:l.r-h pressure relief valve

Vel3 were ;.naqrpora;bgd in the eircuit after difficulties with the flexible
hoses It was found that the hose contained such a large colume
of fluid that the charge pump I’.ls;‘ which is not fitted with an outlet
cheok valve, could not raise the pressure beyond 3,000 10£/in2 (2047 1N/m°).
Cheok valve V.12 overcans this problem but Tellef velve V13 was also
necessary as a aafety neasure against possible hig _,h pressure leakage
i‘rom V.9~A.

3 Hio cigure Lauipment | .

| | The supply of high pressure fluid to a teat rig is
controlled by two way angle noedle valve V.ll., Fige 3.1P An
identiaal valve V.10 can release the préssuré in the high pressure
syﬁtem ana tesf rig when required s.ﬁd_ allow the fluid to drain back
to Tank Telse The safety pf the ‘gqqipmgnfq*i_.s cateredv i‘of: by;ﬁigh
pressure gafety agsembly. ?his. contains a pin which will fail in
ahear at 200,000 1bf/in® (1379 1/n°)s  Altemative pins oan be ritted
to fail at lower pressures. Pressure measurement is performed in |
two separate wayse A manganin cell provides an accurate and permanent
re%:oi:d of pressure on the ultra~viclet recorder, while a 150,0001bf/ in°
(1034}@!/1;12) Budenberg Gauge givés a visual indication of pressure
and incoéporateé & pressure switgh P.S.Q., for the fatigue press.
The ‘pressure switeh conasists of a reéd switoh mo@ted on & perspex

arm pivoted at the centre of the Gauge dial glasse The am may be



_swang to any position of the disl and locked in position. ~ A small
permsnent magnet is atitached at the end ‘of ’?he poiﬁter which is
countéi‘bal@ced. ' The reed switch oéntacts cloiseﬁhen the pointer
magnet passes uﬁdemeath. Portunately almost all the moving parts

of the gauge mechanism are non-ferrous, and the prescnce of the small ‘
magnet has cmly a minor effest on gaura oalibration. The manganin
cell houseg a manganin coil and themocounle attachad to- teminals

in a screwed end plug. The coll has a 10;,.(2)4 mm) 1ong 3/4th (19mm)
diameter bore and acts &3 a high pressuré resexvoir to danp out éycls.c,
pressure variations.which ney be set up by e?_l.éstip deflections within
the test vig in fabigue. o

324 Sloctrical antgolé. |

‘The Blectrical controls are installed in a paziél at one

end of the pumping rig as can be seen on the photzraph Fi‘g{ 32 A "
schematic olrcuit diagram i shom on Fige 343 Initislly the reed
switoh arm on the Budenbers gauge is set to the required pressure.

The selector swit€éh is set to OVER‘EDE ond the START button is pressed,
.. The signal lanp will illumirete indicabing that shut é»i‘i‘~ valve aole:xéid’
V,l.'is eriér"iaeﬁ aﬂd the rig will start to operate by first charzing
tha syste*ft and then by drivinn- the preasure g:cadually hizhers Vhen
the requirel pressure is near prese'ure regulator P«R+2. should be
‘earefully adjusted so that the drive punp stalls when the pressure is
‘reacheds  The reed switch contais will now close and the selector
switch ma;,r ﬁe chanﬂed to IEOE&AI;. ' The external comnection from the
fatizue prese which is pluﬂ'r’etl in on the control pansl is now presented
with closed contacts a:ad ﬁ‘ze gatia'ue press mey be starteds, If during
operation the pumping ri pressure fell or rose beyond the reed switch
operatm:, band of + 4,0001bf/ in (22;;5 fm/mz) both the punping rig

and the fatimxe press will be imediately brought ’co a halt. Heither

‘ngy be re-st9.rted until the fault is corrected.
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DYNAMIC SUPPORT RIG.

4.1, P:%eliminm'nesi&nf COnéide_:ggtionsg .
,Tha basio requirement of the d,ynamiok support test rié )
was torgagmérate‘aiml“:anaous ~repeated internal and external fluid
pressures oﬂ."a hollow ocylindrical fatigue apeafgﬁen. In addition
the follo'v!mg features had té'be accoumodﬁtedt- '
1. 'l‘he ratio of maximum external ‘pressure to maximum
internal pressure should remain constant during a test,
but.be simply adjustable when required from ‘test to test.
2+ The axial stress in the teat specimen should be &8 near
ZOTO as possible to give true 'open-ended' stress conditions. ~
3 The intarnal and external pressures should be inter-
Mdepandent go that if 'leakage osours in one region preseure |
dammot be buﬂ.t up in the other unless the plunger over«-at::okes,
 which should imnmediately halt the presss |
4 E‘aoilitiea must be provided to measurement of internal and :
external pressures, énd for the replenishment of fluid during
the'tese. o | |
I‘ig. 4u1s illustrates a schematic method of fulfilling the
basio requirements. A plunger generatee internal pressure P{ which
is fed to a presauie reducers  The low prescure side of the reducer
then provides the ‘external pressure _5j>_?j, for the test specimens "'If :
1éakava ocourred in the high pressﬁre syatempo could not‘ be gmarated,»
and if 1eakaga oecurred in the low pressure system the pltmger would
- overstroke before any pressure oould. be bu:.lt up. The design of Figedsl
oould work equally well in reverse vith direet generation of extemal
pressure I’o and intensification to give. P‘ However, in practice
either scheme has the weaknesa of aubjecting compments of the rig to
more fa%igao—thm_the fatime conditions than the apeoimen itself.
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It wgs clearly nécassax'y to incorporate the pressure modifying

. system intemally such as in the designs put forward by Lengyel

and Alexander (Z) under the headings floating die and floating

Jiners  These desigzns were suggested as pogsible solutiona to

" the vessel fatigue problem in semi~contimious hydrostatic extrustion.

Adaptations. of the designs for dynamic support fatigue testinz are
shown in Figs. 442 end 4+3. (The floating die design has been called

floatinz piston in the present contoxt)s

In the floating piston arrangement, Fig 4.2, internal
pressure built up by the lunger acts on the floating piston to.
oreate external pressure Po. The nominal pressure ration is

given byt-

Po- = &,.
Pi B AZ- - A3

3
piston_ the ares A‘3 mey be chanmed and the pressure ratio altersd

By changing the tail dicmeter of D, of the floating
0.4 new valuce

-In-the floating linef ) design pressure built up(‘by
the plunger acts on the end piston which is rigidly attached to

the specimen. The whole sﬁecimcn = end piétori aséémbly noves

" domn to create external pressure Po. Once again the nomiinal

presgure ratio is giveiz bys-
’ Po ’=‘ A

~_' Pi. - ,A2-_A3

1

- which may be adjuste;i' by changing the’ end piston to a different

b3 diancter.

The test gpecimen in bobh designs has been indicated

as a hollow cylinder separate from associated components for ease

of manufafture and So that the other components are not replaced
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every test. However, this doss creste a sealing ﬁroblem at the
lower end ofvthe spocinen, and in the ocase of the floating liner
design a problém of attachment ofvmoving partss In comparing the
two?designé the possibility of fatioﬁe faiiure in components other,
then the test spec:.men is an .unpor’cant consiuera‘bn.on. The piston
chamber of Fyle2 is suhjeot to bendinﬂ fatlmue due to the repeated
pressure end load on the upper geal, te_re§sa~eé-%reseaee—£a%£~&e

ef—%he~ea&ﬁtbﬁhnﬂﬁd:rﬁb and to stress concentration at the middle
piston seals The end pistan of Pig 4.3 lS elso subject to bending
fatigue buf it ia posaibleyfof the construction o be relétively'

massive to minimise the stress levels. The floating 1inei design -

" has a smalier number of dymanic seals bub s the specimen iteelf
reciérocateé fretting of the specimen ab the seals may initiate
fatigue crackse This could probably be avoided by locally énlarging

'the outside diameter of the best specimah, in the region of the seals.
Tn fact it is common practice to design fabisne specimens with enlarged
ends and a central necked portion to ensure failure occurs in a region
of lmown stress distribution away from stress‘concentraitionso |

Considériﬁm the points described carlier the floating
liner design wes choSen on balance as the more attractive of the two
dealgns. The remainder of this sectlon will deal in greater detail
thh Speclflc features of the floatinw liner desmgn-
4e2 The Problem of Axial menslle Stressass

Feoking a floating liner sﬁeoimen as shown in Fig. 4.4a

- has one unfortunate aspects " The action of the external fluid pressure

on the annﬁlar area ;f the top end will introduce s uniform bensile

_axigl stress in the gauge length of the specimen glven by

o, = (P;?L-!&g) Po.

2
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The problem does not exist in a plain specimen or even in one

with an enlarged bottom end, but one possible design where an .
enlarged top end is retained&iﬁégig 4+4.bs By displacing thel
internsl and externél geals and sealing the outside diameter of
the specimen at the gauge diemeter axial tensile stresses are
avoideds This method was in fact adopted for the statid support
test rig but it is less aatisfaotor& for the dynamioc support'case.
As can be seen in Fig. 44+(b) both the specimen and the piunger are
gignificantly longer, and the plﬁngar has an increased unsupported
lengthe It was decided to adopt the necked design of Fig 4.4 (a)

with & D, diameter of 2+1/4 in and a meximum K dismeter of 24{{}

3
(5048 mm) but initially the test conditions and geometry would be
érranged.to ensure the axial tensile stress was always the intermediate
principal stress. 4 |
4¢3 Sealino and olampinz the specimen and end piston.

“The test specimen internal pressure can be sealed
convenﬁonany by an '0' and mitre ring as shown in Fig 4.5, but
the sealing arrangement for the external pressure is more difficult.
A face seal between the specimen and end piston would be an unsatisfaotory
solution as very high separating loads would need to be contained. Zven
the simple iédial t0' rins shown in Fige 445 could result in significant
separating loads due to the imperfect squareness of the corner of the
specimen at the Jjoint. Thus somé clamping pressure is needed between
the components to prevent intrusion of the 'O' ring. This clemping
pressure oan be arranged very convenlently merely by increasing the
diameter of the lower end of the specimen as in Fig 4.5 Providing
an initial low pressure olamp and seal is arranzed them as Po is
built up a olamping load of Po%: (D;' - D;) is automatically applied

to the joint face giving a clamping pressure.
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Po = Po DE
- 2
Dg -D3

CIf Dy 2 D, then R Po and under éhése conditions the joint 1is N
enfirély self-sealing and no. 1ot ring is needed. - - HawBVer; in
praotioe it was decideﬂ to- retain the o ring beoause of ‘the
'diffieulty of providing reliable low pressure seal.

_Desizn Details and Devélopment of the ‘
4.4‘1¢ Outer Vesseln
\ , The outer vessel is a monobloe eylinder of EN.30:B--
" Steel 8 in. (203 mm) outside diameter, 3 in: (76 mm) bore and 8 in
(203 mm) high heat treated to 100 tonf/in® (1544 1W/n°) U.T.S.
A 34n (76.2<mm) plain bore is necessary to‘accﬁmmodate the

‘,hydraulibugeal aréund the sﬁeoimen uppér diemeter of 2.1/4ﬂn(57;2 mm)v

As can be seen by-reference to Fig 4.6Pth15 arrangement ensures that
the fluctuatinv end load is resisted by. the end plates rather than
by the vessel itself. The alternative of housing the seal in a

groove cut into the vesael bore was considered less favourable

o from a fatigue point of view because uf the inﬁroduction of stress

raisers. The bore of the vessel was honed and polished to a surfaoe
finish of 3 to 5 ﬁbin.(0¢075 to 0.127,Lm) C.L.Ae to improve its

fatigue resistance. The pressure to yield the bore of the outer

vessel is about 34 tunf/in2~(525 MN/m2) 11,;:ﬂ.7“ . end

under ideal conditions one can be confident that this pressure could

. be repeated fbr abﬁut 105‘cybles at the most. - Hoﬁevér; as‘ﬁhé veséell
‘must be sure to outlive a nuitber of tests of 107 eycles ehdnrance a
> more conservative pressure linit of 25 tonf/in (386fﬁmﬁm ) has been
set. This 1imit could be inoreased by autofrettagi;nu the vessel if

necessaxrys -
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404:2, Tnd Plates,

| The loading on the end »;platesls_doﬁsisizs‘ of two elements,

firstly the internal preéswe (PL) mcting on an anmxiar seal aresa “/{ |
of 0,48 1n® (3.1. 2), and secondly the external pressure (Po) acting
" on an armular seal area of 3.09 in (19.9 cmz) The faximum Po =

25 Tonf/in2 (386 1/n°) and if the maxtmun Pt = 50 Tont/in? (772 1/n2) -
the total end load is approximately 101 tonf (1005 Ku), The end plates and
closures are all made from 100 Tonf/in (1544 Mﬁ/m ) U.T.S. EN. 30B, smd )
' the end plates are 12.in (305 mm) outside diameber x 1.3/4" thiek (44.5zm)
while tﬁg top,; and bottom endvr;“rxg 5 in (127 inm) outsids diameter x 2 in (50-8nw)
thick. The maximum béndiri« stress in the. top end plate, which also has |
a 3 in (76.2 mn) diemeter central hole and is the more highly stressed
camponent under a 100 Tonf/ (996 KN) .end load can be caioulated

approximately as 33 'l'o:nf/in. (510 I-m/ma) at the ihner edge .
L . . As the Goodman relationship indioafeé that even &
txansvé;ee specimen of IO(')»"i'oﬁf/_iz}z (1544 ;m/mz)' UsT.Se EN.30B c?.n
withstand a .repeaféa'bendiﬁé stress of 0-54 ton:ﬁ'/.m2 (0-834 107/n?)

the plates should be quite safe whether prestressed or not. However,
 when the whcle assembly of vessel end plates, and tie rods ia considered
prestressinu d.oes become important not only to :Lnoreaae i‘a.time
‘ resistance but ‘also to minimise deflections and- preserve the riglidity
) of the asse'nbly undex load. ‘
— i 4.4.3. Preatresaing the Assemblx
o \ . The principles of prestressinv against fatigue are well
knom ( 13) .. and can be applied; atraight fordwardly to the test

ri-g assembly'.' -Pregtressing achiaves 2 ‘reduotic;n in the amplit{xde of

the fluctu’atinﬂ tenéile SR loadinu on the tie rods at theexpmse

of introducing a fluetuating compressive load in the vessel itself. . " '

If, after prestressing. a wurking load P is applied to the ‘end plates
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the proportion of extra load applied to the tié rods is

Pl - 1 P.

(1+ %—— )

Where K_ = oharacteristic stiffness of the vessel,
“and K, = characteristic stiffness of the the rods.
To minimise P, the ratio K /K must be as lerge es possible. It
should be noted that the prog»értion Pl/P is dependent only on the
stiffness ratio of the oompoﬁénta and not on the mégnithae of the
initial preload. '}',’here this does not have a hearing is in the
magnit;ide of external load whia'sh can Abe carried without s'epafation
of the ,jo:l.nf faces. This condition is given by

. P =1 :%L__ ) Q
WYhere Q = preload, v ‘
If separation takes place the tie rods are subjected to a greatly
. increased rate of 1oad.in;.r_,,r which should be avoided. Unfortunaizl y
to maximise P for a given Q the ratio Kt/Kv'; must be as large as
possible which conflicts with the ‘previous requirement for minimum
tie rod loadings However, because of the seriocusness of dynemic loads
iﬁ.?ractice it was decided that the preload Q should be at least as
great as the maximum antioipated external load P max and that K_
should be much larzer than K £ . The evaluation of Kv and Kt is
complieateﬁ by the effect of the end plates and closures which act
partly as the outward tle rod load transmitting system aﬁd. partly
as the inward load transmitting system through the vessel. As am
approximation __tha‘ end closures are taken @6~ with th_e vessel as the

inward load transmitting system and the end plates with the tie rods

‘a3 the outward load transmitting system.
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The meximum antioipated extemal load has already been established
as 100 Tonf/ (996KN) and the. preload should now equal that figure,
that is the six tie rods should each carry a preload of 17 tonf (169 KX),day.

iaking a stiffness ratio K v 5 " - . one sixth of

an 100 Tonf (996 KN} applied ememal" load is taken by the tie rods that
15 1647 Tonf (166Kﬁ) “total, or approxinately 2.8 Tonf (26KN) per tie

rode The tie rods threads are 1.1/4" B.S.Fe and & fluctuating load
of ¥ 1.4 Tent (14 KN) produces a core stress of £ 1.5 toni‘/in

(< 22 M¥/n%). In fact for material of 60 = 65 Tanf/in (927 - 1004
©M/m%) UL T S. chosen for the tie rods a ﬂucmatmg gats.gue 1imit of

¥ 3 Tont/in® (X 46 l'iN/m ) can be expected ‘“_;V;_::;; S (13 |

* so that even i‘or ‘maxtmun load conditions we have a safety factor of
4ededs Tie Rods and 'Hzarm_lga Huts. | |

The siic tie rods are of 1.1/4" in (31.8mn) diamater S.97
sﬁeei‘{:hréaaaa 1.1/4" B.S.F. &t the endss The hresd mun out is
carefully relieved to minimise the stress eoncentrations. , "

The nuts, also of 8.97 Steel, are spherically radiuaed.
and;‘pefar on matching lapped geats in the ezjxd plates. Oripi.nally
twelve conventional nuts were i‘itte& and these were tightened in
‘ sequence by long arm sPanners. | This turned oﬁt t0 be vex"y laborioué
and one could never be confident about either the mag'nimde or the
unifomity of.‘ the preloads induce&, " The top six nuts were consequently
rep}.aced by hydraulic nuts marketed by G.K.Ne. Ltd m:der the Trade Name
I’ilgrim (A pun’on-the neme of their invenor Mr. T.UV.Bunyan). The
body of the Pilgf.x:im nt is threaded intemally as usual but a deep
annular wroove is rmt into the ‘lower face of the body to take a hollow
rubber 'O rings A hydxaulic connection into the oY inn' is p:covided
| frox;z the foi))face of the body. A sepa;cate piston plate engages in the
“ groove from below against the '0' ring and provides the bearing surfice '



for the nute Initially the assembly is tightened suffiolently

to take up the slack in the system by hand or gently with a spanner,.
Hydranlic pressure supplied to the 'Ot ping then separates the mut
body and piston plate thereby tensionixig the tie rods To lock

in the pretension shims are inserted in to gap between body and
piston and the hydraulic pressure can then be releasea{

_ ' The six Pilgrim nuts are ga.rgge_:d. together in series by a
 single high pressure supply line from an S.K.F. Nos 226400 hand -
operated oil injector which can supply up to 42,000 1bf/ in® (29G.m/m2)
fluid pressures The Pilgrim nuts ave of Fn 16.T. Steel designed for
& maximm £luid pressure of 30,000 1b/in® (207 1W/n®) which acts on
a piston a.rea.of 1.3’?5 in® (8.86 m2) to give a maximum preload of
18.4 tonf (183 KN) In fact 28,000 1bf/in® (193 MV/n%) is sufficient
to generate the required preload of 17tonf (160 KN). Initially

a pressure gauge is used during pretensioning so that the correct.
shim thickness for the nuts could be establisheds It was found thab
bendinzg of the pia'te had cfea’aed & non uniform gap and tapered shims
varying from 0.040 in (1.02 mmn) at the innermost point to 0,047 in
(1+19 nm) ab the outermost point had to be made. To save unnecessary
ptmpingvé ‘set of thinner shims was also made for rélatively low
pressure tésts where the maximum preload was not rTequired:,

dedede Fretitinge. |

' A One of the troubles experienced eaﬁly in the developuent
of the rir was severe fretting of the contact areas between the ez;d
closures and the outer vessel, and to a lesser extent between the end
plates and closures. Initially this was attributed to the rather
inei‘féotive prestressing aﬁhieved by spanner tightening of the tie rod
nuts. It was thought that rather large relative movements were taking
place between coﬁtacting surfaces under load. In fact with hydraulic
prestressing and higher contact stresses the I‘iettin; was worse gnd

other remedies were sousght. IHolybdenum disulphide zrease had no
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effect and the use of a soft packing material such ag P.T.F.H. layer

- was unéoceﬁtabie because of the reduotian in atiffnens K which would

result. However, tinning the contacting surfaces with Fry's K. No.90
aolder Paint at about 200°C and wip:.ng the ﬂux and excess solder off
with a tilsue proved entirely satisfactory, and. fretting was eliminated
for a considerable period of use. . . Eventually when the tinninc wore
thin the process could be repeated, o |

| 4+4.6. Disnlgcement Problemg,

‘ I‘ig. 4.7 shows in az.mplest detaz.l the bore of the test
specimen mth a core tube, the pressurising plungex and the seal. At
stage (i) the bore is full of flwid and the plunger is at the top
position. Stage (15.) shows an ima.gmary situation where the floating
" liner assembly has been pulled down to a distance ’a' to create the
‘ oorreot external prasmme, and the plunfrer has merely followed to

| naintain the initisl entmpped volume of fluid without generating any
internal presaure.: | '

_ Thus the pl\mn‘er displacement b = 0.785 & = 2. 57 a (4.1,
04305 .

At stage (iii) the plunger has”moved s further distance 1/3 taken to

be the displacement required to generate the correct intérngl préssure-

Thus t(ot‘ai plunger movement C = L + 257 ae (4.2)
the distance de = 2aL. = 1.57 & O | (4:3)
| 3. " o ‘
therefore 2.l 3 1.5Tefe o (4a8)
3. '

The analysis gerves to highlight & number of important points. . Firstly
as the plunger campansatinw displacement, b, is over 2.1/2 times the
assembly displaeement, ay the laﬁter must clearly be kept to a minimum. ‘
Bquation (4.4) indicates that for a given value of g & certain minimum

internal length L is essential to avoid bottoming of the plunger, and
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the normal procedure of shorteninz L to reduce the plunger stroke
ocan not be followed. In operation a further constraint may be
necessary for the reliable actuation of the overatroke limit éwithg\ ’
that is the total stroké,g mst not exceed_;; This is to ensure
that if there is a leakage and no intemal pressure is built up

the plunger can not force the assembly downwards undetected.

Thus from (4e2) 1YL + 2.5Tsae oF 2eL5y 245780 4 " (445) -
) 3n 3. ’
or if & specific differentisl e is required
| 2L = 2.5+ e - (4+6)
3. : '

As an example consider an assembly displacement & = 0.5 in (124 Tmm)
and a differential & = 0425 in (6435 mm) then from (6) L = 2.3 in (58.4um)
and the working stroke of the plunger ¢ = 2,05 in (52.1.m). Only by

reducing the plunger displacement can this stroke be reduced to a more

‘acceptable yalue.

It was with the above considerations in wmind that at one

‘stage during the development of the rig mercury was tried as an external

workihg fluid. prever considerable difficulties in hagdling, and in

sealing the inlet check valve led to the rejection of the idesa and a

return to hydraulic oil. One possibility would be to use rubber as

the pressure transmittinzg medium, but because of oonsidgrable doubt as
to.the integrity withlwhich rubber coulé transmit pressure hydrostatically
this was not explored.
4efdeTs Sealinz between specimén and end piston.

Mention has been made earlier of ﬁhe gelf clamping action

between the test speocimen and end pieton. However in spite of thia in

. the practical design of Tizs446 it has been necessary to use an '0O' ring

and claping aleeve to give favourable low pressure conditions. The

sleeve is a substantial component and has the disadvantage of riding up

7|
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‘and down with the specimen and. piston in operatipn. : Alﬁhéu;h it
takes no part in pressurisinw it nmst hava mhmdered passage thrmxgh
the fluid thereby reducj.na the effioienoy of gxtemal pres:aurisa‘bion

" and increasinz the woﬂcing stroke of the ass’embiy; A seﬁm attempt
‘was therefore made to attach the test specimen and. end piston together
" without a sleeve. Theoretioally Lii‘ the two a@pmmts were @lued |

together sufficiently strongly to resist assenbly loads ‘and provide

-an initial seal they would’ continue to seal and hold 'bosvether in

operati.on. o o

o ”' Araldite A.ﬁ‘i-, a high strength'hotasetting épéxy
adhesive, and Lootite 307 hiuh tensile adhesive, were both tried

‘with limited succesas The aggemly would operate satisfact;orily for
a few ﬁundred cycles and then the bond would fa:!; and the componemte
a‘epaﬁate. The anly explanation for this seemed to bs poésible'severe ‘
’oending stresses on the Joint due to misalignment or lack of eonoetntricity
which fatigued the join’a after a relatively small number of ayoles.
Solder:mc, of the two c.omponents with Pry's K No.90 Solder Pas.nt was
also tried with little more success ﬂmn the adhesives, although one

test did run to over 2,000 oycles before the bond failed.
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CHAPTER Ge '
STATIC SUPPORT RIG.

5.1 I’raliuﬁ.nagg ;@lcdnisidergtiohsg‘ '
| " 'As in the chapter describing the dynamic support- rig it is
: appropria‘he to define ‘at the outset what is required of the static ‘
support rige The main requrement is to subject a hollow cylindrieal
~épecimen to i-epéaﬁéd' internal fluid pressﬁre and a simultsneous constant
external fluid pressures Open-ended conditions are required and thus
the axisl stress in the specimen shm;.ld be as near zerc as possible.
Also the ma;gnifudé of the extemal pressure must be adjusﬁable from
test to fest. This i8 a relatively simple matter if the external .
pressure is supplied from a separate finely controlled pumping source '
but electrical interlooks will be neaessary to emsure the system fails
safe, It is possible that the external pressure could be generated -
autOmaticallj within the rlg as in the dynemic support rig; and that
the pressures could be interdependent. In that way internal preas{ire
could not be built up. unless the correct external pressure was present
&t the same time, and the system inherently fails safe. To put this
into practice in;ralved“two dohsidéfationg. Firstly, the maximmum
intemal pressure must reath balanced equilibrium with the statio
external ‘pressu.re, and secondly, a check valve must be provided to
hold the eﬁterﬁa}. pressure constants The first requirement is met
by either the floating liner or floating piston designs mentioned in
Chyapter 4, but the seoond could not be applied to the floating liner
and only with oonsiderable difficulty to the floating piston.
An interesting gelf generating static support vessel has been
sugzested by Prasad (39 ) and is shown in Fig. 5.l As the plunger
atfokéa downwards for the first time pressure ie.built up equally inside

and out because of the radial check valve drilling. Vhen the plunger
o ' {
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FIGS. 5.1 AND 5.2 SELF GENERATING STATIC SUPPORT DESIGNS
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seal passes the drilling therexternal pressure is held by the cheok
valve but the plungerroan contimie to build up to thd required pressure.
Thus the position of the radial drilling wifh raspect to the stfoke of
the plﬁnger determines the extornal pressure thqt can be bullt up.
Unfortunately this desion is seveiely handicapped by practical
difficulties and will not strictly fail safely. |

'bﬁe gelf genersting static support system which could
have practical spplication, althousgh not for the test rig in question,
is shown in Fig. 5.2. The static external pressure is simply equal
to the maximum repeatéd‘internal praessure an& uleariy success will
depenﬂbu@on thé fatigue life under thése ecirounstancess Enaugh has
hnow been said about self «eneratinp static support systems to indlcata
that for an effeotive test rig masort will have to be made to an external
preasurising systen. '

The introductio:n of the pressurised fluid to the test rig
from an external eauroe may be achieved via the end closures or through
the wall of the outer vessels The latter method was chosen for simplicity
and in the knowledge that the outer vessel althoush weakMlby a redial
drilling would be adequate for a seriesbof teats 5n 11%» 25 specimeng,
5:2s "limination of axinl stregses. |

?ortunaxely in the.present cage it is pousible to eliminate
with confidence all axial stresses in the central gauge length of the
test speoimen, althouszh locsl axial stresses will be éreéent in the bore
at the seals due to the pressure disccntinuity. Fize 543 shows three
» alternative specimens and sealing arranwements, all employtnv the simple
principle that at least one end of the spscimen must be sealed on the
outside at the specimen gauge diameters ,Fuﬁotionaliy'jﬁst one end treated
-in this menner is sufficient Qé ih‘Fig. S5e3e8+y but a more favourable

design is possible if both ends are so arranzed a9 in Fige5e3a(b)s
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FIG §.3 ALTERNATIVE SEALING ARRANGEMENTS
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~ The bore of the outer vessel can be smaller end end loads reduced.
The initial specimen design followed the arrangement of Fige Se3e(b)
althouszh the finsl design was & plain 'oylinder 23 in Fig 543» (c).

It will be noticed that the external and internsl -seals are displaced
so that radial d,isplacemen’cs.due tq the repeated internal pressure

have less influence on the exiernal scals.

5s3e Degiom Details and Development of Rige

5.3.i- General Fegtui:es;
* Fig 5.4Pshows the general arrangement bf_the static support

rigs The end plates, tie-rods, nuts -and method of prestressing are
common to both static and WG rigs, and the reader is referred to
section 4.4 for further details. |

De3s2e Cuter Vessel and Support Rinf.r;. :

The outer vcssel is a monobloc lootonf/i.ﬁz (1544Im/m2)

UeTeSe En 30.B. steel cylinder 6 in (152 mm) diameter (outside), 2 in
(50,8mm) bore, and 6 in (152 mm) highe A 1/16th in (1.66 mm) diameter
radia}. drilling penetrates the wall centrélly and is countersunk at the
outaide to accept a standasrd ﬁigh 'pressur_e olive, Care was taken to
radius the intersection of the drilling with the main bore to minimise
the stress concentrations The working life for the vessel may be taken
" a8 an extreme case of low cycle fatigue, say 200 cycles at the most.
Crossland & Skelton (372) found that closed ended En.25 oylinders

2,25 K. ratio heat treabed to approximately 100 Tonf/in2 (1544 rm/mm‘?)
UuTeSe with two 5/32 in (4 mm) diameter radial.cross bores withstood &
repeated pressure of 40 Tonf/ in® (618 1m/nm ) for 200 oyoles. The
intersection of the oross-bore was not radiused and thus in the present
~case _ sone could reasonably expect a repeated pressure of 50 Toni‘/in
(772 Im'/m ) say to be contained. | | o

The smport ring is of Tn.8. steel, 8 in (203 mm) outside
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 diameter, 2.3/4 in (69.9 mm) high, end is a close sliding fit
on the outer vessel. “

- Be3e2. External Pressure Variat;on.
' Elasti.c displacement of the outeside surface of the

test apeci.men due to the repeated internal pressure imposes a
pregsure fluctuation arou.nd the desired static external pressure-
'Th:.s can not he tolerated in a rig devoted to earerul work on |
‘fa'binue although 1t might he quite acceptable in practical ‘aituation.
”here are two obvious golutions, firstly, the external fluid volume -
canv’be increased, and secondly, o very compressible i‘lu:.d osn

be usede Little can be done aboub fiuia cmnpressibiiity ﬁecause
" of the n'eed forﬂspeedy pumping and the safety of the apparatus, and
Esso Univis P.38 was generally used. The external i‘luici vplume

was enlarged considerably by inclucliﬁg a long 3/4 in (19.1 mm) bore
vesaéi in the high pressure supply line from the pumping rige In

this way pressure fluctuastionsure kept below b 5ha

/-y



_CHAPTZR 6,

PRESSURE, MEASURRMENT . AND TNSTRUMENTATION.

6s1,:tiagsurement of Hizh Repeated Pressures.

In the earlier chapters dealing with the dynamic and
static support rigs réferance‘was'made to manganin gauges for internsgl
and external pressure measuremente The intention in this chapter
is to present a detailed account of the %eohnique of pressﬁré measurement
using & mangenin gauge and also to assess the alternativé'meﬁhbds of
pressure measurements and indoiaste the reasons £0r preferrihg the
manganin gauge methods A recent review of high pressure measuring
~ devices by de Malherbe and Firth (40) lists the following three available
methodss |
1; dead weight gauges, 2. elastic deformation gauges and 3. gauges
whose electrical resistance is affected by pressure. Little attention
is gziven ig:the paper to the important question in the p;esent wbrk of

thefgtigue performance of pressure gauges.

TS T D‘egg Toirht Gaggés.

The dead weight gsuge is a primary standard and as such is
essential in any high pressure lsboratory. However, it is striotly a
static instrument and not applicable to the dyﬁamic pressure conditions
in the fatigue test rigs. Tawdett (4) ) hes proposed using a
sensitive dynemioc gsuge, in conjunction with a dead weight tester to
. measura vaﬁying preésures; but to lead the dynamic pressures from the
test rig to the dead-welght tester would involve subjecting components
of the test rig to more severe fatiéue conditions than the test specimen
iﬁsélf. It is this last faatog which also elininates maﬁy of the

‘elastic deformation gauges from further,oonaidération.

19
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6.1.20 Elgstic Deformatioﬂ Gauzes,

Elastic deformation gavges are ae‘conda.ry measuring
iﬁatmmeﬁte; and include the Bourdon gausze, a vessel which has been
s{:réin gauged, end the bulk modﬁlus cells The Bourdon gauze contains
a flattened or elliptical tube formed into & spiral, helix, or 'C'
shape, which tends to straighten ﬁnder pressure. If is & robust and
reliable instrument up‘ to as much as 70,000 1‘bf/:.!.n2 (483 mr/mz). However,
under fatigue conditions ¥ason (4—2) has shown that the life is
sevqrely limitede The eooentrio;-tube type of pressure gauge 18
ginilar to the ﬁourdon tube and may again be 'C! shaped or at higher
| pressures straizht. Pressures up to 200,000 1"bf/in2 (137‘9 mx/ma) are
possible although not ﬁnﬁer fatigue conditions The simpliclty and
reliability of a B§urdoi1 type of gauge 18 very attractive and it may
be used in a repeated pressure fatigue rig provided the gauge is isolated
from the repeated presaure by a check valves In this way the gauge
reads only the maximum pressure of the. cycle, and means must be provided
for bleedinrr-off high pressure oil occasionally to re-oheck the
pressures. This prinoiple was used by Austin and Orossland (27)
for répeated pressures up to 40 Tonf/in (618 MI\T/m ). The check valve
block clearly needs to be carefully desisned and fairly massive to avoid
fatizue failuress This \w;:ulld be' eﬁ:remel} diffioult to accommodate in
the fluid support test rigs and would be a certain trouble-spote  Also
the method was unacceptable on the groxinds that ﬁ‘ cdmplete‘reoord of
© rising and falling :l.ntern‘al and external pressura was obnsidered 'easént_ial
for a fatisue machine. | | |
The Bristol repeated pressure fatigue machine (22) uses
a different type of elaétic defﬁmation zanzes A strong thick walled
‘oylinde‘r which hae been externally strain gauged is assembled in series
with the\ test cylinder and is subject to the same repee;ted pressure

conditions. The strain gauge output gives a secondary measure of pressure
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once the pressure meaauri-.ng. cylinder has been calibrated agaihai; a
dead weight tester. The method has been very successful and = 0,55
N accuracy is olaimed, but olearly '.the method is limited to fairly low
pressures where it is still poséible for a monoblos c¢ylinder to have
infinite 1ife. This could not be said of fluid support test rigy and
‘the method oan not be considered viables One possibility as far as
méasurement of exteiﬁal pressure is concerned wouid be to attach strain
vgauges to the outer dismeter oi“thelcutar vessel, but as the vesscl
is 80 massive signals would be low and if the vessel became autofrettaged
measurements could not be relied cxn over a long pe:;'iod,
| Hanning (2)) has suggested that strain gauges could be

installed in the bore of a thick walled clcsed ended vessel which entergs
the high pressure environment 86 that pressure is exerted on the outside
surface. The strain levels would be larger and fa.tgue 1life much improved
“but the same limitations apply regarding autofrettage and space consumption,.
Another possibility :!:.s to attach strain'gauges to the boré‘ of the outer
_vessel or test oylinder within the fluié. pressure environment. The
main theution to this is in the difficulty of maintaining an effective
strain gauze 'bond Q\fer long ﬁer;lo&s, in a dynamic fluid pre‘sAsure-
enviromﬁeht. Pressure oo:hpeneatiéh of the strain gauges is necessaryr
and Kudo and Nakane (43) have shoﬁn thaf; this becomes a complex
jpro'oe'd;me only auitaﬂle for stafic conditiona. |

‘The bulk mc;dulua cell described by Newhall & Abbot (44 ) has
the advantage of :i'obustnesé and a good £atigue 1life could be expected.
A hollow cylinder, closed at one end and open to the atmosphere at the
'othei end, is installlad within the véssél and the va;pplicatipn of pressure
“to the "outside‘s‘urface of the o'ylinder‘ ‘Q'ausés‘ contraction. - A central

probe senses the movement to give a secondary measurement of pressure.



ge

(Typically for 100,000 1b£/in° (689 Mﬂ/h ) external prassure a 2 in.

(5048 mm) long oylinder contracts 0,003 in (o.o7§ mm) . ' Although the
gauge had the mdvantage from a 8atigue point of view cycling in a
edmpréssive régime,‘the‘méximum‘préesure will be seve;ely linited if
~plas‘bic oyling is to be avoided.

6:123. Electrical Resistance Gauzess . |
h ‘The last class of pressure gauge 18 that of the res:.stance

gauge sensitiva to applled pressure¢ The manganin coil is the best

Imown example of such gauges and was used extensively by Bridgman (45).
Manganin is a generic tem used to desoribe a number of copperumanganese-
nickel alloys used for hirrh quality precie:.on resistors. A typloal
composition is 835 Cua, 13% n, and 4% Wi, The material is chosen for

its éxtremély‘low temperature coafficient of resisténce, high resistance .
'*atability, and low thermal ee.m.fs with respect to copper. As far as h
hizh pressure work 1s caﬁbefned mﬁnganin had the added bonmus of providing

a large positive pressura'coefficient of resistance 380.10"6 pexr f§h£/in?v
(24-7.10 perlﬂmﬁn Ve |

The idea of usingy manﬁanin as a pressure wauﬁe Bridgman attributed

to Lisell (44 ). Bridgmm's gam_,e was a 120 ohm ‘coil of dauble silke
covered menganin wire 0.005 in (0,13 mm) diameter. The wire wae doubled and
wound non-inductively on itself into a coreless toroid of about 0e39 in

(10 mm) dtameter. 4 seasening operation followed by exposino the coil
to a temperature of 140%C for six to ten hours. Bridgmen éstablished the
linearity of his manganin gauge as within 0.1% to 84 Tonf/in® (1,300 /u®)
end to within 0157 to 194 T@/inz 1(3,000 E&N/mz) ‘7 o

It was‘also mentionad earlier that manganin has an extremely

1§w témperature caafficientiof resistance but this in fact holds only

for a relatively small temperaturs range, and the material is characterised

by a steep parabolic resistance temperature curve outside this ranges



The peak temperature of the parabola may be shifte@ for higher
temperature operation by aitering the composition, for example
Shunt manganin which normally has a hirsher operating temperature
is of the Qmpcsition 8505 Cu., 107 Mn, 4% fi. and 1% Fes Ins
dynanmic pressure situation which is accompanied by corfesponding
temperaturé varistions it:may not be possible to remain within the
fiat topped rezlon of the parabola.' To overcome this nroblem
8 gold chromium alloy has been proposed by Darling & Newhall (47 )’
but the présaura’coefficient of resistance is less than half that
of manganin and manufacturing and attachment problems have precluded
its general use. Temperature compensation of a manganin coil nay
be achieved by using two coils one of which is suhjeot t0 the
" pressure and temperature of interest and the second of which is
outside the pressure envirorment but still subjeet to the temperaﬁure
by conduction through the vessel walle  This can clearly only work
in a static situation where sufficient time oan'elapse fbr thermal equilibrium,
and in fact is not striotly precise because the temperature éoéfficient
of resistance varies with pressure. The practice is however employed
in commercial manganin cells, and will give some protection against
day to day variations in ambient temperature. In a dynamic pressure
situation a posaible solution could lie in a self compensating gauge
similar to the seif oompénsating strain gauge, where two carefully
chosen %iré naterials having similar but opposite tempeﬁature coefficients
are connected in sefies, but this is no easy matter. A compromise
solubion lies in recording simultaneousiy the pressure and temperature
at the same point in the high pressure fiuid. A temperature'aorrectiog
can then be made subsequent to the manganin gauge pressure réading.
Measurement of temperature in a high pressure envirbnhent

is itself not simple, as pressure affects the thermal e«m.fs gzenerated by



- & given temperature differénoe,. | Bundy ( 43) tosted eight 'cumméni
thermocouple netals at pressures up to 466 tonf/in (7,200 Im'/m ) and
"~ showed that for a chromel—alumel themocouple the oorrection for 100 C
temperahme differenoe at 65 Toni‘/in (1 000 mn/m ) was less than 0.5 c.‘
This i.naecuracy may be cons:.dered neglirrible when the temperature read:.nr*
is being vsed for a sec(mdary eom'eotion to the pressure readino
Considering the (a_pplication qf manganin zauges for pressure _
measurement within the fest rige it emr‘.arwea, clea‘ily as the best method.
:‘Thc gouge oan be made very small and accommodated in a complex rig ‘
- without the need for valves or external pressure connections‘. - It is
: acm;rfate and can be.{ aimply connected in a Wheatstone Bridge to give
sufficient output to-drive an .ultré.-;ioiet z-ecorde:}_ without amplification.
~ Unlike an,y of ‘t-he elastic deformation rsauges 7ther§ is no éeriousv hysteres:".e
or fatgme §roblem in the gouge iﬁself.‘. ‘ Eleqitrioal comnections have to be
made via sealéd 'tezvmiﬁals which are ther;;aelwfes subjeet to :aubatantially
cognyfressive" eycling conditions so that there»'shouid be little ¢hance of
fatigue failure. The only eignifioant diaauvantage of the manganin gauge
18 its fmgility and this can be :.mproved by mndino ‘on & fomer and uaina
robust connectinv leads to the teminals. .

 6+24 Details of Hanganin Gaup,es, Themocaugles;gd Terninalse.
6:2:1, The Nanzanin Gause. " '

"’he I&amranin xv:.re used 't;hroughout the present work came Lrom
a single reel of stands.rd quality atabilohm 43 resiatance wire made by
Jo!maon Hatthey & Co. Ltds The composition is approximately 85“3 Cuey
11% ¥n., and 470 Wia, end the nominal dimnater of the wira 15 0.004 in
(0.10 ‘(I_!H})/a The wire 16 insulated with en epo:cy based eythetio enamel
lnown as Diamel which is extremely nexiue and to be preferred to the
silk j_wf_r_\‘_djg\g; ﬁﬂéd in the 'pést. Stabléhm 43 has the ﬁaual flat tomied.

" ‘parabolic relationship between variation in resistance and temperature,
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snd the pesk temperature value (Tp) can be controlled by the manufacturers
%ithin the.ﬁange 15°C %o 3506. The Nominal Tp‘pf 'standard! quality

wire is 25°C with A tolerance of b 15?0 but the Tp of 'premiumf,quality

wire oan be controiled to within £ 2,1/2% of a number of values within

the rance 15°0 to 3500. If high temperatures are anticipated dgring

- pressurigation thgn a high.TP value is clearly advisable to re@qin within

the flat part of the parabolm. In fact if temperatures in excess of 60°C

are to be encountered the use of manganin wire itzelf becomes questionable,
ahd alioy such as Stabilolm 133 a modified version of an 80/20 nickel chromium
alloy nay be preferred. | »

The procedure for meking a geuge consisted initially of cutting
an approximate 78 in (2 m) length of Stabilohm 43 wires The wire was then
caréfully‘shortenéd until the resistence was 100 t'lohms,iand wound on a
Tufnol bobbin of the design shown in Fize6.1 (a). The two ends of the
wire were soldered to the terminal stﬁip araldited on to the bobbin., The
terminal sbrip has printed circuit copper terminals on a fibre glass backing
and is sold~f9£”stiain gauze. work by Welwyr Fleotric Ltd¢ An alternative
version of the bobbin shown in Figs6.1 (b) is suitable for rigid attachnent
by a central screw to a plunger so that no strain is put on the connecting
‘wires. The arrangement ocan be seen in the photograph Fig 642,

o It had been ﬁhe practice of Bridgman and othgr ﬁérkers,to double
the wire bef&re winding to minimise inductance effects. However, this doubling
inevitably meantré 180% bend in thé wire which would certainly cause considerabl:
localised hardening witb poésible gide effects on stabil;tyc inding
withpuﬁ doubling as wag the case in the present wurk’has ﬁot been found to
’;ﬁtrodﬁce undesirsble induStive noise. This is hardly surprising as the
coil is normally well shielded by substantial steel components. To
stabilise the resiéténce of the gauge éfter winding the manufaéture;s

recommend annealing at 140°C for at least 10 hours preferably in a noutral
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atmosphere. Undoubtedly this is a wise precaution altirxough it was not
'é.lways 6ai,'ried out rigorously in tixe 'present works B‘o short fem .
_resietance instebility could be obsexved in coils which had not ahazcl

the recommended -anneal,.  Pressure oyoling is. also advised before
de.iibratmg a menganin gauge and it was co;ﬁenient and simple to do

this using the vfatigue presd,. |

,6.2.3= Tem:.ngi_t_a and T ”’hemocmlp_les.
o " The aes:Lgn employed for eleotrioal terminala for bo’ch
manganin and themocouple connections was originally devised by Amagat .
o who usecle 3 thin conical shell of ivary hetween the electrodg add the
body cI)f the vessel. In the presenf case shom in Fig. 6.3, the
insulator is a standard component made by Smith‘s Industries Ltd., in
alumina ceremio. 'The texminal material must be suiv“fiqientlyﬂherd such
that it will not extrude under préssum and in. the case of the manganin
coil tammala hardened and ’cempered s:.lver steel was uaed; The '
themocouple terminals, hoivever, were made of the individual themocouple
alloys to overcome the problem of additional thermal ewmefs's *:}u.ch would
be introduoed. by oauplinﬂ' to stee‘l teminals-

' Both the terminals and the soeketa were machmed by conventional

nethods as precisely as possible :Ln the soft unhardened states After
»' hardeninrr the inaulator waa first lanped into the sbeket until tha surface
‘ , oontact was tmifom, a.nd. at this pomt the insulator tended to stick in
‘the sqcket. " The terminal could then be lapped into the msulator in
" situ. It will be :noticéd from I*’ig 6.3. that the. insﬁiatoi' reéts entirely
witm the socket 'and" is not asgémbleé. proud of the top surface. This is |
‘ e.n important festure to ensure fhe"urlziformity of stréés conditioné inAthe
" brs.mle' oeraﬁié.‘ Nbﬁimﬁ befoz"-e the firet piessurisation a thin layer
of a:cald.i.te was applied. to the top ‘of the. S.mmlator to ensure an initial-
seal and effee‘bive bedding down within the aockat. o
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It was sometimes found that after a few thousand pressure oycles

an insulator had cracked, but invarisbly the cracks did not leak

under pressure aﬁd the arrangement was satisfactory for many more

tests. The Photograph Fige 6+¢4s, shows a typieal crécked insulator

on the four terminal end piece from the static support rig. The
manganin coil has been removed but thé themocou;&le‘ can still be seen.
3?91’;1?1%5?113' ir ai tgminal or (:Lnsulator was giving trouble and had to

be replaced the process lof extraction was very difficult unless |
individual back holes were provideds This was done wherever possible,
for example in the static support riz, Fig 5.4., but could not be
arranmed when teminala wore ‘placed in a plunger, One ninor problem
asgociated with the terminals was short circuiting towards the end of

a long faticue test of 100,000 cycles or moras It was found that minute
‘partieles of phosphor brongze which had worn from the plunger mitre ring
hed collected in the anmular well above the insulator and eventually
provided a short circult pathe This could probably be avoided by filling
up the well with a:raldite.‘

The use of four terminals in &'5/8 in (15.9 mm) diemeter
plunger creates difficult desizn problems because of the extremely
limited space. Chandler (49} has sugzeste! an alternative more
cumﬁac’c nethod of intréducing a nmﬁber'cf elestrical wires. A sginzgle
-gteel cone is made with a number of longitudinal slots just sufficiently
large to accomodate say 04015 in (0438 mm) diameter wires. The wires
are bonded in the clots with an epoxy resin and the whole insert bonded
in a matching socket in the vessel. Thé mthod was tried in the present
case for an aasembly of four wires in a plunger, butfound unsatisfactory
in fatigue‘.-{ .One of the wires invariably extruded or snapped after oniy
a few hundred cycles and it is impossible to replace one wire without

extracting the whole assembly and starting againe In a static situation






f the'methoé appeais to be aatisfaotéry but'wéa not dQVelobed‘fu:thér
for the fatigue rigss - . '
Oommereial Ghramel-&lumel 32 S.J.G. thermocouple wire was

used for all temperature measurements, aid the terminala were indLV1dually

‘ made from ;/4W$éiggeter __ _+ 'Chromel and Alumel . roés.¢J  These materials
'.are mach gofter than the sil?er,steel used for the manganin gauge terminals

“but no extxusion problems were encountered at the pressures achieved in the
" present fest programmes | |
~ £e3s Instrumention and Recording mguimen‘h.
| . The. ﬂeneral layout of instrmmention and recordlng equipment

is shown in the photOgraph Fig 2.2, 1% consists of two pressure units,

one each for intermal and external mqnﬂanin geuges, a Varlable D.Cs supply
wnit and an ultra-violet recorder, The pressure-units are based,on an-
 arrangement deécri.beﬁ in detail by Ba(:éton (50). The circuit diagram f.’or'
the units is shown in Fiz. 6.5, but in the test programe no use was madd
either of the amplifier 6r fhe direct‘indicattng ﬁeter. ~ Yhat remains is

& “heatstone briage circﬁit with tﬁe maﬁgénin gaﬁge forming one quarter

of the bﬁi@ge, and the usual é@intro}.é for ’balanaipg the bﬁdg;e and
,:adjustin‘g' the supply voltaze to control outpute  The mm is in

fact quite aufficientjto drive the recérder‘galvanometers without

‘amplifioation.‘ For‘oalibpaﬁién aﬁfixed"set~calibration' resistor

T can ba>switched_in the circult té give a'state of unbalance corresponding

to a knowm pressure.. It was arfanbed that different ReT resistors could
be installed apprapriate to the pahtioular pressure range requiredu ‘Both
prsssure uﬁits were erVen from a smn"le Nicrorew type 300 ”ransistor
variable pover supply made by leir Electronics Litds - Thls instrument
'provides Dela output from 0 to- 25 volts with low ncise and drift free
performence.s Formally it was required tO'supply abqut 6 volts to the

prassurs units.

9
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» The outpub from the pl?éssure &_nits was fed to an S-E;n
Laﬁo:r:’atc:’ries (Enginééring) Lid. Type 3006 ultra-violet oscillozraph
wii:h Bix galvanometer channels. "ﬁxé'instnment is £itted with a slow speed
gearbox giving paper apesds fron 0.2 in (5.1 mm)/m:m to 5 in (127 mm)/S.
The alowest speed emablea the recorder to be left running throughout a"
. test for & complete permanent racord on 6 in (150 um) wide d.irect print
paper. The recorder is fitted with Type A.100 galvonometers hav:.na a8
nominal sensitivity of 040037 mA/em with & tolerance of P 10}5, Because
of the possibility of se:}ai‘tiﬁty ve;riafion between galvanometers care
was taken to assizn a particular galvanometer to a partiaula;t" channel and
to a particular pressu:ce’ measﬁimg unite The galvanmetferg we:t':e"not '
| ragarded as *interchark,veabla. | A ‘
The thermocbuple outputv was also fed. direotly to the recorder
e rafercnce céld Junction being maintained nearby in an ice i‘illed Vvacmm
~ flaske As it was necéssa.ry for current to be drawm from the ﬂémocouple
to drive the galvanometer the standard tenperaturs/ gem.fs ‘cha'\rts could
not be used and themocogplea had to be calibrateds
6:&. Culibrgti% Technigﬁa.
| In the early part of the tesat programme a dead weight teater
- wag not available and manganin geuges were cali‘brated against a 150,000
Zl.bf/:!.n2 (1, 034 Lm/mz) Bzidenberg pressure gauges which Ltself had béen :
.calibrated by the National FPhysical Laboratory. A squave section vessel,
.88 desoribed by Lenggel and Alexander ( | ), was used with the man'ranin '
gauge installed at one end of, the horizontal bore and the Budenbergd gagge
connected at the other end, with an intersecting Veﬁical boz.;e for tﬁe
6reseurieing piéton. The whole assembly was installed in a testing machine,
' .the vessel i‘:.llea with fluid and pressu:rised incrementally up to a maxinmm .
~ of 80,000 lbf/in ( 552 10/n?) and released. 'y reoordmr' was made on ultra-

violet paper of the manganin coil galvanometer defleotion at each prassure



. increment, and also of the 'gef—calibration‘ ‘deflebt:;r;m. In a subsequent
fatigue test the 'aet calibrabion' defleotion would be adjusted o the ceme
v:;lﬁé as in the calibration test so that the actual fatigue teat pressu.reé
could be read From the calibration charts In this way non——linearity of
| the galva.nometer st larze deﬂecta.ons was not a pro'blem.
© 1t was possibln to perform eleva‘bed temperatu:ce cal:l.b:cations by
> yi.nstallinﬂ the square section vessel in a thermostatically controlled oil bath.

Three calibra’cions were carried out at 19 % and TC ’C and it was found that

the three calibration lines ﬁiv‘e’rged slightly as the pressure' rose. However,

by aésum.i.ng that the ej.evated temperature ca}ibration lines we;‘t:e‘ parallel to
the room ‘bemperature"iine end displaced only by the temperature effect at
atmospheric pressure a maximum error of about 1% was introduced at 70° ¢ and
70,000 1bf/in? (463 1/m?). Tt should be mantioned that during these
elevated temperature calibratioﬁ tests‘;'bhe temperature _pf the oil in the
B;J.dgnﬁerg gavge was algo high which may have d.iét_orted the calibration
curves. '

I'uch more accurate room temperahme calibration 'became possible

"%

later in the test programe when & 200,000 lfb/in (1379 m/m ) Harwood controlled

clearance

;_*__;;w,\piaton gauze was installed. Details of this dead wei.o-ht tester have been

fully described by Johnson & Newhall (61)s A thickewalled monobloc cylinder

of 100 Tonf/in2 (1544 MH/mz) UuTwSe En '30.B. ’was connected to ‘the dead weight

. tléstar end contained a seanled teminal block for the manganin gam;e.un&er

test and thermocouple which was supnorted by g serewed pluge The oomplete

’ mstrumentatlon trolley was brought to the dead weio'ht tester and allowed to

warn up for an hour ‘before starting the oalibra’aion. Zero readings were
token and the fset-calibrationt deflection adausted to & convenient value,

usually 6 or 12 ome Correct we:.mhts for the firat pressure Mcrement were

" applied to the piston and the dr:.va pressure - built Blowly up to a value just

short of bala.nce. The plS'an was then set spinning by an electric motor

gnd‘ 1_:11@ jacket pressure was inc:r.;eased to a vaiué lmow;x to give the correct

o supi:ort. . The drive pressu:e was increased again very gently until balance



was achieved and the piston floated to the top of its stroke. ~ After a
éhort time a dial indicator showed that the piston was beginning to fall
and having noted that the temperature had stabilised a Tecording of the

galvanoneter was mades ”he pﬁessure was\taﬁen at this point to be simply
§ot§1 %oad on piston and more exact correotionsv  were not appliede It
. was ;:;esggzhthat these corrections were smaller than the accuracy w1th
'which,;t was possible to read the galvanometer deflection. The whole
procedure described above wus‘repéated for a nﬁmber of pressuré increments
up to 100,000 1bf/in2 (689 MN/mz). On release of pressure and after time
hed élapeed for thermal\equllibrium the galvanometer defieoti&n was

closely watched for an accurate return to the original zeros In excepiional
aésee thie did not occur and the calibration was repeated, or if still
troublesome the gauze was scrapﬁeh. A typlesl gauze calibration curve is
shown in Fig. 6.6 |

Thermocouple calibration was carried out by lmmersing the

thermocouple in oil in a beaker and heating uniformly to two or three
different tenperatures which were measured accurately at the same time

by a mercury in glass‘thermometer¢ The‘galvanémeter\deflections conld
then be related to kmowmtemperatures and because of good linearity
intermediate temperatures could be measured accurately

Por the purpose of temperature compensation ecalculations for

the pressure measurements a series of tempera£ure tests were also cafried
out at atmospheric pressure on the menganin gauge. | \ _
The gause was coupled in the normal way %o a preasure unit and
('énﬁnitial 'sot~calibration! deflection was noted 8o thet as the cqil heated
up the output from the bridge could be expressed as a pressurqcorrectiono

" A plot of this correction is shown in Pize 6aTe
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CHAPTER Te

MATRRIAL AND SPECTINMS,

B €% 1 Tésg Haterial and Cuttg;v zup Procedures.
. _ The ma.feriai ﬁ;aed for the test prograrme was a 2365 niockel~
- chromium-molybdenum steel to British Standard Aircrafi Material Specification
2596B. The move femiliar desiznation of this steel is EN.25 to British
Standard Specification 97081955, The material was supplied in the form
of eleve;zf% in (63.5 mm) diemeter 12£% (3.7 mm) long rolled bars all

from a single caste The bars were heat treated by the steel nsker by

oil quenching from 840°G and tempering at 660°C to give a TeTeSe of
approximately 58 Tonf/ inz (896 Im/mz). The chEnical composition of

the ateél is shown on an inspection certificate. Apbendixlissued

by the supplier Airoraft’}?éﬁerials Ltde The certificate also shows
typical mechanical properties although detailed hardness, tension

and tqrsion tests vere carried out as vuard of the tes‘fz ProZTamne,

Fige T+l shows the indentification system and cut'ting up

procedure used on the five bars of steel involved in the test programme.
. The 12ft. (3.7 mm) nominal length bars were first out ﬁi) info 3 ﬁ:.' ;

(0.9 mm) lengths nwnﬁaredfas shom In Fig Tel., and the first é.nd last

6 in (152 mm) length of each bar were discarded as untypical materiel.

The remainiﬁg naterial was divided up as ‘shown between d&namil.‘c support
fatigue speeimens'; stgtic suppord fatisgue specimens, hardness, tensile and

torsion specimens.

1.2.‘ Fatimue Spocimen Geame?';lm and Mamifacture.

Fige Te2 shows the geometry adopted for the dynamic support |
speocimen. | 'I'ﬁe shape was chosen firstly to satisfy functional
requirements defined .’;.n Chapter 4’ and secondly to corresjgond broadly
to the specimen shapes used by Worrison et als ( 24) and Austin and’
Crossland (27). The static support specimen Fig. 7+3 (as was designed

on the same principles although the later version of the specimen Fig.T.3 (b)
arose initially from a need o simplify the shape for faster menufacture
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Finite element stress analyala was subseqpentxy carried out on the

specimens to sssess the dB8fects of geometry and pressure disaontinnitiea

at seals which showed that the simpler deaign was quite adequate as a

- fatigue specimen. Details of the finite element analysie are ziven inl'

Chﬁpter 10. | 4
ﬁll.fatigue speciments wore manufgctured to the following

sequencot= | | ‘

(i) A sluz of material was sawn from one of the 3eft. (0.9 mm) lengfhs

taking care to preserve identification marks. |

* (44) The slug wes drilled and fine bored on a centre lathe to within

" 04020 to 04025 in (0.51 to 0.64 mm) of the final dicmeter. It was

not safe to go nearer to the fingl gize than this;because of the difficulty

in smooth boring the test materianl. Excess material was also roush

turned from the outside at this stage althoﬁgh no attempt was madevto

profile the outéide dismeter.

(11i) The bore was coarse honed to within 0.004 or 0.005 in (0.10 or 0.13mm)

of the correct size and a carefui visual check made to ensure that no

serioﬁs boring marks remained.

(iv) A& well cleaned end sreased expandinz mandrel was insertéd in the bore

and get up between centres in a copying lathes The outside dismeter was

then fine turned to the correct profile and the ends faced to give the

/required lengthe The outaide surface was also li”htly papered *lth fine

emery cloth to improve the finish.

(v) The bore was fine honed to the correét dlameter with g surface finish

of 4 to 6 Min (0410 to 015 fim) CuLisAs |

(vi) Diamond lapping ensured a final mirror like bore with a surface finish

‘of 2 to 4 pin (0405 to 0410 ,Am) CoLeAs

(vit) The speoimen was normally inspected at thia stage for dimensional

acouracy surface finish, and concentricity, and a visual and magnetie check

102
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) made for oracke in the bore. An identificatign mmber was etohed
én; the end of the s;:énimen. o 'A
(viii) The specimen was finally subjected to the follo-vin; gtress
relievino treatment in vaocuo,
- (a) Heat slcmy and uniformly up: to 600 10°C under high vacuum,
5..10 5 %o/, (647 MN/m ), taking 2 to 3 hours to reach the maximum
tmperatu:ra.
(b) Soak for I hour at 600- 1%,
(c) Allow %o cool slowly and wziformly to room temperature,
The stress ralieving was peri‘omed by Edwards High Vacuum Ltds,; and
& typical run sheet is shown in Appendix 5 |
(ix) To preserve the specimen against corrosion before testing a liberal .
eoatiné; of white vaf;eliné' was sa.;pp}.i.eél.}'~ h '
73 Ancil¥ary ; Test Specimens &d conﬂitiog’s.
fZ.},;. Hordness Testse | '
o A systematic cheok of hardness variation slong the length of -
a bar and acréss ?:he seoﬁion was carried out on bar Hosls The specimens'
. were simpl;y' 3 in (76 mm) long cylinders with flat gmund ends taken i‘rom
the middle and two ends of the bar as shomin the cuttinu up Diagram Fige Tels
‘ 1.3.2. T@sign Tegtss
Tvo sizes of tension specimen were employed. fhe 131.':*31',
shown in Fig 7.4-, was only suitable for 1ong1'hu6.i.na1 test pleces but had
a gauge length to which an extensometer could he attaohed. The amaller
speeimen, showmn in Fig 7.5., was suita‘nle for both longitudinal and
transverse test pleces and was modelled on a Hounsfield Hosl. Spocimen.
Yo extensometer was e.vailabla for this 9pecimen and the measurement of
crosshead displacement had to be relied upon. It can be seen from E—éﬂ?—.&

F\j ami Te 5« that the specimenﬁ were tak.en from bar material away from the eentre
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a£‘a radius typical of the fatigue ppecimen cross section. . The

émall specimens were intendeﬁ to reveal the longitudinal and transverse
teﬁsile properties of the méterial whereas the large speciments were to
indicate material property variation from bar to bars It can be seen
from the cutting up Diagzam Pig Tele that large tension speoimens were
taken at one end and away ‘from the ends qf~eVery bar.

,' The iarge spe;imens were fested in a Dennison Hodel T.42C2
testing machine uging the 11,000 1bf (49 KN) range setting. This
mach;ne was {itted with an éutogréphic recording fgoility w?ioh was
used in conjunction with s Wiedmaanaldwin KeSoM-D. Extensometgr.

This extensometer is £itted with two linear variable differential
trahsformera, one td cater for elestic and small plastic strains,
and the other td cater for 1m.~gé plastic strains, over a gauge length
of 2 in (5048 mm) Autographic records §f load against extension were
obtained during the tension tosts. ‘When testingthe hisher extensometer
senaitivity was used initially, but soon after yleld had occurred the lowar
sensitivity was used for the remaining extension up toAfgi}ure.

The small longtudinal and transverse speociments were tested
in an Instron tesbing machine using the 5,000 1bf (22 KN) ranges. A
crosshead speed of 0,02 in/min (051 mm/min) was used ard again an
autowraphic loade-extensian curve was obtained. However,'on this
occasion the extension referred to the crosshead displacement.
1e3s3. Toraion Tests.

A number of‘ﬁoraiéﬁ teats were carried out on bar No.5.
Initially two large solid tqision speciments were made to thg qhape
shovn in Figs T+6., which was a reduced diameter version of the sfandara
specimen nofmally used on a 15,000 1bf in (1.7 ¥ m) Avery Type 6609
CsGeCs Toraion Testing Machina. | The ends of this specimen are g0 large
that the specimens were cut from the centre of the bar. Four sirain
gauges were abtached to the centre portion of each apecimen equally‘spaoed

around the eircumference and aligned on 45° helix guide lines. The
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-dizeotions of the helices altemated so that the four gauges were
: si;lraineé.v’in tensicn, compression, tension, and compression respectively.
Tl;e géuges were conneofed via a gelector box to n Budd. direoct readinz
strain indicating bridge. A torsiometer was also fitted to the specimen
" to indicate large angular displacensnts beyond yislds It consistedof
two olamp:.nc' rings spaced 3in (76.2 mm) apart and earrying a protraotor
scale and pointer. A
It was felt desirable to carry ocut torsion tests on material

away from the oentre of the bar which would be more representative of
" the material in the fa‘bigue‘ specimens. . A much 'shaller fatigue specimen
was required and the Hesign shomn in Fig 7.7 was adopteds = Two driving
e;cllars were made in 100 Tonf/in2 (1544 m:/mz) U.T.S. Bns 30.B. material
of tﬁe sane ext.enial shape as the ends of the large specimen but with an .
accurate bor;'e to slide over the ends of:tllxe small specimen. The dﬁving
' collars were radlally drilled and bapped 3/8 in BeS.F. and & "W point
| grub scréw was uSe’d in each to engage in the coniocal .dimples at the
two ends of the specimen. . In this 1&3& the épecimen could be used
© in the existing driving grips of the 15,000 1bf in (1.7 Ri m) |
Avery HMachine. Two s‘bi'éin Fgauges were attached to tﬁe smaller specimen -
~and the ‘borsiometer was modifiod to sult the 1.7/ 8" (47.6 mm) gauge o
length useaa A specimen ready for test is shown in the photograph
Fig 7.8 N | |

| The use of strain gauges is a rather expensive method of
measurinn' small shea.r strains on specimens which are tested to destruction,
'However, if only a few speoimens are involved this may not be important
~ and their use does have the advantages of quiok reading, and of indicatina
-the ma:;nitude of ’bend:l.nv induced during a test.
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» CHAPTER 8,
ANCILLARY TEST LESULTSe

8.1 Hardness Lestss - ,

The results of the hardness tests made at the.twb ends and
$he middle of bar No.l. are shomn in Fige 8.1 The points plotted
are the averaoe of harﬂness values measured alonv two diameters at
right angles for each specimen. It can be seen by reference to the
cutting up diagram Fig. Tel that'the end specimens were taken fram,
the paﬂ: of the bar hormally discarded. The plois in Fig. 831 thus
represent the extreme variations of hardness waich could be expéoted.
One end of the bar is noticeably harder than the oiher probably as a
rosult of being subjected to a more severe quench during the héat-treatment.
All parts of the bar exhibit softening in tﬁe centreva;though this is
restrioted to & region wiﬁhin 0,5 in (1é.7 mm) radivs of the centres
The iegion~from 0e5 to l\in‘(12.7 to 25.4 mm) radius of the centre,
which would normally be used in a fatisue cylinder is of uniforﬁ hardness
acfosé thé section and élcng the length of the bar providing thé very
énda are ﬁot useds fhis policy was adopted for the bars used in the

test programme and the first and last 6 in (152 mm) were always discarded.

» 8.2 Tengion Tests.

The results of tension tests carried out on large longitudinal
apediﬁens taken from the five test bars are shown in Table 8.1, and &
‘typical auto graphic load/extenaion curve from a test is shown in Fig. é¢2¢
.Specimens wore cut from both ends and the centrg of bar JOala. and it can
be seen from the results table thab the yield and ultimate stress values
at the ends are some 45 higher than at the centres The other bars were
tested near the centre region and at one end and exhibited similar variations

The variation in tensile properties from bar to bar etthér’at the end oy away

-



@ oNE EAD
B MooLE
T A OTMHER  END
o5 - :
300
HARDNESS
(vrN) 245

" . A—u—jé
25 i

280

10 125

FIG. 8 f HARINESS DISTRIBUTION N BAR NVNef.

2



| Table 8.1 Tenoion Tests on Lorce Lonsih ;g;_x_;g Spooimenss "
1. Dotelled Rosuitss , ‘ |
Bar Hoe | Spocinm ‘ﬁo. Ticld Stross. Ultimato Strass.
| (Tont/14%). (Tonz/1n?)

1. Tohe (L)W 51e5s 5940 ’
ToAe (81)s 51080 59e1e
1eCe (1) 4943 “ 5Tede
1.Ce (41). | 4946 57486
1e8s (L)  5le2a 5849
1.&.4(11). 5140 58470

2, 2eha (1)s 50024 5847
2480 (11) 50¢5e 58474
24Ca (1)e 4845 57030
209 (ii)e 48464 57458

3n 3ebe (1) 50a4e 586
3ehs (id)e 50426 58458
304 (1) 48424 57464
3eDe (41)a | 1820 5748

4 fuhe ()0 50e30 53450
dehe (18)e - 50eds 53475
4eDe (1) 4748+ 57e6
deDe (id)e i % 57«64

Se Sefe (1) 5004 58404

5 (11D, 50454 53060

5eCe (1) £9+1e 5749+
5¢Ce (11)e A8eTs

57*3- ‘

3
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4o onds of the bara,

Lover Tensile ylield stress. = 4346 Tonf/in® (751 1/n®)
 Ultimate Tensile otress = 57.6 Tonf/in” (890 1mi/a’)
Reduction of arvea -

Youngis Modulus. = 13,200 Tonf/in” (204 GN/n°)
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from the end is also within 4% although the extreme overall varistion

is as much as 8%.7 Hdwever, in the oése of bars Nos. 3 and 4 test

‘pie_aéa’ vmre taken at the bém of the last 3efbe (049 m) lensth

of esioli bar and yet atill exhibited the same 4% lower values than at

the very ends.. Th;s indicates that the materisl with higher tensile
properties is restriéteé. to é.'fa'irly limited rezion at the ends of
@ach Sar. Table 8.1, also gives average properties awsy ffom the end

of the bars. No‘ rsignificant variations were disoovered in the values

‘of either re&uction in e.rea. or Young’s liodulus. o

The resultsof the smaller tension specmena out :!.n a 'branaverse

as well as lon.gitudinal direction from bars loses 3+ and 5 are shom in

Table Bele and’ t:,rpical autovraphic plots are shown in Fiz 8¢3s The -
results indicate that there is no d:.fferenoe in yield and ultimate strength
betw‘een the transverse and longitudinal directions, but that 'l;here 19 8
marked difference in the reduction of area figure., This lower ductil:.ty
in the case of tr:ms#erée vvspecimens‘ is alsé manifested in the autographic
plot by the reduced displacemént at which the transverse speciman fails,

Two of tize four transversve' specimens fractured in a 45° plane across the
seotion instead of the clagsic cup and cone fracture obtained wi’c'h all
1on9'1'kué.i.nal specimens- ' - S j ‘

Bs3s Torsion Tests. = |

The results of torsion tests on wo large e.ncl two- small

specimens taken from bar Wo.5. are plotted on tﬁe basis of Tr/J azainst
shear strain in F'iga; '8’.4 e.nci 8.5.. TFig 844 is drawn to a large shear =
strain scale to show in detail the elastic and elastic-plaétié‘ i‘égiona"

of shear stréins appfopriate to’ the éxpénsi.on of moderatély thiék walled cylinders
up to the collapée point; The experimental p% in Fig 8{4. are largely
f:c;om strain gauge readinga. -Fié.‘.B.S. 'éhows the shear stress/strain curve
. at large plastic shear strains up to 'i;radture, and in this case the experimental
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points were derived from arxgélar torsiometer neasurements.

Tn Fige Oufe the difference between the wesults of the
four teate ave very susll slthoush a9 would be expected the larse
aspacimens taken from the cora of the test bar are slightly softer
than tho small specimens awsy {rom the cores  The shear stroess
mz:;:veaa beyond yield were derived (rom the experimental curves by
Nadat ( 52) construction, and exhibit virtually no hardening up
to a shear strain of 0.015 or sos This behaviour is typical of
Tna25 steel and agrees woll with romults from a caroful series
of exporiments on both solid and tubular torsion specimens by Franklin -
and Yorrison (53)s  In Tige 845+ the Nadal construction hes ogain
. boen used to derive tho shear streas/strain curve, Tho average
properties of the material'in torsion are given in Table 343+, and
these azree woll with data on fn.25 siven by Horrison ot al (24 4) ‘
Austin -and Crosslend (27), and Crossland and Bumns ( §).
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PRESSURE TESTS ON STRAIN GAUGED CYLINDERS.

91" Introductigg ’,

Tests were carri.ed ou‘h on ‘bwo plain cylinder specimens to establish
the pressure expamaion and contraction curves under internal and external
pressure conditions. In the case of the intemany pressuise& cylinder

the effect of cycling beyonci the yield pres_sure was inVestigq.ted..

' 2'.2 Test Proceaurez o
2.2.1. Internallx Pressurised Cxlinder. | .

A plain cylinder of 1.75 Ke ratio was carei‘ully marked out with
guide-lines on the outside Sm:face so that three axial and three
circumferential resistance strain gauges could be accurately positioned.
‘The géuges were installed alternately in the aﬁél"an& oircunferential
directions as can be seen in the phbtogra.ph'Fig. 9.1, ‘l‘he gauges used
wera of 0.5 in (12.7 mn) gauge length and negligible transverse sensitivity.

The strain gauged spacimen was :i.nstal.led in the test riv using
static support rig comonents with the exception of the outer vesse& Thig
was replaced by a lara;e diameter thin walled tube With a hole in the wall
'thmuvh vhich the s*brai.n gauge leads could emerge. The leads from each

: strain nauge were individually connected to the temmale of a multi-way
selector box, which itself was comnected o a Budd Strain Indicatin\, Bridge.

' _ In-thia way each of the six gauges cpu;!.d be selected in turn, the bridge

A‘ halanced, and the et:cain recorded. |

The intemal pressure was generated vnth the ugual aealed
plmwex' arrann‘ement, but in order to increase the pressure incrementally
and to hold the pressure constant for each inurement special measures were
taken. The leads frmn the pressure switch to the electrioal control
cabinet of the press were disoonneated 80 that the press uould be used in

VAuto! mthout the ram rgve?reing once the maximum pressure had been built up.

123






Thus for any setbing 6f the main relief valve s comstant plunger pressure
'muld'“ba maintained, and by edjusting the reliof wvalve the pressure could
be gradusily raised on loa?emdt
Initinily & mmbor of low pressure excursions wore
nade to cheok dnd stabilise the perfornance of the strain gausess The
pressure was then raised to 25.4 ’?’onf/ina (392 riﬁ/nz') incrementally and back
to zere, a full record being tekon of all strain gauga readingss A fow more
such pressure excursions were nade before restoring the pressum awiteh in
éhe control ‘eirm:‘it so that the press could be cycled normallye X = ¥
plotter woy commeotad up $o the strein ganges at thie gtaze in tho hdpe of
monitoring the pmmzrewa'hrain characteriatic as 'Lhe toot procesdeds However,
the response of the plotter wme msuf:.ic:.ently fagt and the pen tended %o
overahoot naking it difficult to gl censible resultss A rocord was
therefore - kept of the otrain geugsoe readings from the Dudd bridge ab
ninimmn pmsm at intervals throughout the tests A secon& staze of
the test involved incmasiﬁg; the pressurs oycles io a hizher waximun
prossure 27»3 Tonf/in® (422 191/n%) wiile still keaping a check on the
strein sauge readinime The mumbor of uyélea achieved at this stagg was
roughly half the antioipated 1life, and the specimon was finally statically
bursts | |
22+2s Ixtemally Pregourised Cylind

' Two axicl and two cirouwnferentisl otrain gauges

were installed in *.;ho bore of .a plain cylinder specimen of 1.7‘5 K ratios
(0425 din (644 tm)

It was naeossary to usc%) gauges in the circumforential dimotmn althcu,_,h
005 in (1247 m) cenges wore used am.ally. ' The 0625 in (6.4 ma) -a,mwes
heve n crops sensitivity facto*f* of 0sft but 83 the axial stra:m.s w'e only
roughly 0428 times the haop straing the cross-sensitivity. eﬁ‘ecﬁ coum be
igmdmd.- Tnch gance with ’ie'xds ettached cavefully was munte& face down
on & long étx:ip of sellotape, cmd Uaatnon 910 adhesive sppliea to the ba,ck

of the goauze. The gtrip was then introduced in the bore of the speoiman






27

_ and when au,fmaé. with paira of m:’l.&o-linea on *‘c.ha and faces pregssad
’dom to fix tne sauge in nouition. The leads were soldared %0 a
teminal strip and oonnactions nade o the selactor box end bridge
unit as harorm : _‘ , ,
| ‘ o apécimcm was inétéllea. in the static support
rig but with modifisd end closures go that no mpmep’t entorad $he bore |
of the speoimens External pressure was provided 4n %he ususl way fron
‘%.ha éta&ic ﬁmninu rie‘ and the pm’vmnh Fige 942 81078 a genaral view
of the oxporimental set up. atmin gouge read.i.n:;s were nade at i.ncrements
of prossure up to 2 na?.ixama of 2942 mm/m (4;11 m:/m “) and during the
reduction of prossure to zoxos -
943e Tont Resulis. |
1o o Prag ] AG‘ dar, o
| " The summarioed stmm gonge madinga are ziven in
”able Gele w:ing thie elastia portion of w;he firat pmsrmriaat:.m tho
: variai;i on bmizwaen the airmmremmial strain readinzg i within y P
The firat two cyoles of pressure are plotted on the basis of hoop strain
in Pig ?@3., and it oan be seén that ezﬁ’te;c the first appli.cntién of
 preassure tho departuﬁe from linogr elastid pohaviour is quite smalle ,
The elastic axial ntrains are plo‘b ed in Fig 9.4-: for the first application
. of pressure anl from this gmnh and ?_"‘iw Ge3e ‘b}m elastin cansfzanta wore |
caloulated ami are azain fri.vem in Table Q¢3s The mluea of the elastic
constants are within ebout 2% of the emioipa;aa values from static testa.
The resulte of péessum oyoling on the neasured
strains aro plotted in Fig 9.5 on the basis of a fmotim ( & +v €z ),
'y:hich is pmoportional %0 tho sﬁaéﬁ atmi;z; at the outeide of the spacinens
This tﬁeﬁﬁc&’“of plotting iz useful when using the ﬁi‘rénk.}.in end Yorzisen ( $3 )
"mathad of p%edié‘ain* thn eawuwe--mm%m cme. Such o mm pivar}iqtcdf |

from statia shear clata ia szmm on uh{? gmph for ocomparigone 15 con be
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TABLE 91 ‘52
Summarised Strain Gauge Results for Cylinder Subjected to
2 2

25.4 Tonf/in 2 Mi/m”) Repested Internal Pressurs

Cyole No| Pressure Strain (microstrain) ]
(Tonf/1n?)| Mean Hoop (¢,) | Mean Axial (€)) [ € + €,
§ 1 0 0 0 0
2 3.57 250 5 66 231
% 787 556 % ~148 515
| 10,1 | 724 % -196 669
| 2.4 895 Y . s26
; 1546 1125 ‘ ~307 | 1039
| 17.95 1298 35 1199
| 19.3 UM - 386 - 1303
§ 204 1512 § -400 § 1400
§ 2t L 62T % -441 § 1503
% 2247 s -4 RU:CHN
23.8 1928 s 1784
25.4 2184 E ~576 : 2023 |
21.5 1905 -528 L1751
16.5 1522 418 ; 1405 %
12.2 1194 -320 % 1104 f
g 1 835 - s
| 5425 662 L -163 | 616 g
| 0 255 -34 s |
i 2 25.4 2224 577 2062
| 0 294 . .38 283
3 25.4 2222 574 2061
) 308 41 297
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TABLE 9.1 (a) conttd

Strain (microstrain) ]
Oyele fo ('i’):’:g?gg) Mean Hoop (69) Meen Axial (e;) € +v€;
4 95.4 2232 “575 2071
0 319 -41 308
2 2544 2236 -577 2074
o 326 -43 314
25 0 348 -46 335
575 0 387 ~55 372
1,225 0 499 -35 . 399
!




TABLE 9.1 (b

Surmarised Strain Gauge Resulis for Cylinder Subjected to
27.3 Tonf/in> (422 ¥N/m’) Repented Internal Pressure

e e T e e ]

Cyclo To. | (PR | (O ebearn)

1 27.3 2288
0 466

1000 27,3 2590
0 783

2000 27.3 2649
0 840

3000 27.3 2685
0 873

4000 27.3 2112
0 893







400

-350 P

20

-300 of .

250

INTERNAL PRESSURE ————»~

xR
|

200 4

Tonf /inz-

191 150

-100

FIG. 9.3 INTERNAL PRESSURE AGAINST HOOP STRAIN

l i Ll 1 T L 13 1 I 1 L ¥ T I | ¥

!
0-00{0 0-0015 0-0020
HOOP STRAIN — '



3z

- 300

F2s0

INTERNAL PRESSURE

MN/m*

+200

Tonkfid

10 @
1150

L {00

0 T cooez 0-0004 ' 0-0006
AXIAL STRAIN —=

FIC. 9.4 INTERNAL PRESSURE AGAINST AXIAL STRAIN




33

Ty oS




254

20—

INTERNAL PRESSULRE

Toot [ i

| MNJw®

400

- 350

250

-100

FIG. 9.5 PRESSURE EXPANSION BEHAVIQOUR

WITH CYCLING

(Ee'i-\') ei) —




\3¢

© poe z’rcm E“ige Ju5e¢ that the effect of pressura oyeling is quite warked
in the oarly stages of the teat bub that as the mmber of cycles memabea
| less gofboninn *t:t;keﬁ plocee  The siabic yiéld preasure from Figs 9.5
18 given in Tah.le 9n3.a;mg with tho final burat prasonros

, The strain seuze read.ings ave given in Table 9424
and 1t con be seen that up to yleld approximately 18 Tont/in® (200 1%/n%)
the varietion in either sxial or circunforontisl readings is within 1.5
Tha elaatio porbtion of tha‘preamws,sation is plotted in ?ig. 9.6 for
both axinl and oireumforantisl otveins and from this information the
alagt:m constonts given in Table 243 wore waloulsteds Beyond yield
@hg a;graement between the gauses a3 vory poér e.s can be seen in Fig 9e7s
This may have been due to loozl non wriform deforation bub it is mome
likely am to poor sdhesion snd stirain gange mri‘omanéea at very large

strainge PPosd yield sbrain gau~es vwere not used in this tost.
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TABLE 9.2
n Ga egult r Exte 1 . sed Cylinder
' Pressure _ém (mi;rostmmf ' )
(Fone/aa?) | Opin 1 | Gmen 2 | cagn3 | Gougm s

0 0 0 0 0
849 1951 1946 564 557
9.25 | 2043 2040 590 585
105 2295 2290 662 657
1342 2896 2868 838 829
16.1 3521 3460 1018 1007
17.2 3803 3720 1096 1087
19.5% 4429 4288 1263 1241
21.0 4961 4774 | 1394 1343
231 6266 6109 1618 1521
248 10988 - - -
25.4 11575 11760 3862 3507
265 | 17595 | 16072 | 5701 | 5493
2845 26055 22300 7830 TO40
20.2 32985 26506 8068 6737
21.0 31145 | 25046 | 7386 6117
12.5 29037 | 23450 | 6756 5533
525 26868 21824 6148 45985

¢ 24627 20296 5568 4467

136
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TABLE 9.

Summarised Mechenical Properties from Strain CGauge Tests

Internally Pressurised
Cylinder

Externally Pressurised
Cylinder

Young'te ¥odulus
Poiggon's Ratio
Yield ?resaure

Shear Yield Stress

13,500 TTork[ir

0.276 |
17.8 Tor e
2644

134500 Towf fui”

0.288 |
17,8 Tenffu™
26,4

Burst Fiesanre '

35.0 "

\3



CHAPTER 10s

STRESS AND STRAIN ANALYSIS OF FATIGUE SPRCIMANS.

MIntroduetion- -

One .of the chief problens in the design of a fatigue specimen
is the choice of a shapa which will ensure that fatigue failures occur
consistently in a region of the 'specimen where the stress conditions
are accurately kmown. In a oylinder this would hopefully be in &
central rezion where Lame/ conditions were known to 8pp1y. ‘ fslthoug}i
the apecimen designs a&opted in the present vork are broadly similar
to proven desizmms used by Morrison et al (Z‘]‘) and fustin and Crossland
( 27) the effects of entirely different seeling arrangements N extem@'
as well as internsl pressurisation and open énd‘ed instead of closed
ended conditions are unknomme I is pai-ticularly at sedls where pi'easure
discontinuities give rise o sbress discontinuities that the stress
oonditié;ns could be sufficiently severe to cfause failure at Lan€ stresses
significantly less than the critieal values.; A detailed exami'na»t’ion of
elz;:.stic conditions is given in the following:' gection, 1042 For the
analysis of fatigue behaviour of thick walled cylinders in the mortal
region it is important to kmow the stmea anﬁ st£ain conditions 'ﬁejrozid
yie’lda Llastic-plagtic analysis is examined in section 10.3 for both
static and dynamic pressurisation.

| 10.2 Tlsstic Analysise

1042.1. Previous Vork and !ethods of Analysis.
in enalysis of the stresses in the necked statio support specimen,

Mae T3 (a), could be achieved experimentally by strain gauge or photo-
elastic methodse The use of atrain gaages' could prove diffiocult in the
seai» region in a fluid pressure environment', and problems would ce‘rt‘ainl;r

arise if through the wall stresses were needed. Three d:l.mensional
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photo—elaaticity uam, either the strese-freezing or sandwich technique
~ appears to 'be a better experimental technique although only very small
" model px:easures would be neeaea, snd u.nder these conditions the viscoelastio
behavi.aur of the rubber aeal would not be representative. A theoretieal
analysia by Kudo and ﬁatsubara ( 5'4-) re\realed that stress discontimxi'&ies
in cold forging dies are greatly influenced by ?oisson’s ratio, . This
wov.ld cast doubt on’ ‘l;he Validity of the stress freezing photoalastic
Aapproaoh i.n th:.s application. However, the sandwioh teo}miegne has been
suocessfally employed by m-Behe::y and Lamble ( 55) to determine the stress
dist?ibution in an extrustion conbainer during extrusion.

) A \fariety‘of methéds are 'a&aillaﬁle for theoretical Analyéis of
.the discontinuiﬁy and steady etresses in g thick walled oylinder subjeoted
to a band of pressureo One of the most exhaustive treatments of the
-subject is glven in the "Thick Walled Cylinder Handbook(’ where the Fourier -
integral method is used to calculate the stress discontmbution in pla.m
semi-infmite cylinders m.th internal pressure, internal ghear, extemal
shg-:aruloading. aimj.la:; yresul‘bs are Mreproduced by Timos]r_ae{xko ahd Goodiex
(5 7 ) from the -papéx.' 5y ﬁartén@)tin ’i:hese aﬁalyses the pressure iéading is
’ aaeume& to reduce- instmtaneous‘ly to zero it the emd of the pressure bend, -
which probebly repreaemta & more eevere aituation than in practice with &
" rubber seal and mitre ring. Thé fact that analys:.e of semi-infinite
cylinders does not take ascount of »end effeats in short oylinders is
a further ,Lmrép:eseﬁfati\fe featurs,

' ‘ Ku&o and Matsubara ( $4) 'useci the successive over-relaxation
Amethod\ due 'ta Southwell to oaloulate the stresses induced in a cylindrical
die. of i‘i.nita lmgth by a band. of uniform internal pressure. . The analysia‘
- shows that considerable constraint is provided by the pressure-free ends -
_oi: the die so that hoop stresces less’ than the correspondixg, Lme/valuaa

are present in the pressurised portion of the dies The maximum constraint



is proviéed wﬁen the pressure-free 1eng;th ie greater than 0.5 to
1.0 times the bore in diameter, in the case of a pressurised length
equal to the bore diameters Lemd hoop stresses are only achieved
when the pressurised length is greater than thrée +imes the bore
dismeter for the case of a 5.0 K ratio and a pressure free length
L equal to the bore diasmeter.. Although most of the a’nalysié aséﬁmes
a recstangular or step pressure distribution an exampleis g:l.véﬁ faf
a trapezoidal or ramp pressure distribution. This haé the effect
of significantly reducing the amplitude or sex}erity of the stress
discontinui‘bieé.

Thick shell analysis has been used by Mohaupt et al (52)
to Mvesti.gate stress distributions in a thick-walled vessel subject
to equal internal and external pressures The results of finite element
analysis were also presented and provided g useful comparison. Two
arrangements were considered, one an open ended cylinder with a ram
seal half way dowmn the bore, and the other an open ended cylinder
with a rigidly constrained end and pressure over the whole lengtﬁ. ‘
The anelysis shows thet sisnificent bensile stresses are induced in the
bore of the cylinder on the ram side of the seal and that the megnitude
_ and distribution of longifudinal stress is unaffected by the nature oi‘
the }pressure drop at the seal be it a step funotion, or ramp function

over 0»2 in (5.1 mm)« The latter conclusion contradicts the findings

" of Kudo and Matsubara (5'1—) - and seem intuitively unlikely. Fuz:theﬁnore,

the finite-clementpredicted longitudinel stress distribution exhibits
| a sharper stress discontinuity tl%an the thiokeshell analyais albhaughv
the peak values are in agreenants ~ Tensile ‘iongitizdina}. etresses in |
the bore are alaa predicted near the end of the constrained cyliﬂdem
However, hin’her temile stresses can be found in thb same reo'ion on

they outaide of the component. It was agreed in the discussion on

(4
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thia pap;r‘that the ioading case of @ero internal pressure with exteznal'
pressure could give rise to significant discontinuity stresses and should
not be ignored..

| The numerical method of boundaryhpoint-least-aquares (81) was
used by Simonen et al { 60) to exanine discontinuity stresses in a plain
oylinder of K = 2. No end effeots were considered and a ramp function
pressure drop over a length of 0.05 in (1.3 mm) waé assumed. internal
and external pressuﬁe loadings were applied separgtely and the cdnclusion
invboth.easas was fhat the mosf sevew shear stresses were to be. found in
, the pressurised portion of the cylinder away‘from?the discontinuity.

The eﬁamplea quoted in the previous paragraphs serve to show fhe

importance of detailed analysis of stxéss digeontinuities at sesls in
hizh pressure cylinders. The most éignifioant feature of such discontinuities
‘18 the possibility of longitudinal tensile stresses. Both the loﬁgitudinal
and hoop stress eonditioﬁs‘are greatly influenced by factors such as the
relative pressurised and unpressurised lengtﬁa of the oylinder, the K |
ratio, and the pressure drop function, A further complication not dealt
with in previous analyses is the precaution usually, taken with fatizue

specimens of necking the cross section in the region of intended failure.

. It was decided to examine the plain and necked statioc support specimens,

K = 1.75, for both internal and external pressure loadingss The finite
element méthod‘éeemaa the best choice for analysis, and a progrémme was
. alrea@y available (4Z) for axi-symmetric solids of revolutions
10.2.2 The Finite Flement Method. -

The finite element method of stress analysia is to-day the
major oamputar orientated stress analysis teomique, and is rapidly
gaining acceptance as an alternative to {the traditianal axperimental
techniques. The whole subject is treated at length by Zienkiewlcs 63 ).
The method involves the division of a structure or conbimmm into a
number of small (f£inite) elements, commonly triangular in cross~-section,

intergonneeted at their corners. These connecting points are knowm as



nodes, and external loading is applied to the body via the nodal points.
In the case of plane stress or plain atrain the elements are effeatively
. triangular laminge, and in the axi-symmetric case are rings of triangular
cross seétian. The first step in the enalysis is to detormine the
stifiness matrix for each element, that is a matrix expressing the nodal‘
forcen coireapanding to it nodal displacements. The element stiffneas
matrix is built up using the equilibrium conditions, the stress strain
relatianahip, and displacement conditions which ensure compatibility
between adjacent eclomenta. Tﬂe stiffness of the whole structure is
then obtained by surmings the effects of each nodsl point of all the
udjacéﬁt elementss - Using the‘uvétall stiflness matriz the equotiona
relating nodal forees and dieélacements for the whole structure can
be defined and solved‘ueing‘the Gausa-3eidal iferation ﬁrooadure. Element
strains and stresses can then be evaluated from the calc@lated nodal point‘

A displacements. It is not particularly convenient to have element stresses;

that is stresses acting at the ventroid of each element, as boundary stresses

are usually of greaﬁest intereat for‘analysis. “lement stresses must
“therefore be used either in numerical averazing tochniques or in graphiocal

extraﬁclatien to prediet nbdal point stresses at boundaries.

10.2+43¢ Pinite Elenent An 8 of Test Sypecimens.

Two specimen geometries were analysed using an Imperial Colleze

(mechanineai Pnzineering Department) axi-symmetric finite clement programme -

on the College IBY 7094 computer. The programme has the facility for
Aglastic~plastic anaiysie although aﬁlj elastic analysis was perlormeds

The necked aﬁd plain versions of the static gupport specimen were selected
for énslysis although the informat;dn gained about 5tre$s'd§é?0ntinuities
at seals and the specimen léngth required to develop Lam;iﬂtress cqnditi&na
would read ééross to other similar geametiies sueh as the dynanioc support

gpecimen.
A

The finite elementxwas mnade as fine as possible within the limitations

of the progrsmme and the available conputer core store.
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 The mesh was &éfined‘uniformly éléng t$he length of the spécimén. Thig
was considered preferable to the alternative of a ocoarser mesh away from
fstress cunuentrations and a finer mesh arcmn«i the stress eoncentra.tions
themselvea, as the stress gradients are too severe in a thick-walled
oylin&er even in Leamd streas reglons for a true representatian of the

total atiﬁ‘ness of the oylinder by a coarse meshs 'I‘he configuxatian

used in the analysie ia shown in Fig. 10,1 and it wil; be noticed that |
the mesh ooarsens radially mz{:wards from the ‘bore-  The radial heights

of the elements were caloulated to give the same hoéi) stress Mmt
radially across each element. ' The pitch of the elements axially ia |
)0;1 in (2454 rm)» Because of geometzf&al :sym‘mgtry about the centre
seofiox_muof both, the necked and plain specimens, it is sufficient to
consider only h;ali' the t.vot‘al length of each épeoiﬁen, a3 shown in Pig.
10.1 w‘hich is an illustration of the final version of the input data.

as drawn by the Calcomp plotter,. ‘ '

Two ’lno‘ading co‘nclitionsv v%eré analysed for each t;pedimen géometry_.

The first condition was unit internal pressure applied uniformly to a
fixed length oii.‘ -”,;h'e bore, and then g 1i.neai &eoreéée to zéro over one’
element length, that is 0,1 in (2;54 mm)g ﬁme second copdition ﬁas

unit vaxté:mal pi*eaéuré again deoreaéiné “13:1aarnljrt6 Zero over one olements
The positions of these ramp function pressure d.ropg sorrespond closely “
o tha‘*extreme positions of the mitre rings in the statio sup;;m rige

The internal and external mitre rings wro 1/16 in and 3/64 in (1e2.om) _
loni, ragpectively. Both upner and lower axtemal seala were 'E in dismetar,
The ram geal was 9/32 in (7.1 m) long and the lower internal seal was
- 1/16. in (1.6 mm) diameter. Thua the assmnption made in the finite element
analysis 1oa&ina- was that the pressure drop occurred mainly :Ln the mitre
ring, and that the seals themselvea transmitted pressure hyﬂ.rostatieauy
for a goo& ;prol:ortion of the:i.r 1engbh. ~ This. aasumption Beems reasonable, .
‘ al%houah there is no direct evidence to support it.. The loading condn.tions
are. shom d.iagrematically in I‘ig. 10.1- |
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The input of presauve 10&6.5113 to the finlte element program
involved the calculation of equivalent nodal point loads by the wirtual
aisplaoement method. This method equates the work done by ‘the applied

pressure in deflecting the boundary by a certain emount, to the work .

done by an equivalent node load to give the same deflectiom. The

inAppondix-- - » The only specified boundary conditions were

for the nodes at the very centre section of the apecimens. As the.
specimens were cut in two for the analysis it was necessary to fix
thetdiaplacemmt of these ocentral nodes.

;0;2.4. Reéu},tﬂ of Analysese o

Tha rvesults of finite elementxon both the plain and necked .-

static support specimen for internal and external pressure are summarised
in Figs. 10.2 to 10.7+ The vertical ames indicate stresses in any
unit per unit pressure, if both stress and pmssuré are expressed in

the same yni.t. . Ory in oﬁher‘ words, the stresses are given as a multiple
of the pressure loading. The plots were obtained by fi;cst‘ plotting the
‘element stresses for elaments closest to the inside and outside aurfa&es,
which gave the general trend of the distributions. Boundary stress
oonditions were then evaluated by taking radial oross-}lots at appropriate
intervale and extrapolating to the boundaxies. The somewhat Labordous
: procedure is achieved numerically in more sophisticated finite element
programmes. Neverthe}eag the oross-plots piovide a ugeful check both
on the acouracy of the fix':_xite" element rea‘u’ltav, and on the degree of
éueésworl; involved in extrapolation. TFig 10.2 shows s few hoop stress
6ross‘-;g1ats for the plain cylinder with intermal preasu.reb. it can be
geen that in the central region of the specimen the eiement_ stresses

lie very close to the true Lame’ strea;a distrivutions In the seal regiqn,
however, the radial distributions ave changing rapldly particularly near

the bores Extrapolétion is more doubtful in this regidn and 1f grea‘ber'
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AXIAL CO-ORDINATE OF CROSS-PLOTS:

1. 0.15 in
2 0.2 in
3 0.45 in
2.0 4 0.5 in
5 0.55 in
6 0. in
T 2. in
8 1. in
15—
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10—
oép stress'
0-5—
23 s . 1 . e
O I — — T =
LO’5 0.6 o7 . 0.8
| Radius (in) —= . Qutside
Bore diameter

FIG. 10.2 RADIAL CROSS-PLOTS OF ELEMENT HOOP STRESSES
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agcurgey were _requii-ed a mch finer finite element mesh would be

( essex;xtial. The’hooy stress oross-plots for the necked speeimen with
| intemal preamzre, and the external pressure oases exhibi*bed smilar
’oharactenstics to Pige 10.2. ”he axial stress cross-plots were also
clearly defined except in the regian vezry near to the sesl where :
~extrapolation was more. doubtfule These looal inacmmacies however
' are of only minor impogﬁance in_thé o{erall longitudinal stréés distribution
plots ﬁreaented. in Figssj.’l()d to 1047 |

10s24441, Intemgi Pressure Log@g_;‘ ,jui
Figures 10.3 end 10.4 deal respectively vrith the plain and
necked specimens under unit bore pressure. The concept of the neaked
' des:.gn is of cou:r:se to minimise any undesirable stresa conditions in
the seal region ‘and thereby ensure fatigue failu::es within the necked
region only. The hoop stress distributions gio ghow that the reduction
of stress takes piace nore gra.é.wially over.a longer distance in the
| neoke& szzecimen, but that thig also has the effect of reduoinn' the -
. specimen 1ength over whiah Lame conditions apnly. In the plain ,
,Specimen the hoop stress dist:ci'brut:.on is within 1% of the Lame values
for a total length of 2 x 1% in = 2’,5 in (63.5 mn) out of the 4 in
(102 wn) 1ength sub,jeated to fiuid prsssure. - 'Ifhe correspondi.ng‘lengtl'a ’
for the neckeci ‘specimen is about 2 in (51 mm). The nagnitude of the
bhore hoop stress (%)discontinuity is 0.15 stmss units pex unit pressure, -
i.e- 15% of the bore pressure in both cases, although the disconti,nuj,ty .
takes place at a slightly hi.frher atress level 1n the plain cylinder.
“ For prassure p and Poi.sson's ratin V the diacontinuity range for a |
”step f\mction pressure deop is 2vp (5%, say 0.56 units in the case
if pal. The ;camp function pressure drop vovar O.I in’(2‘54,mm) applied
in the finite élemeﬁt analygis is the reason for this difference. It

nas been shown($4) that a ‘mp function over 0.031 in (0479 um) causes
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the discontinuity range to fall to about 0.42 units.. If in the sane
way the step ‘ﬁmcfion, discontinmiity curv;e were terminated at points

“ correspéhding to a ramp function over 0.1 in (2.54 mm) the discpntimzity
renge would fall o about 0.2 units per wmit préssure. '

s The pxial sfress (6;) distributions at the bores of both piairi and
necked oylinders are very similar, slightly lower pesk Stresses occurring
in the necked oylinders - At the pressuve frec ends of fhe cylinders
tensile axinl stresses are predicted, but only of about 0el8 units
mognitude. On the other hand the pesk compressive axial stress in the
pressurised regi.cn‘ is about ‘045 wnits giving a total discontinu:i;ty range
| of 0.68 units por wnit pressures The correspénding range for a step
funetion pressure drop would be 1.0 unit, although this time the difference
is not so directly related to the pressure drop function. - It is more
ikely that the proximity of the seal to the end of the Gylinder has
reduced the mesnitude of the temsile axial stress. Larger tensile axial
‘s-breaseé are in fact predictéd on the outside diameter of the specimen
although these would not notnally be significant.

S The sheér stress (0',% vanishes over the bore surface and thus the
so called 'Bore’ stress distribution refers to material just below

the bors surfaco.

10e2.4+2s  External Pressure Losdinge

The stress distributions due to unit external pressure are
shown in Figss 10.5 and 10.6.  The nooked cylinder again exhibite a
more gradual decay of bore and outside diameter hoop stress (Op )
than the plain cylinder but, as before, this is associated with &
smaller lenzth of the cylinder for which Lamd conditions applys The
plain ¢ylinder hoop stress ;}alues. ‘however, arexmh' b A of the Lamé
values for some 2'x 13 = 3 in (76 m) of the total 5 in (127 m) length
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of the cylinders As the external seal is veory near to the end
of the oylinder the hoop stress discontinuity which would be expected
on the outside dismeter has no oppotumity to develop.

Tensile axial strssseségbare generated at the bore in the
pressurised region of peak magnitude‘o.38 units per unit pressure in
the plain oylinder, and 0.24 units in the neoked cylinder, Corresponding
compressive axial sttegses can be observed on fhe outside diameter although
the stresses inthe nécked oylinder are increased consideiabky in the -
large diemeter region because of the additional axial fluid pressure
';lcading; | |
| The shear stress just below the outside surface, and
. roeferred to as ‘0‘36'0;% exhibits the oharacteristic peak in the iegi&n
of the seal, and in the necked cylinder a second peak can be observed
in the transition Yogion between the radiused and parallel poriions'of

- the specimen.

+2+9s _Conclusions from Blagtic Finite Element is.

a« The difference between the stress distributions in necked
.and plain cylinders is go small that there is 1itt1e advantage in using
a necked specimen desisn« In fact, apart from manufabturing simplicity,
’ tha plain c7linder 1s more attractive because of the greater uniformity
of stress conditions in the central reﬂlan of the epecimen' ‘

ba The teneile axial stresses at the pressure free end ofAthe
bore of a cylinder with internal pressure are considerébly less than the
tensila hoop stresses in thg same area, therefore, their effect is
ﬁrobably negligible in fatigues The same argument applies to the tensile
axial stresses predictted on the outside diemeter in the piessuriaed region
véf the speoimen. As the nominal bore hoop stress at the sesal is about
. half of the Lemd value, fatigue fallures due to repeated pressure should
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"ghould not occur at the Beal unless i‘rettiwr demage at the mitre ring .

bepones sig;nifmant. | 7 ‘ ' 4

o» The case of external pressure loading ie applicable to the

situation in a static;supporb fatigue test when the internal piessﬁi'e is
reduced to zero. - In this case ﬁhe ax:.al tensile stress at the bore could

be important particularly in é britile material with lt')w‘ten‘sile strengthe

_Hm#ever, in a materia,i such aaxEN25 the very large compregsivg hoop stresses
© . would conaiderably retard if ndt 'preVent_the development of a fatigué oracke

de -4 most impc'vrtaﬁt oondition is when both internal énd external

preséure loadings are present, such as :Ln a static support or dynamic support’
fatigue teste In Figs io.7 the stress distributions :hgve been:plottéd '
froﬁz»Fig‘s 10,3 end 10,5 for the case of a plain cylindé;.;, when the
| externail pressure is half the inbternal pressﬁe and the 1atte§ has the value
of un:!,ty; It can be sean that although a tensile Lamd hoop stress of 0.48
units is present at. the bore in the central region of the specimen, in the -
seal and, pressure—free regions the bo”e hoop stresa is entirely compressive.
However, the tensile - axlal stress at the bore in the seal resrion is augmented
by the extemal pressure loacl@g, achieving a peak of almost 0.4 units. - 4
This would not normally be serious in fatigue for a ductile materlal such

as EN25, owing to the small range of the axial stress and the presence of
local compressive’hoop stresses.s If the internal and external sgalé were
opposite one‘amother, rather than aispléoed as in the present case, ‘then )
the exial stresses due to intemal and external pressure loa&ing woulﬁ tend
to cancel out and this would help to minimiqe "tensile axial stresses. However,
the displacement of the Bégig is"an essential design feature of the necked
specimen, and it was a matter }oi‘- 'convenience to use . the same @aﬂgement for
. the plein specimen. An additibhél axiall compressive stress wéuld. need to
be provided even with opposite éeéls; if it were importent to eliminate

tensile streases altogether.
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es The mccuracy of thé analysis of stress discontinuities
at the seal is dependent not only on the fineness of the finite element
mesh but slso on tile grous ‘as'smhptioris mede sbout the normal end shear
loadings a‘ztl the seale Knowledse of these loading conditions is needed

if the desizn and positioning of high pressure seals is to be optimised.

Oe3s Flastio - Piost - is
+10¢3+1 Yethods of Analy: |
The analysis of the specimens could be carried out most exactly
perhéps by application of elastiq—plastic finite element analysis on the
parhicular specimen get)metmes. However '{ha@ﬁg established from eélastic
finite element emalem the fact that Lame conditions held good over
& large proportion of the specimen lenzth, and that the stress éanditidns
at the seal were less severe than elsewhere then the elastic-plastic analyais.
could be made general rather than .apeo;ii’io to a particular specimen g’eomgtry.
Eleistic-plastic finite élement analysis has the disédvantage oi'.re'quiring‘
lfa;.rge scale computing faeilifies and computing times an order of magnitude
greater than the elastic case, and thue cannot be regarded as an economic
design p'rocedur;e if simpler alternatives exist. TFully plastic analyuis
| -of cylinders is not of interest in the present worI; beczuse in fatigue
fully plastic behaviour implies an umsiable situation giviné rise to
ratcheting failures, which could not'be regarded as. a satisfactory design
concepte . ) ‘ ' |
Theoretical analysies' of the expansion of thick-walled cylinders
_ under internal pressure are numerous. Th.e various solutions differ in
their basic asswnptions»‘with' respect to plastic and elastic stresa-afrain
ralationa, yield eriterion, and axial end conditions. Useful sumuaries
.of previous work are given by Allen éna-prwith (), Si:eeleﬁé’z; ) and

clrosaland and Bones ( {6 Yo The_'mo‘st rigorous solutions froé a theoretical



point of view ave those which use both the Von Ifises yield e nd the
Praﬁdi‘tl Reuss btre‘st.a-str'ain relatims, but the aéproach iﬁvolves ;;he numericél
solution of a system of non-linear partial dz.i‘ferential equations. A
nunerétal solutlon ie also required if the Prandtl Reuss relations are used
in sonjunction with the ‘J.’resca yield criterions Simplification is achieved
when the Prandtl Reuss relations are replaced by Hemcky total deformation
relations s and alti;m:gh this approach is not as rigorous it appears that the

{ results abe not sériously in err@r. Closed form solutions are possii;le but ‘
_ are again somewhat complex. A solution which has the virtues of both

. simplicij;_y’- and rizour is that of Koxter (.67), who obtained closed form

<
7

solutidns for all the important exisl end oonditionss  The method involves
the use of the Tresca ﬁeld criterion and the assocliated incremental stress-
strain rolations, . It is assumed that the axisl stress (0,)is the intermediate _
prinoipal’ atress and then uging the associated relations it follows that the
piastic axial strain in zeros The total axi.al atrain is therefore equal to
B the elastic axial strain, and by applying the partwular end conditions the |
- axial strain can be caloulated, One of the points in Korter's analysis is
an exa;gination of the validity of the assumption that the ,axiél' stress is
R always the intermediate stress for condi“l:iona of plane stréin, opsn and closed
endss He concluded that for den ended cylinders with ;.ntemal_ pressure
the axial stress is intemédiate'for_Kratins < 6.,19. Koiters solution
like many of the theorebical solutions essumes no work hardening of the
oylinder materials However an analysis by Bla:icl ( 68) which also uses the
"Treace yield eritarian with its associated flow rule does introduce work
hardeninv and also includes the effec‘b;;external presgurea.

An alternative approach advocated by authors sach as ntaxmin (69 )
Franklin end Morrison ($3), and Crossland (70) involves the use of practioal
étrax.s‘s/ straih data rather than mathematical models of the streas/ atrém cm.'ve.
Franklin and lorrison in ,pa.rtic\.{],:ar heve carried out careful experimental ‘
ﬂork amply epnfimi;zg the method, and it was deocided to Vez.aploy this approach initianj

40 the present work.
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| 10432, Prodiction of Pressure Expansion Curves '

‘ The form of mater:l.ai data recommended by Franklin :and llorrison

is shear stress/ shear strain from torsion testss - The ﬁ:eason being

that the stress System in a cloaed ended cylinder at yield may be reduced
to & uniform volmetric tensile stress plus a simple shear stresa. By
assuming that volumetric tension has the same insignifiocant effect as
volumetrio compressi.nn on the yield behaviour of a d.uotila material then

: :Lt can be concluded that yleld in a thick-walled cylinder is sq_lely 8
fuhaﬁ.on of the shear stress. ‘If"thAe ghear yield stress is derived from
torsion data then s criterion of yieid does not enter the analysiss The
analogy with a torsion téat i3 continued in the elastic-plastic expansion
of a aylinder by asmnninu that the behaviour of the cylinder material is
exaotly a.escribed by the shear stresa-atrain properf;iee of the material

in pure torsiom . V'In add:.tion it ia assumed that the shear( atrain

' aiafriﬁution aczloés the miii 61‘ the cylinéer is ianivaméi& proportional

to the eque.re of the cirlind.er radius, By e'nployinn' these two basic -
~assumptions rranklin and ?:iorrison wers able to make axtremely accurate
prediotions of "the pressure expansion curves und.er both increaSing ,
preésure; and pressure release con'ditionsl.v An outline of fbhé théoratieai

’fJasis to Franklin and Morrisoh‘m‘éthodiis given in Appendi.# 1 ij_5_..'2- .

| :The ‘i?rankli.n and Mcfriscn m‘et‘hodt was used in 6onjunction ﬁth

the experimen'tal results from torsion tests reported in Section 8.3 to

" predict the pressure expénsion curve drawn in Fige 9.5 for comperison with
axperimenﬁéi 'Areizl’ta. I% was i‘;mnd that over +the range of‘ straing

* corresponding to expansion of the 1475 K ratio cylinder to just shory

of collapse the shear &191& stress of &1;25’%5 virtually oonstante |

A8 may be seen from the tests on suall torsion spacimens in Fig 8.4

the shear jieid strésa’ vaﬂ.’éa from - an initial value of 2644 'J’.‘xmu:{‘/:i.n2

(408 L&N/m ) to a value of 26.8 Tonf/in (414 MN/n2) ab a shear strain
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of V.017 which is the bore strain just short of collapse. Thia means
that very little aifferenoe gan be detected in the pressure expansion
ocurve whether real shear stress values corresponding to particular strains
are used In the evaluation of‘\Jlgfby & numerical method, or alterhativeky A
if the definite intezral Ty[tdr= Tylvi  ig used with an tnitisl
or average value of-Tg . ?he former approach is of course essential
if aocurate residual stress condithons are required with‘due allowance for
the Bauschinger effect, but the sirain gauge tests reported in Chapter 9
"established that after a few oyoles the oyclic behaviour is purely elastice
" It is apparent from Fig 9.5 that although the static pressure
expansion curvé can be predicted accurately it is necessary in addition
~ to investigate the steady state cyclic pressure expansion curves. For
é particular repeated pressure the coylinder strains will increase and |
eventually settle down to an identical pattern every cycle. It is these
steady state strain conditions whiéh nee&‘to4be knowmn in order to define
the nmesn strain for fatigue analyaisa As the cyclic éxpansion of~a
oilinder in the early stages of life is the result of cyolio scftenin#
Vof‘the ine25 material it is possible that the eyolic shear stress/shear
. strain curve for Dns25 could be used as basic data in the Franklin and
Hérrison method rather than static stress/strain,aafas Cyolic shear stress/
shear strain information from reversed torsion tests, by lackenzle, Burns
end Benham (1! ) on Tn 25 in & sinilar condition o the present test material:
was used with the Franklin andfmﬁrrisoﬁ method to prmdﬁce the oyoclic pressure
. expansion ¢urve in Fize 1084 It can be‘sean that the use of cyclic shear
strasa/shear sirain data considerably‘overesﬁimates‘the anount of cyclic
expansion when compared with the‘expe:imental strain gauge resulta. -
In fact the static pressure expansion curve 15 fmoh closer.to the
experiﬁentalycurVe. The main reason for the poor predibtion from. syclic
shear straés/shear strain dats must lie in the faot that veversed stain
“ ~eyeling is not reprentative o£ the oyclic conditions at sny part of the
wall of a thick-walled cylinder.
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: Sé far discussion has centred on the casé of repeafed intemal
preasure only, but in the present work the case of combined. interngl and |
‘ e;:temgl pressure is equally importants Under these oimmnstances the .
mean st:.jaiﬁ c'oz\ld.itigng wj.ll be differept and the cyclic pressure exPa_nsioxi
'hghayiour‘wiil changes = Experimental strain gauge data would be difficult
S0 acquire under conditions of both internal and external pressuie and it
isg préposgd to aoqggt @he gtatic‘préssufe expansion cur&e in spite of the
ii;ac:uraéy.in the mean strain prediction. The cyclic strain range is of
course known i_’rom‘ elastic considerations. ’ | o
: The.pressurg expansion information presented in Fig. 10,8 refers
o conditions on the outside diameter oﬁ‘-' the cylinder but for fatizue
analyais of thlck-walled cylinders at the bore are needed. ‘The Franklinv‘r
and .éorriscn approach involves the assumption that the shear strain at any
railus in the chinder is in inverse proportion to the lsquare_of‘ that radius.
Tha:c this assmptipn is in ‘erz‘qr is unirhportarit' for the purposes of defining
the pressuré expansion curve as the shear stress is almost independent of |
- shear strain in the‘ragiqn of iqtérest. Towever if the caloulation of bore
shear strains isrthg purpose ﬁhén_ﬁhe.assumption may be unacceptable. There
is the further problem &f the cylinder is subjested to external pressure that
~ the axial atresis nay no‘,,'iongez;, remam the iﬁtemédia'&e principal stresss These
points were investigate& in the present work by the applioation of the Tresca
yield oriter:.on with its associated flow rule o the general case of a cylinder
‘with internal and external Pressure. -
» It was shown earlier ‘that f‘or cylinders of moderate K ratio in En25
materlal the assumption of no work harﬂenin" is completely valide Tbe ganeral
, equation for the internal prea sure ‘which correaponds to a particule.r position

of the olastic~plastic interface radius can be stated as (AWVX 1) -

Ff-“-_‘zi/t*s‘b'”%'*'»- D‘"(b)]""% (10.1). -

By the applioation of the assooiated flow rule 1% can be shown

~ that in the plastio reglont



W= J:'Z-LTJT[W‘E* .L((%)"-l- Po)] -vEr+ I-g’c ¢ (10.2).

‘The shaar strain in the pla.stic region is given by
6 6 W ow .
| Y = £S5, | (20.3)
Substitutino- (10.2) in (10.3) gives ;
¥ = Z(\-— v) Ly C) - l 'Zv) La - {(1044)
G‘ .

' ’T‘quations (10-1) and (10. ) cen now be aombi.nad, graph.tcally to produce

a pressure expansion curve in terms of bore shear straine This curve is
plotted for the case of 1.75 K ra'bia in Fin. 1049 The ocurve prediocted

by the W"anklin and. I‘orrison is shown for comparison and it aan be aaen

thé'l; this method sigu.ficgntly underestimatesy the magnitude of the bore shear
straine The val;dity of the é.ssumption_ that the a.iial atmﬁs‘ i3 always
the intermediate principal stress is examined in Appendix 1.3.4; 'aﬁd depends
upon the oylinder K ratio and the ratio external pressure / shear yteld ét;resa.
It is shomn that the validity criterion is not violated snywhere in the |

gpplice;ti.og of Knite:'s approach to the analysis of the presemt worke

163



23

- 450

1400
25 FRANKLIN AND MORRISON METHOD

L o
MN m KOITER  METHOD

-350

- 300

] ‘ ¥ 1 1] T I ¥ L | L] j
0-00§ ~ 0ot0 - ' ; 001§ -~ 002
: - BORE SHEAR STRAIN—= .

FIG. 10.9 _DIFFERENCE BETWEEN INTERNAL AND EXTERNAL
PRESSURE [pi~Po] AGAINST BORE SHEAR-STRAIN




165

 CHAPTER 11,

FATIGUE TEST RESULTS.

11.1 Introduction.

Thé basic quantitative results of the fatigue test prgramﬁe
are the details of the specimen endurances and fatigue loadings. These
are¢ presented in this chapter along with the details of the observed:
fatigue fractures and also data and experiences relating to the performance

of the fatigue press and test rigs.

11.2. Teats with Pulsatinz Internal Pressure.

Two series of tests wore conducted, one with an internal base
pressure equal to the 250 be/inz (1.7 MR/mz) replenishing supbiy '
pressure, and the other with a much higher base pressure provided
by the static pumping rig;

k In the first series with nominally zero base pressure
specimeng with X ratios of 1.4,71.8 and 1475 weré teated.» The l.4
and 1.8 K ratic speciméns were ﬁanufactured to the dynamic support
specimen geometry, Fig.v7.2, and were fatigued early in the experimental
program on a small subpress during commissioning of the fatigue press.
The later 1.75 K specimens were manufactured to either the necked or
plain etatic support specimen geometries, Fig. Te3y and were tested
in the static support rig,‘Fig. 5¢4¢ A simple thin walled spacing
tube which also-patédas a safety soreen replaced the outer vessel.
The results of.the zer& base pressure tests are summarised in Table 11.1
and aré plotted on the graphs Fig. 1l.1 and Fig. 115

The elevated base preséure tests were also performed in
the_statio supp@t&»rig by[uéiﬁg en adaptor to commect the sfatic
pumping rigrtoithe replenishing supply tapﬁing. The specimens were

all of 1.75 K ratio and the plain static support design. A single



Results of Tests for Pulsating Internal

TABLE 11.1

Pressure with a Zero Base Pressure

Test No.

K ratio Specimen No. [ Maximum Cyclic Pressure Life
E (Tonf/in?2) (Mv/m2) | (cycles)
3 2 g 27.3 422 14,092
30 33p L 23.6 364 | 19,038
37 37P 21.7 335 32,279
29 32P 21.3 329 56,792
" 28 25 18.4 284 59,778
27 29p 18.0 278  1129,620
31 30P 14.9 230 94,000
32 3P 13.5 208 160,000
11! 13D 15.3 - 236 33,200
4 6 8D 15.3 236 | 33,651
7! 5D 23.5 363 26,678
" 91 7D 23.6 364 26,964
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base pressure level of 5.5 Tanﬁ/in? (85 MN/ma) was used in all
the elevated base pressure fests. Thie is s oon%enient working
pressure for the pugping rig when operating without intensificgtiun.
The results of the elevatéd base pressure tests are summarised in

Table 11.2 and plotted in Fig 11.2. o

| The point of failure, determined by the first leakage
ofrfluid through the specimen wali, was easy to detect in the tests
withéu% external fluid supports. On the occasions when failure ‘
occurred\in the author’s.preéence there was often at higher pressures
.‘_ a sharp cracking sound ﬁut.normally the only indication of fallure
'was an atomised mist of oil issuing from the spedimen and out of the
spacing tube hole. . The evidence of the ultra=-violet traces makes it
| possible to state with confidence that the press was brought to a halt
immediately in eveﬁy tesﬁ?%ailure. This mesns that the test room is
not likéiy to £ill with oil mist before the press switches off creating
‘conSidepable risk of firef

|  Although a few tests proved irksome because of check vﬁlve
_ leékaga or accidental manganin gauge damage the majority were trouble-free.
The performance of the fatisue press was if anything improve@ during the
olevated base pressure tests. This was due to the fact thaf the minimum
hydranlic systen pressure in the oyole, about 275 1b€/in? (1.9 MV/u2),
:waa higher than the unrestricted decompression pressure in the main
caﬁtxol valves Thus the cocasional irregular travel of the ram at

the end of i{ts upstroke mentioned in Section 2.6 was avoided. An
ultra=violet trace from a high base pressure test, Ho.44;~1s sﬁown in
Fig 1143+ It oan be seen that the internal pressure reduces steadily
from the peék valueav This is in contrast to the sudden release of
ﬁréssure which can be seen at the end of the pressure reduction in
Fig.llaﬁ. This is a trace from a static support test wheré the base

pressure was nominally zero.



TABLE 11.2

Results of Tests for Pulsating Internal Pressure

with s Base Pressure = 5.5 Tonf/in? (85 ¥N/m2)

K ratio | Test No. | Specimen No. | Maximum Cyclic Pressure | Life
(Tonf/in?) (M/m2) | (oycles)

46 4TP 29.1 449 8,919

45 46P 26.7 412 31,691

1.75 43 45P 24.2 374 31,500
47 49P 22.5 347 38,413

44 44P 20.3 314 111,857
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‘Vj.rtuall:}' no deﬁaxid.a ware“made of tﬁe static pumping .
| rig 88 the amount of repiemiamenﬁ‘was 80 small, aumb, or so per
hours Consequently the béae:préssu£e~was maiﬁtained to- within 2%
" of ‘the nominal values. The high preasure Budenber* gauge wad used
ta awitch off the pumping rig at railure. ‘ i
1.3s Tests it Puls t Internsl Pregsure and Static /térn 1 Pressure.

- . ‘Llhzblh Exggﬂgg_z;tal Reaults.

The statio supported tests wore oarr:led out on 1.75 K ratio '

e

speeimene with fom:' diffemnt 1eve13 of external pressure 6, 12, 17 and
21425 Tonf/in (93,135,263 and 328 mW/u®).  Usually eight specimens wore
: jbested at eaoh pressure leveli ‘l’he results are i)re;sentéd in Table 11.3
. and. it can be seen from the test iden‘bification numbers ’shat at amy oneg
. extemal preesure the tests were ‘generally perfomed sequentially. The
oocasional hizh test ‘number refers to a teat whioh was perfomed later
in the teat pronrarmae to confirm a trend‘. or I‘ill a gap in the data. The

9peoi.men geometries are mixed to a limited extent between the plai.n amd

“the necked d&a:.gns as can be meen from the table. The results are plotted -

in Fig; 11 1

7 The test aemaa was performad usinn' the oomplete static aupport
rig as described in Ghapter 5. In the case- of 6+0 Tont/in% (93 rm/m
- teats the intensifier was bypassad and the syatem was fed directly from
tha Olinairg. d.r:i.ve ‘plmpn The detection oi‘ the point of failure in the
statia supported testa was not alwaye renable. As in 311 the fatigue -
tests on’ pres"uriaed oylin&ers the point of failure is dafined as that
moment when the fatigxe orack finally penetratea the outside surface ,
: oi‘ the speu:lmen. If the apeoimen i.e surrounded by a preasurisad fluid
then clearly leaks,n-e i‘rom :Lnside to outside will 'be retarded particularly
if the pressuxa dii’ferenoe ia Bmall. Tow .in order to stop the test at.
failure cme or both of two control features must be tripped. Iui:ther the
static presaure gauge pointer st rise sharply by at least 1.0 Tonf/in

(15 I‘Iﬂ/m ) to operata the reed switch control, or the pressurj.sing plunrrer

17



K & ratio = 1.75 throughout

TABLE 11.3

Results of Tests for Pulsating Internal Pressure with a Zero

Base Pressure and Static External Pressure

Test No. Specimen No. | HMeximum Cyclic Pressure Static External Pressure Life

(Tonf/in2) | (MN/m2) (Tonf/in2) (¥/n2) | (cycles)
42 43P 34.6 534 3,684
33 34p 26.0 432 13,954
36 38P 25.1 388 6.0 93 32,276
35 36p 22.25 343 66,073
34 35P 17.9 276 | 104,000
22 26P 45.2 698 | 650
26 28P 40.5 625 - 2,468
21 21 37.0 ’) 5T 10,771
A 42P 36.6 565 6,612

12.0 185

25 24 30.3 468 21,117
20 20 26.6 411 45,163
23 22 25.0 386 1594336
24 23 22.7 351 265,978

Cont'd overleaf

|
N



TABLE 11.3 cont'd

Test No. Specimen No. Maximum Cyclic Pressure Static External Pressure Life
(Tonf/in?) | (MN/m2) (Tonf/in2) ' (MN/m2) (cyeles)
11 11 49.4 763 825
39 41P 42.9 663 1,701
9 12 40.8 630 4,717
10 10 36.2 559 9,700
5 19 33.1 511 17.0 263 16,235
3 13 29.85 461 26,819
8 8 28.0 432 73,200
1 1 27.3 422 82,000
7 14 24.1 372 514,000
17 18 49.9 M 860
40 39P 41.8 646 1,897
15 16 39.5 610 6,900
14 15 34.9 539 21.25 328 9,260
12 T 31.7 490 39,950
13 9 28.5 440 117,300
16 17 26.2 405 } 206,000

pNA
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must overst?oké by at ieast 4" (644 mm)s In the majority of statioc
external pressure tests these conditions were met and the press was
halted.»iniamediately, but in tests whe;-e the difference between the

étatio external and naximum internal pressures wﬁs less than a‘ooﬁt

10 Tonf.‘/inz ((154 Im/mzj the precise éoint of failure was often missed.
Fortunately the ultra-violet trace always proﬂ,ded a btrue record of what
had haﬁpened.. The pulsating' inteméi pressure trace shows no hint of
i‘qi‘lm:ar 7.orwl: the extexﬁal pressure trace riges stegdily from the poi.nf '

of failure to & point wherse the pressure gauge contacts eventually switoh
the press off. . During this period the fatigue orack acts as a check
valve permitting & small leakage of internal pressurs on the dowmstroke

- of the pluﬁger, and ‘preventing leakage of the external preésure on the
upstroke.  The effe'cts of the small leakage of internsl preséure are
twofold. E;irs’cly the plunger stroke is increased only alightly so

that the overstroke limit switch doéé not detect this fact and thé
replenishing supply 1_9 wel} able to male up the loss of fluid, (and
secondly vthe wolume of external fluid is very large in comparison with
thq 1eaka;ge volume per stroke so that the external pressure is increased» :
quite slowly. It is 'possible for the nmaximum pulsating internal préssure
t§ be maintained under thesé condi tions oniy because a significant pressure
drop e:’ciéts radially outwards aiéng{ the fatizue crack due to the very

_ small orifice which it presents. Hyvidence for this éffeot was provided
by one of the unsuppprted tgsts, 0.28, when it was péssible to gradually
increase the internal pressure of the failed 9peci.meh to about 9 Tonf/in®
(139 17/n°), $he maximm fatigue best pressure was 18.4 Tont/in® (284 /),
~ before oil mist issued from the cracks In another test, Ho;33 with . |
6.0 Tonf/in® (93 1M/n°) statio extemal pressure it was possible to hold

about 10 Tonf/in2 (154 Pm/mz) internal pressure after failure of the
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«sp;enimen vefore an’_'inorease J.n the statio' axternal préséﬁr’e oould be
deteoted. | | |

fn extreme example of a test in which the press continued;'
to oyole ai‘ter failure is that of 'L‘em': No«l6 where 34,000 cycles were
‘exeouted with a fai.led specimen. A slight leakage in pumping rig system
wag ju;st counfer’balanced by the leakage of intemal pressure from'the
speoimen 8o that instead of ﬁxa exterﬁdl pressure increasing after failure
it merely atabilised the previoua rise and fall about the nominal pressureo
Other tests have cantinuea for much shorter periods, but the evidenoce points
to the inherent safety of the static support system, and at the same time
the neseasity for relisble pregsure monitoring for fatigue wdrk.‘ Without
the complete ultra violet trace record it would have been impossible to
determine the true life of the specimen. |

Another area where instmmentaticn has proved important in
the assessing of the performance of the static pmnpi.ng rig in maintaining
a constant pressure within close limits. -There ave two chief factors which
1imit this perfqmance. I‘irstly‘ there is seal ‘;Leaka,ge particularly at
the specimen itself, but also witixin the static pumping rige The
,latte:':‘ wéé ‘uéually negli"giblé but specinmen seal ‘leakyage was never entirely
oured which meant that the static pumping rig had to make good the lost
fluide The eff‘ect was a slow Joss of pressure between strokes of the
Olinair Drive Punp. Normally this pressure loss would not exceed 5%
| of the nominal static pressure aﬁd the Drive Pmﬁp would stroke every
30 mimites or so. Under théae-‘cirmmstances the intensifier pistton
'would reach thé"end of its stroke and the system would redharge itself
every 3 or 4 hours. Occasionally and for no obsarva.ble reason the
. ‘éxte:mal speoimen seal leaka@;é increased with the rasult that the - A
pumping rig stroked nore frequently and the pressure loss rose to

" between 5 and 10/ of the nominal Values .



A aéoond faoctor ﬁhioh iﬁfiuenees théléccuracy of)the static
pressure is a presuure ripple at the test frequency due to the elastic
displaeement of the apecimen under fluetuatmu internal pressure‘ In

fact the persistent leakage from the external specimen seals could be
| partly attrmbuted to this cyalic mOVGment of the specxmen as 1o leakage
ever occurred when internal pressurisation of the specimen was stopped.
At a typical test frequenoy of 50 or 60 cycles per ninute the high pressure
.Budenberg gauge pcinter was unable to respond aoourately to the pressure
ripple and.theréby the misleading impression of & steady pressure was
given. The true aituation is shown on the ultra-violet trace frcm
Toét 7 in Fig. 11,4« The amplitude of the pressure fluctuation is
about & 2450, {-mich is a fi@ré typical of the variation obtained after
the installation of the high pressure reéervoir in the pumping system.
- The reservoir more than doubled the working volume of high pressure
£1utd from about 3.6 in3 (59 ml) to 6.0 in3 (130 ml) and roughly halved
the‘gmplitude of the pressure ripnle. | |

The accuraqy with which the manganin gauge signal indicﬂtes
the static pressure Variaticns is very dependent upon the hlgh pressure
fluid.  The fluid used for the trace in Tig. 1l.4 was Univis Pa38, bub
~witﬁ exactly the same éxﬁeriménﬁai cénditions gnd Tellus 27 as flqid-the
‘piessuié ripple 1aéged the internal pressure oyéle and the amplitude was
only p 0.5%. ‘The Qemote poaition of the manganin cell from the test
rig had resulted in the damping of the preSSure fluatuations by the
more visooﬁs Tellus 27 althouoh the comnressxbiiities of Tellus and
Univis are very similar, -

The figures quoted for the statlc nreasure IGVels in lable
11.3 represent the mean of the combined long term varietions due to

leakagze and short temm vari ticns due to specimen disylacement. It
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.1s not possible to put a single peruentaﬂe Variatian figure about the
mean value as the pressure rzpple oontrLbutlon was chiefly dependent
upon the~magnitude of the internal pressure range, but in general

the total variation about the nominzal static pressure was between

+
+33nd"‘6%u

: 1;3.2. Predictiond of Stati g Pregsure "luotuation.
' In a hydrostatio extrusion system the pressures would be

higher than in the preaent work and it might be impracticable to provide
aylarge enough higﬁ pressuﬁe reéefvcir witﬁ the result that the‘fluctuations
in static external pressure caused by elastic diaplaceméﬁts could be a
significant factors For example the oubtexr Qessél coul@ no lonzer be -
daéigned from pureiy statio considerations. It is therefore important

to be able to prellot the fluctuations in statio preasure which arise from

‘ the oyclic disPIaoeﬂents of the liner walla. .

- Tor accurate prediction it is necessary to know the pressure /
)compressibxlity characteristic for the workz.no fluid. Two different
characteristics are usually presented , the xsothermal and the isentropic ,

because the compressibility is temperature dependent. In the case of the
| pumping rig the true Bituation’lies somewhere between the two cases,
probably ﬁearer to the isothermal.  ‘Howe#erlcompreasibility data of any
gort abt high pressures is relatively scarce and particularly for oils

such as Tellus 27 and‘Univis.‘l Some ?oom temperature (20°C) isothermal
_compressibility Gurves from different sources ére presented in Fige A4.]-
Evaluation of the volume of working fluid is also Aiffioult and although
the elasticity of containing vessels can be éppreximated‘doﬁbt remains
“‘about the compressibility of seals. It is possible to draw up an
expression for the net reduction in fluid volume in terms of the |
internal pressure and the smplitude of the fluctuah@gexternal»pressuge,lq%.
’Using thq compressibility characteristicggéductiOn in fluid voluhe, a'v,.

corresponding %o sn increase in external pressure also can be found.
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The oorreéﬁ ﬁkn, zivesa the same'compressibility from bhoth
considerations and must be found ﬁy,trial and error. Hoﬁever,

© for aiﬁplicity the elastic distortion due to the éxtra external
pressure may be'neglecé;d and thel;h/rfSund soiely from the maximum
internal pressure gnd the X ratio. This‘is quite reasonable in
~view<of the lack of ?reoision in the compressibility characteristic
and the large external fluid volumes It aldo gives an upper limit
%o the fluctuation figures  The analysis is detaiied in Appendix ¢
"It oan be seen that for Test T the predicted variation in static
pregsure is 17.0't 0.5 Tonﬂ/inz (263 te HR/&?)'wﬁereas the actual
. variation shomn in Fige 114 is 1740 £ 0.4 Tonf/in? (263 % 6 1mv/u®)

11.4 Tests with Pulsating Internal Pressure end Simulteneous Pulsatinz
,ggternél Progsures | oo
The dynamic supported tests were carried oﬁt on five specimens
of different K ratios as listed in Table 11.4. The results are also
~ given in Table 11.4lénd érerplotted in Pigs 1145« . The 1le4, 1.8, and
. 2.0 K ratio specimens were manufactured to the design shown in Fig 7.2
these K ratios having been chosen for comparison with the results of
other workerss The 1.75 K ratioc specimen was chosen for comparison
with the static supported specimens. Although the mumber of specimens
teated successfully is linited, other specimens were in fact cycied
'during the development of the technique.
lony of the problems with the rig héve been detailed
alrea&yvand it is>more appropriate heré to desoridbe the practioal
results of the testss The detection of the point of fallure in
dynsmic support tests was always immediates This is not surprising

a8 the pressure differential between inside and outside pressures



TABLE 11.4

Results of Tests for Pulsating Internal Pressure with

Simultaneous Pulsating External Pressure

180

K ratio | Test No. | Specimen No.| MNaximum Internal | Maximum External | Life
Cyclic Pressure Cyclic Pressure

. (Tonf/in2)| (1E/me) Tonf/in25 (m/m2)| (eycles)

1.4 2! 2D 20.55 317 6.8 105 64,200
175 6! 12D 29.0 448 9.0 139 42,000
1.8 4 10D 28.5 440 9.4 145 84,900
3 4D 29.3 453 9.7 150 ]102,8C0

20 {' 5¢ 6D 30.8 476 10.2 158 65,400
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waa large, and as abon 8s inside pressure was able to leak the
specimen assembly could no longer operate dynamically. IHowever on
gome occasiona the press had stopped sutomatically and one was imsure
whether the speoimen had faileds If the press were then restartocd,
the ou‘oér chamber became yresénrised. via the cerack and this pressure
was held on return of the ram. In the same way as in the static
- support tests the specimen was acting as a non-return vzﬁva, but with
an important diffevence that in the dynamic support rig there is no
provision for letting down this external pressure. This led on two
ocoasions to axtreme diffimﬂty in aj.smémtling the rige. Wi‘bfx the -
extra load on the' end plates it %as net possible to pressurise the
hydraulic tie rod mits sufficiently to remove the shims. It was then
‘necessary o use a testing machine to pre-compress the end p].aﬁes while
unfastening the mute. It would of course he possible to ineb:;porate a
high pressure let down valve in the external pressure end closure but this
would complicate the aompmént end could give rise to fatigue problems.

B The apecﬁxens were &ll tested at one external pressure/
internal. pressure ratio slthough the rig can accommodate a range
of such ratios. It is important to examine how the pressure
| generating performance predicted from simple‘ area ratio considerations
differs from tixat obtaineq. in practicé,l?ig. 1146 shows the external
prassure plotled against internal pressure. The static curve was
obtained by gradually increasing the internal pressure without eycling
the pressures The second ourve shows the dynamic pressure ratioé achieved
in the tests. It oan be se:n that the measure of disagreement between
these curves ond the ideal frictionless curve is significant. There ave
two main reasons for this diffemce; firstly the effegt of rig segl
friction, and secondly gebﬁxétrio changes due to elastic displacements under

pressure. The latter effect can normally be ignored. For example, with
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an internal pressure of 30 ’.{'onf/in2 \(463; I-m/rAZ) and en ‘external
pressure of 10.7 Tonf/in (165 m/m ) the pressure ratio taking
‘ '»;mto account elastic distortion and manufacturing tolerancas is' -
“ about 04358 as againat 0,356 1doally, (- T.. '+ The
| ; | 'aii‘férenae ia negli.gible, but 1f the modified pressure ratio were

used it would give rise to higher not lower external preasures for a

. gliven intemal pressure.  Thus seal friction-losaes must aocount

entirely for the reduced pafformmce exh:‘ﬁited in Figslls6.

" Tt ie assumed that the total frictional resistance of
‘ the tiireé ‘moving' seals aoting on the specimen assembly is glven
by frictional loss factor, k, roaiaulated"fmm the expression

’ 7whe::a Ri a.nd R refer respact:.vely to- the :.deal and measured pressurd

' ratioss Referring to Fige 1146 the gradient of the dynamic line is
R = 0-332, and -Fcf tf\a,,«ideal line Ri. = 0.356 thua using the above
formila k = 0.067, or 6uThe - The grsdienu of the quasi-static line
R - 0'318 and k = 0-107 or 10~ﬁ for ther three ‘seals. However if
the quasi-static line were extrapolated it vould not paés through the

- origin, which vrould suggest a small static component of friction should

“be included. The fricti.onal losses which this simplified analysis -
prediats are low and: would indicate that the seal behaviour mst be -
partially !wdrodynmic. This perhaps explains why wnder such arduous
high.preasure oonﬂ.itims, c‘émpared with normal hydraulic practices, |
aatiefactory seal lives haVe been obbtained with commercial hyﬁ.rmﬂic

'seala in bath static and dynamic suyport test riga.

1%



li.ﬁ ‘Fg‘tig;' e Fraotures.

11.5.1 Introduction,
| The 'olassta! ‘fatigue failure of a thick;walled cylinder -
subjected to repeated internal pressure starta at the bore end pronqgates
radially through the wall until the outaide surface is reached. 'I’ypically
there is only one crack about twice the vall thickness in lenﬂth situated
axially in the bores« AL the outside surface the only evideuce of the
crack is two faint surface merkings similer’ to tlmmbna.il impccessims. i
the cylinder were split open lonoitudinally in the plane of the erack a fraghire
| surfaoe roughly semi circular in shape would be revealed)( sasﬁm%&iz“;il the
) fatigue tests in the present series were taken to failure 80 . that a large

| collectmon of fractures over a wide range of conditz.ons were obtained.

In relatz.\rely few cases did the cracks exhibit all the featu::es degeribed

) above» Inspection of both internsl ami external oracks was by eye with
'the help cf magnetic crack deteotion techniguesy where necessary, and

thus only macroscopic or'engineering'oracks will be discussed.

11.5}.2’. Extemal Cracksas
\ | The symmetric thumb nail crack is illustrated in Fig. 11.8 (a).
Only the central region is aotuall;} fractured and this type of crack is
typical of speoimeﬂs tested without support pressure, or with low levels
of atatic or dynamic support pressure. f.Di:e é.xial extent of the thumb nail
impreasion is roughly proportibnal to thg’ma.:d.mmn‘m;aéated iﬁtemal pressure
so that for long lives at low pressures the 1en;_r;th is. roughly 3/16 in
(4.8 mm) end for short lives at hirrhai' pressures % in (19 mn) or more long.
At pressures close to the oollapae pressure the crack. algo tends to open
out end to exhibit izrogularities typical of a buret fracture The
- external c::ac:ks observed on Bpecimens subgeeted to higher leveld of suppord

pmssu:e showed considerable variety in appearance. It was noticea‘ole
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that the type (a) crack of Fige 11.8 could be found in specimens
with high répeafed intémal prassurés and substantial supparf N |
&presmwe mther than the open burst like fractures mentioned
earlier._ At 10*ver p:c‘easures a crack of the type illustrated

| " in Fige 11.8 (b) was typical. '~ The whole of pne of the thumbKnai.i
:.mpreseions had became fraotured. An extension of this type is

\ ‘shown in Fige - 11.$ (e) where the éracl,. has - propogated axially

' beyond the thumb nail boundarys vHowaver the type (o) craok»
aplﬁeared 5o benharaoterisgio.af: fests at high support pxjeséﬁi'es" |
which had ‘ccmtinued.ts-) gyc_id aftex faiiure, and.‘thirs mey aca@f -
fof "i:he exteﬁsior_xm }?ig-- 1149 shows two vieﬁ'a#:of specimen No.16.
The Acﬁaracﬁéﬂétio thumb nail fracture can be'ﬁéen in view (a),

- but in addition a niﬁ;.'e widely apaced thumb nail impression oan be
acen nearby. “hen the speoimen was sectioned a fatigue orack.

was rovealed which had grown to about 1/16 in (1.6 mn) short of
‘the outside eurfaoe. In view (b) of I’:.g. 1146 a third faint

© thumb nail impression‘can be seen, If two cracks propo*’ate in close
.proximity as in Fize 11..9 (a) they may well merge, at the outside
‘surface as shown in ‘"‘iﬂ. 11.6 (d) and the resulting.fracture is
skew with :cespect to the axis of the epecimen. ‘I'hia type fraoture

_Was 1% i‘aot ,obserVed on a number of specimens._

11.5.3. Bore Cracks.

| | The classieal sinule m:ial bore erack was found on almost
‘all apecimens with endurmmes over 100,000 cycles. ' At somewhat

higher load.ing conditions the failure orack was still a straight

axial crack altuough a number of shorter cracka could be soen i.n
additiom 3 Perhaps the moat common type- of oraak found in the
. atatm support apecimens was a chain of axial craoks which had linked up
o form an excepﬁiqnally long i:cregular but basically axial fracture.
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: i it lO(a -
This is shown in F “ig. 1159 for specimen Ho.16 where flmrescent

magnetic ink has been -usad to emphasiee the oracks. It is interesting
to note the complete absenoe of cracks outside the parallel gauge
length of the specimen. - The main craok was not the fa.ilure erack
. in spita of its 1en;v'th» In fact it appears the.t the linking up
- of a number of m:aoks retards the radia.l growth of tha main orack
“in preference to exial g:cowth. The failure crack (not showm) in
specimen Ho.16 was falrly short with only one link up. The multiplicity -
'51" éhort ‘cracks sometimes as many as 30, slways accompanied this type

of failure.

11. o4s_Crack Propazation.
Info:mation was gainad on two aspects of craok growth in

a thi.ck walled Oylmder during the test Progranme. The two mpects
- are, the stage in the li.fe of the specimen whan a bore erack can first
be observed, and the direction in which the crack propagates through
the oyllnder wall. ,

o During the teat: piogrwnme & number of tests were inte_rrizi)ted ‘
“ prematwiiely through some failure of the rig or. instnmaﬁtatidn. Usuallyv
the rig was stripped dowmn to repéi;r the fault, and the opportunity was taken
ts ihspeot thé sPecimen. A record. was kept on these occasions of whether |
bore oracks could be deteoted by eye yith or without tha help of magnetic
‘erack detection. The resulta of th_ese intemedj.a‘be i.tmpeotmns are
Vamnmt‘;.riaed in Table 1l.5. \fIt oan be seen from the Table that no cracks.
could rﬁe deteoted asﬂlate as .71‘,’-'.'7 of the ;Lifeﬂ of one specimen, and that
‘the earliest oracks were dotected at 81“’ of the ’11£e of another epscinen.
The results covar a range of endure:nces from sbout 2,000 oyoles to over

' 100,000 oycles, and in spﬂ;e of the unsystematic way in which results



TABLE 11.5

121

Tests with Intermediate Inspection for Cracks

Test No. | Total life | Life when | Nj Comments
inspected W %
‘ t
(Ny oycles) | (Nj cycles)
7 514,000 227,741 44" |No cracks
13 117,300 51,572 | 44% |No cracks
103,931 89% |6 bore cracks
107,598 92% |{Same 6 bore cracks slightly
. longer
27 129,620 125,081 97% |1 bore crack about % in. (6.4 mm)
long -~ same crack at failure
about £ in. (19 mm) long.
30 19,038 11,130 58% |No cracks
13,521 71% |[No cracks
36 32,276 18,117 5674 |{No cracks
37 32,279 15,000 | 46% |(No cracks
40 1,897 1,532 81% |Large number of short bore
‘ cracks longest about % in.
(6¢4 mm)
46 8,919 5,506 629, |No eracks
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were acquired: it does appear that as little as the last 20;+ of 1ife |
i‘s‘ gspent in macro-crack propagation. ’ |
~ An inspection procedure was ‘earried out on all failed
specimens to establiah whether the bore failure crack was rad.ially
in line with the externsl c;'ack.__ Only a few specimens departed
:’from the purely radial propagation,' and two of these were sectioned for
' detailed examination. 'J:‘hg photograph Fig. 11.108shows a typical
e‘}fgmple from ;pecimen No.16. The deviation from a radial line

is about 12°%,

11.6. Experience with Seals durinz the Fatisue Testse

' 11.641s Plunser Sealg.

‘ Throughout the test pfogzamm only one type of plunger .

‘seal was used, § inx 1 in x 9/32 in (16 om x 25 mn x 7 mm) lallprene

seal. The Hallprene hyd:caulic secl 19 basically a combination of an 10*ing withe
‘U'riﬁg. The 'U! ring consists of malti-ply cotton weave impregnated

with nitrile rubber, and the softer header (or '0') ring is of nitrile

mﬁher (70‘- 75° Shore hardness), end the. two are bonded togethe&: to

fom the standafd Hallprene seal, The soft header ring ensures that

the 'U! rinzy sealing lips are constantly loaded even though the seal
- may be worn. Tt was'{‘f;ragtice to use a new aeal in each test and this

seal invariably 1a.sted out the tests For example a plwge; éé'al

‘enduréd 266,000 oycles at a repeated pressure of é2.7 Tonf/inz (351 Mm/mz); .

ané. at the other end of'th-e socale another seal wiﬁhstood 8 repea’ceti

intemal pressure of 49.9 Tonf/ 1n2 ‘(771 Mﬁ/m2) for 860 c;y‘cles.‘ The

seal -in the iatter "cae.xe vlcéx;hhéinly 1ooked‘ good for enother 1,000

cycles at the same maximum pressures The seal usé& in the former

qaée is shom alongside a virgin lallprene Séal in Fig. 11.11 and

the worn inner mitre ring is also showm for.comparison with an umiaed






one, 'I'he ﬁear of the phosphor brﬁnie mitre ring aﬂ:er 266,000
n.cycles is very much more severa than of the seal itself. The seaig
- whj.oh is shom pressure gide dom, in fact has worn at the heel 80
that the fabric of the’ e rino has become exposed but the sealing
~ 1lip and soft header ring are st411 in good conditi.m. " Severe
“wear of the nitre ring was a feature of long 1ife (100,000, cycles)
 tests and appeared to be wnrelated to the magaitude of the repeated |
‘pressﬁ.re.' "The mitre ring is saii‘ centering and ao wear is usually
" even a8 in Fige 1l.11. The‘materiai which is removed frnm‘the mitre
;'ring durinv normal wear becomes deposited in the bore of the aeal and
in tbe oourse of g long tast builds up into thin alivera which possibly
givevtha gaal‘added,proteotion. Very {ine particles of phosphor
bronse slso sink to the bottom of the speoimen or gét drawn out with
7 thé ‘blwzg'er‘on the uiastroke. : fhg accumulation of finé particles .
at'the-béttqm of the specimen gave rise to short oireuiting of the
manganin:coil temminal on‘accasi&n. ;,It was thouéht that the wear .
'ior pick-up, betiween the plunzer and fhe mitre rinz could be minimised.
by hard plating and polishing the plungers However within a short
. time the plated piunger pioked up and became as écored as the original
ones
‘Pilok-up between the outer Amitre ring of the plunger seal and
41;he bore of the testh specimen took place in every test. 'I'her outer
_ ’mitre ring was never seriously worn and could be uged for a number of
»‘tests. Hovaver the axial scorinv and pick-up on the Specimen bore
wag disturbing and it can only be due to the favourable stresa cond:.tions '
at the seal that fatigue craeks were not initiated in this region.. 'The
‘lextent of the damage can be seen in Fige 2&:§L%¢ both ends of the speczmen.

The mitre ring at the bottom end of the specimen of course acts in the

same wgy as the one at the tope In the dyﬁgmic aupport test the specimen
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‘slideah're;ati.ve ;bd the outer mitre ring and the plck-up damagé _,
| 48 oonséqgently' spread over a much longex axial length about £ in
| (9.5 mm) ‘out fatisue oracks have never been initiated.in this region.

vIn' view of the wear process between the plunger and the seal
it ia of interest to examine the frictional losses occurring. A redord
was kept during the test programmé oi‘ both the meximum repeated internal
pressure in the specimen as measured by the manganin gavge, and the
meximum pressure in the fatigue press hydraulic circuit measured by the
pressure gmize on’ the control panel. A graph of these pressures for
fourteen representative tests is sﬁbwn -'m,‘Fig. 11,12 and this gave rise
to a useful but fortuitous mg of thumbs If the hydraulic pressure .
ig divided by 50 the quotient gives the internal pressure generated in
the -specimen. An overall frictional loss factor, 'k, nay be caloqlated
from the equaﬁion : |

! --—-’*-—-—LP .
L7

where 1’ and 1’5 ara the internal specimen pressure, and the hydraulic
pressure. Ai and A are ‘the plunger and annular piston areas. Using
the i#fomgtion from Fig. 11.12 the overall loss factor is 655, As
the ﬁicti@l loss at a conventional hydraulic piston seal could not
be less fhan sbout 3% then the plunger seal 1oss also can only be about
3‘75.’ This low value lagreaé with the figures obtained in Section 1l.4 for

the dyhmnic ah.sport rige

11, é=2o S'egs in the Dynamioc Support Rigs

| . “The Md support rig involves two seals against which .
the apeoimen assembly reoiprocatea. The top seal is merely a sealed
up version of the plunger geal arrangement and Hallprene seals were
again useds An attempt was made to use a palr of '0' rings for the -

‘bottom seal around the assembly end extension but within g few oyclesl
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'Y',thase were twisted and knotted 'beyond mcognitiun, and from then on

Hallprene seale were used.

10603. S‘batiﬂ 063130
1ot x-ings were used exolusively .f.'or static seals and vith the

exception af one specific case were absolutely reliable and trouble-free.
'The ot rinb's could genarally be used for test after test, although
eventually a wear mark could be detected on the outside circumference.

' This wear wéé presumably due to the émall repeated elastic displacements

» of .the specimen bore during the fati;gue ‘tesﬁ.'_ 'Q'l ring ééaling -problems
" were encountered in sealing th@f outside pressure chxring the statie support
tésts' : In faoct whi;le static p'ressure' alone was applied the sea;ling was
entirely satisfactory, but as soon as the inside pressu:ce was oycled. then
1eaka,e oocurred. The leakage was mBver very severe and the statio
pumping r;!.g eould.’ always maintain the required preééu;:e, but neverthéeless
it bwas an irrité’cing defect.s . \farious remedies wers tz.'ie&, Iargexf and
smaller mitre rings, two saals instead of one, but withcut suocess. A
particular feature of 'bhese extemal pressure seala ia that two independent
- nitre’ rinws are mvolved in sealinrr two independent surfaoes ’ whereas in
othar atatic seals anly one mitre ring is wedgea an'ainst both surfacea.

A deaign modification on ‘these 11:198 could per 3, solve the problem.

11.7 Temgegg;ure Risg dug to Czclic Preasure.
' " The indica‘biona ave that plunger seal life is largely

dependent upon nitre rinrr wear withi.n ‘the ran;e of conditions encountered
in the test provrame. However a factor ‘which could affect seal life ab
hivher cyelic pressurea is the temperature rise in pressurisation. The
temperatum rise is due o the work done on the fluid in raising 1{:3
pressure from & lmver to a higher level and is therefore dependent largely

on the compressibility of the fluide The .temperature rises fmm 23 static
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support fatigue tests are élottéa. in Fig. 11.13. ° The scatter of
resu%fs 18 due to the different cycle speeds, fluid volumes, and
heat transfer condition in each tests A linear relationship between
presstive and temperature rise would not normally be expeoted because
of the non linear pressure aépendence' of factors such as compressibility
and specific neat, but a rough figure of 0.7°C per Tanf/tn® (0.045°C per
Em/mz) oan be extracted from the graphe Thus for a repeated pressure
of 50 Tonf/in® ‘(77_2 &N/m ) the temperature range would be 35°C. = At the
start of."a fatigue‘ télsf the'femperature could be 23% sgy and thus 3 paak
of 68%C would be »rea-ched at & maximum pressure of 501‘om‘/1n2 (772‘2&?/1212).
As the test proceeded the base témperaturé would rise until a stable
themia.l equilibrivm cox;diti‘o'n”waé reached, snd with a repeated tost
pressure of 50 Tonf/inz (172 m%’/ﬂxz)_ this base temperature could be as
mach as 60 or 70%. Thus the resulting temperatures are in the 130°C
regi;on. | |
‘.T.‘he norm&l maximum operating temperature for hydraulic seals
is 120 G, and this czn be extended by the use of ma.terials auch as
_‘ Ty E’om: Viten rubbexr,; ' However, if repeated pressu:ces of 100 Tonf/mz
(1544 l’m/m ) and more are envisazed at- the present cycle rate in the
fatigue tests, then clearly exoessive temperatures ﬁill be involved
wh.tch could limit seal life,. The pro'nlem may be minimised by usinq
a fluid of low compressibility, or cycling the pressure at a slower rate,
' or by ooolino the p:eesmme veasel. ' e
One henafit in the present work derived from the temperature
rise was the ability to use Tellus 27 as a working fluid, which under -

statio condi tions would‘ freeze at well below the appliea maximum pressures
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CHAPTER 12,
BISGUSQI@I OF RESULTS.

12.1 Introdustion. Q |
The basic fatigue results ar-eﬂvplo“ct_ed on the basis of presaure -
against 1ife in Figs 1l.1, 11‘.’2'@'& 11.5 of the ;previo'us chapters
A number of general obsemations oan ba made of these srrapbs before
mtdertakinc,.more detailed analysim The statm aupport and mmablc»c
tast ‘results pmsmﬁeﬂ in Fig.. 11.3. -were all carrierl out on cylinders
of 1.75 K rati.o and straight linea have been drawn to £it the experi.mental
points for sach extemal preasure oondition. The gmph clearly shcws '
how the applicati.on of atatf.c extemal pressure tma'bles a higher oyfilic
_.internal pressure to be resisted.  The maximm benefit occurs at lonzer
.endurancess - At low enduréixéea the i;étit,ﬂu'a curves are bounded by the
astimated collapse presmxres caleulated from the following fomula (oo
Appendix | 4) |
. p collapse 2T in I’ + P, B (12-1}- »
The curves are terminated in the long life region by endurance
pressures predicted by & method discussed in Section 12.3.3. of this
 chaptors o
The high base prescure tests in Tige 11.2 have been shown for comparison
against the simple nonoblos fatigue curve frcm Fige 1lelse In view of the ‘
seatter of :b?1é results a rather doubtful straighi vline has been drawn to
" represent the high bose pressure reaﬁlts. The results éhow that a
| “higher maximwn oyclic pressure can be withstoocl when tha preasu:ce does not
-retnm to zax:o. However ‘at “low ‘endurances the. fatioue curve mzst he
: baunaed by thn collapse pma::u:ce for a monobloo cyiinder. r“he; surve .
s teminated in the long 111‘3 reffion by an “endhranoe pressure m:ao"licted

by the method discussed la'her in Section 12+3¢3.



The dynamic support test results ave presented in Fig. 11.5 along
with monobloc fatisue ourves for le4,1.75, 1.8, and 2.0 K ratio$ .

‘oylinders. The 1.4 and 1.8 X ratio curves were taken from Austin and

Crosslandkt ( 27 ) work and the few monobloc tests which were cdrried out

with these K 'raﬁios are in good agresment with their curvess ' The 1.75 K
ratio fatigue curve was taken from FJ.g. 11.1 and again is in good
agrement with Austm and Gmsuland. This agreement is reassuring
a3 the &1‘25 Steel came from different sources with different histories,
and the end conditions of the test oylinders were different in the two
cases. A{xgtin and Crosslandbt éylinders were olosed=-ended as against
open-emded in the present works The dynamie support results plotted
in Fig. 11.5 demonstrate olearly the bmefiﬁ of exte'mal'dynamio support
pressure. The mgximum gyclic mtemal pressures gustained are typioally
505 higher than those sustained by monobloc cylinders for the same
fatime 1ife. | |

1% isximportant,in assesoins the results of the tests to aeéﬁ_A
satisfactory oriterion of failure which wi.li llink the fatizue behavious
of cylinders ﬁnder a wida variety of conditioné, and at the sane tinie
relate to basic i‘atigue data for the naterial- lOne of the most
favoured oriteéria in previous work has been bore shear stress range
with mean bore shear atress as a secondary parvameter. It is therefore

appropriste to examine these factors in the light of the present workse

12.2 The Simnificance of Shear 3tress Range and Mean Shear Stresse
The pesults of the monobloc static supported and hish base pressure

tests have heen plotted on the basis of shear siress mnf'e, against
mean shear stress at the bore in 12.1 for a series of lives. The points

on the graph were calculated from the pressure coaditlons indicated for

_the particular lives on each of the constant external pressure lines in

Fige 1l1.1. The diagran is bounded by the static yield lines which has

meant the exclusion of a considerable amount of informations If these:

.
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" data were plotted t‘z;a poi:nts "?”""11&, £all along fhe statio yvield lines
&hd be me@igglesa; The ourves show the great importance of mean

‘ shoear étmss in pulsating pressure fatigue. The results of other’
work on autofrettaaed ccmpound, and monobloc cylinders due to liorrisen
et A1,(Refs 24 ), sustin and Crossland { 27 }s and Bums and I "ar*y
e é ) have been included for comparison with the preaent works  The
) trena set by the. 107 endurance line-is reproduced by the present
5

msults for enduranues i‘rom 1C tc 3.104, and the results from other

spurcea are in gooa. agreenent w,tth the 105 endurancg line. The

agréenent io parbiml&rly,ei{mifj.uan‘b as a wide range of K ratios from

142 to 2.0 weve ixrvol.ved.—. Cne oi‘ the' anomolies of the 107 nduz:anca

' line is the autof‘rettage test results which lie well below the 1me. |

' T 18 was noterl by Burns and Parry ( & ) who sugzested that the

. ;‘resi.dua}. s#tresses in autof.‘rettaged oylinders are significantly sltered

. by cyelj.a loading. However it can be seen that at Ioscyues the

autofretiame wlindér results avgﬁr‘ee»well with the statio éﬁpport resultas

- The comi)ouna: eviihdér ré:_mlts for '105. cfclee’ involved assumptions abéut

3 tha mean shear atréssasa | It was assumed "that the -c&lind.ers whi‘ch wore
flersignéa to exhibit Zersc xﬁeaii shear 'stress.ih" fact gave & meaﬁ ghear

g etresé of = 140 Tm‘zf/inz and that fhe cylindefs deaigned.' for 4 'I'onf/ing

| zave 2 'I'oni‘/ n?. These fi-ures have been deduced from the values published

by Burns and Pa.rry ( 6 ) for the few cylindere which were stmin

gauged, and cannot be mgarded ‘m'a axa.’at. Hevertheless tha points lie

‘close to the 105 anaurwioa'line.' The monoblos results from fustin

end Groa:alanﬁ. ¢ 27 ) aphastze the point that at lives less than 107

cycles significant d:!.fmmnces are obtained in the sheor siress conditions

- for cylinaers of different ¥ ratios - The exevated base pressure ‘toats o

exhz.hi% a- similar difference between the 2.0 K ratio and 1.4 X ratio

v

rasults. Howevar the t‘f!.za.i;i:emj.n0 out of the 107 life curve, as it
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,app#oaehea tﬁe static yielddline is not reproduced on- the curves for
shorter lives; ~ The behaviour of the 107 life curve ﬁas sttributed to
',cyclic softening of the éyiinder material. Cyclic softening mqsf

. certainly have taken place in the results at shorter lives but the
effect may have been ma@ked by the general trend-cf the ocurves.

Previoua _attempts to relate the fatisue behaviour of thick walled
.oylinders to the results of standard fatlvue testa have cons;dered plots
of the‘maximum range of shggr gtreas against the mean shear stress, or
J against the(maximum tenéile stress; or agninst tﬁa ma#imum normal streas
aoting on planes of maximum shear stress ( 31 Y+ The maximum range
of shear stresa was found to be particularly successf‘ul in correlating
the fatigue limi*b results of monobloo oylinder tests of various X ratios
( 2’4‘5 and haé fheréfore alwéyé been regarded 'as an. important parameter.
It also proved to be reasonably gooa in uhe mortal reo'ion, whereas a
mathmm tansile stress oritariqn places the smaller K ratio cylinders at
" lenger lives than the higher K ratio cylinders ('2‘7 ). Criteria
involving the maximum tensile stress or the maximum normal atress on
7planes of maximnm shear stress in conjunotion with the shear stresa

- :x:'ange suffer from the pro‘blem that monobloec oylinder results of dii‘ferent

X ratios give a Beries of separate points at virtually constant ghear

_ stress range. The mean ‘Shear stzeas/shear-stresa range plot however,

Cis perfeatly acceptable in thls resPect. Burns and Parczy ( £ ) have
shown al:ceady that ‘Dasia fatigue data :t‘:mm push=-pull or torsion tests
.can pot be related in any’sxmple/way‘ﬁo the fatigue resulta from ‘
pressuised cylindérs, and Fig. 12.1 does not clarify the situation
. any fu;'the:}. The graph‘ does howe«fér provide sonstant 1ife fatizue
eur¢e§ 6ver'a }éry wide renge of both shear stress fange and mean shear
streas whieh nay be used as basic design inrormatiaa for Dn.25.

' So far no mention has been made of dynamic support cylinders in

relation to'either shear‘atress range or mean shear stress performances.
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The dynamic support results ﬁmre been ‘plbttad on the basis of bore“ shear

stress rangze in I‘ig. 1242 along with a 'band of resu].ts fnr monobloo aylinders

of ¥ ratios from 1.4 to 2.0 ( 24 ) The expenimantal dynanic suppomt

results lie within or very olose %o 'l;his band indicating the importance

of bore shear atrscs Tange as a fatigue_ parameté.r. | There is no gain

plotting the dynamic suppoirt»'resulté on the nean shéa:b atreso / shear

stress range graph as the meen shear stress is always half the maximum

sheé,r,atress a8 in a monobloc cylinder. Thus dynanic support" results

. should be exaotly comparable ’?ith’ ‘tﬁonobioc resulta on a-shear stress

f ’oénis. Hovever one of the impartsnt efi'euts of extemal support pressure
is the re&uction in maximm tengile hoop stresa. It appears therefore .

'“‘that either the mmd.umm temsile hoop stress has no influence in eylinder

f.‘atigue, or that‘the benefits of reduced hoop stress are cancelled rm_.t by

' tﬁe eflects of higher cyclic internal pressures. These two alfsmatives

are both somewhat‘unliﬁely but further conclusiona oan hardly be drawn from

the limited experimenfal evidancg. ~ \thatever tfxa exp_lanation it appears

that the best method of‘predioting the 1lives of. dynamic support cylinders

ia on the basis of bore shear stress range data from monoﬁloc'cylindér £esta,

| x.'ar a givan K ratio e.mi fatigue life this simply means that a dynamio eupport
feylinder will withstand a cyolic internal prescure eq_ual to the sum of the

- oyelic pressure withstcod 'by a8 menobloc ocylinder at the given life, and -

. the néximum cyelic external preaéure é.pplied. That is for, |

Trange a" 'trangem - ’»;;here d = dynsmic aupport :
s .m=  monobloGs
, R
. ¢ - ) = K |

x-1 , ‘ -1 , ‘
givmg iy 1: max&¥ s Pi max. + ?0 m:db h . (12'2)
if praaaﬁra"ra’sio v% .
o '{"i L .
mm pax d P; maxem

Py - ~Ts . “ o ; ’ (3203) |



4 .
8 SHEAR STRESS RANGE ——

~500
204
400
254 .
) . BAND OF MONOPRLOC CYLINDER
MNm RESWTS FOR K 19 =20
fin?. |
20
" Fzo0
T ' ‘
i i ¥ v L - |
10* 3 6 10° 3 6 10°

CYCLES —— |

F16.12.2 BORE SHEAR STRESS RANGE AGAINST UFE FOR DYNAMIC SUPPORT RESULTS

+

107



208

12:3s1 The '0il Effect’ end Prediction of Fatisue Limit for Monobloé Cylinders,

The chief difficulty in predicting thick cylinder results lies not
80 much in reproducing or aasessing: the‘.ai‘rect of the stressfconditions
in the eylinder but in reproducing and assessing the effect of the
ﬁmssurised oll on the stress conditionse It is well known that e
cylinder whose bore is iarotectéd from the direct effect. of the oil
pressure lives much longer than an unprotected cylinder. ' However
bore protection still does not raise the fatigue strength of a eylinder
to the value predic¢ted by the torsional fatioue strengths Teats have
bean carried out by Frost and Burns ( 3| ) on thick oylinders with -
Jsta{:m and dynamic shear stresses in a pressure vessels = The vesults
‘showed that the fatizue strength was unaffected by éithe‘r Tollus 15 oi}
‘or mereury at high pressures and that there was still no corrslation -
with thicﬁ cylinder reaults; It was mgzested that the . discrepancy
nizh t be attributed to some mechanical effect due to the repeateﬁ.
penetration of oil into the bore suface.

‘The completa lasck of success of previous workers to relate thick
cylinder resulis to other fatizue tests has resulted in mr;re attention
being given to the quentifying of the oil effects = Frost ( 72)
first sugs esf:ed that if fluwid presaure penetrated microcracks in the
bore of & cylinder then the Lame hoop stress would be augmented by
the fluid pressure resulting in a nominal orack opening Stress... of

"2 times the bore shear ctresss Similar reasoning wes put forvard

by Jones and Tomkins ( 34 ) in explanation of the effect of hy&r&statm
pressure on both the fatigue limi% 4n torsion and thitk cylinder fatisue.
The effect of oil pemetration was agseséerl for both the mazimum sheé.r

. stmés and the stress normal to the meximum shegr stress plahe.
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Tor an unprotected cylinder,

. omitting the ofl offest ¢ = E=—  @ndT = Ko C (1248).
s n g2, 1 2 -1
when the effcot 18 included.o; = -‘-’-é-—- +2 na T=K .+ 2 (2.

Jones and Tomkins showed that ustng the presauxe modified stresa »

U«axpresaians that cylinder and other fatizue reaults plotted on the basis

‘ of maximm range of shear stress against maxinum normal stress on the plana

df‘ naximun shear Stress were more comsistente A additional refinenent

‘ of presenting the mean shear stress as & third parameter was auggested by
F'rost and‘Burnae)and served as 8 purtial explanaticn of the seatter band.
Thus the incluaion of an oil effect had hclped to rationalise the mass

- of fatigue data but ne simple relationshlp between cylindar fatiﬂue

: and conventional tesis had yet emer"ed. B

| Haslam ( 36 ) cons;iarad the problem as one of combined stress

fatigues. It vias known that ¢ylinder fatigue resu;ts were independant

of tha‘intarmediate prineipal stress ( 30 ) and thus a biaxial fatigue

‘oriterion would sufficos ; Gough's ( lS' ) elliptical equation was '

" expressed in prinoipal gtress form and further simplification made by

—eliminatinﬂ the torsxunal fatiwue limit term. The simplified critarion

2. .2 2
is, Oi L] 0-3 o b : )
- ‘where Oy = Og» 03 = = py and b = uniaxial repeated tranavereo limit  (12.6).
By substituting Lome values in the equation we obtain o
pabl{ Sl w1 - .A (12.7)
gt Kg -1 o -

Haslam found that the fotigue limit of protected bore oylinders wad
ascurataly predicted by the equation, but that unprotected specimena had a
mich’ lower fatiﬂue linit pressure. " The ai& effeet vias included as a term
(n p) added to the Lané hoop stress, and the value of n evaluated by the

analysis of a wide range of eyiinde:;fatigue datas Haslam found that the
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o1l effect function n could be defined by the empirical equationm,.

.'nwj___ ‘ - '. ‘(1‘2.5), lv

| K+1
'aﬂd‘tm the effective hoop stress including the oil effect is giﬁep \
, \

bys

o . ‘ 5 3 , . .
e K o+ 1 5 .
effe§t1ve %ame X *.1 B Bl ol (12.9).

PO D e e —_ -

S— e - e

bubstitutina in equation (12.6). we obtain the fatlme limit of a cylinder

5 subjected to repeate& in’cemal pressum ag,

.‘,’ 2 -'% B ‘(
p=b K;________2+1 +—--5-—-—' {1 +1 ) (12.10)

-1 K+.1

Althcmgh the equat:i.on is purely amp:!.rical and has no direot physical
explanation in terms of the oi}. pressure ef ‘ent 1t nevertheless worka

extremely well for a wide variety of materials and cylinder X ratios.

2 ’5 z @gg,ction og l"ggggle Lirz__x__ﬁ.t & gﬁg v port Cylind g,

In t‘he ocontext of the presant work on [{luid smported cylinders it is
necassar,gr to evaluate the usefulness of Haglam's approache The effect
of oil pressure on the bore Lame ho@ afréss should be the se-u.ne whether

- or n.o‘b the cylinﬁer has external 'preseu.re.‘ .Thua using .equatim ( 12.9)"

we have,
- Yarfective —---—1*- '--i‘-' 1 A - - po (12.11)
» naxe g% - 1 . K+1 max 2.3
When the intémal pressure is reciuced to' zero the oil pressure .effect
does not exist and the bore hoop streas .‘LE ccmpresaive. It' b ) éséumed.:

that the. cmpresm.ve part of the cyols has no influence on the fatirfue
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behaviﬁur and may theiefbre be ignored. If the conventional maximum
«ame hoop stress iiself is zero or compressive then the pressure effect alone
will contribute to the effective tensile hoop stress value.

Substifuting (12.11) ianough's eimplified principal stress criterion

given in equation (12.6) we obtain,

[( 1<2+1+_5_>2+1in2 . 2(,&2_21_1_-@_‘1_) (3.&2_119.)1’1

K1 -1 K Kut

(28 p ) - v 200 (1212)
K2- » ’ ,

t

The solution to this equation may be expiessed as,

Dy = B p + J 52 (a%4+1) - 8% ' (12.13)"

TR 2241

‘whera ‘ - | ,
A=(_1_<_2__+_1‘+__5__> and B = 2K

'GRTES XA X1

- The endurance pressure in the bore of a eylinder‘of‘given K ratio,
material, and statio external support piessure can now be calculated. Three
K ratios have been seleéted to test the method, two extremes K = 1.2 and |
K = 3.0, and the 1.75 X ratié.used in the static support tests. The values
of p6 used for thé 1.75 K ratio case corfeépond to the experimentai 7alues
used in the present work, whereas the p, values used for the‘othei K ratios
were chosen merely for cénvenienoé. The value of b was calculated as .

4642 {tonf/in2 (7114  MN/m2)' from the transverse
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rotating bonding fatigue limit using the Gerber relationship. The
predicted fatigue 1imit pressurss are giveﬁ in Tsble 12.1. The shear

stress range (® } and the mean shear stress (‘D;n ean) have also been

range
caloulated and are plotted in Figs 12,3 for comparison with Burns and
Parrys* oxperimental curves ‘ ,

‘ F;,gl?.} shows the predioted enduranoe lines for static support conditions
sbove the repeated stress line, and for hish base pressura conditions
below the repeated streas line. It can be seom that the X = 1.75 curve
for static support conditions follows the experimental curve closely,

and that the K = 3.0 curve is quite goode The K = 1.2 curve however

is less satisfaoctory. The linearity of the curves is surprising in

view of the quadratic form of equation (12.13), and arises bocause

~325;g is usually mich smaller than b2 (A2 + 1) Thus equation (12.13)

uay be simplified to a linear fom

py= ABpe D o (12.14).

AThe'b ‘ term is simply the endurance pressure of a moncbloe
(.Aa + 1)%
cylinder without external pressure as given by equation (12.10). The

gradient of equation (12.14) & = -%*—B—.- is dependent upon the cylinder

A"+ 1
K ratio as may be secn in Tige 12.4. To assess the effect of the .

gradient variation on the shesr stress range mean shear siress plot it
is necessary to express equation (12.14) in torus Qf shear stress and

mnean sheaor airess.
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Predicted Fatigue Limit Pressures for Static Support Cylinders

Static External | Predicted Cyclic | Shear Stress Mean Shear
‘ Pressure Internal Pressure Range Stress

“? Fatio Tonf/in? | ¥MN/u? |Tonf/in® | MN/m? |Tonf/in?| MN/m® |Tonf/in?|MN/m?
0 0 11.8 182 17.5 270 8.75 | 135

3 93 16.1 249 15.0 232 3.05 47
1.75 12 185 20.3 314 12.3 190 -2.8 -43
17 263 23.7 366 9.95 | 154 ~7.65 | -118
21.25 328 | 26.5 409 7.8 120 ~9.3 -144
0 0 5.9 91 19.2 297 9.6 148

1.2 4 62 9.2 142 30.0 463 2.0 31

8 124 12.4 192 40.7 629 -5.75 | -89
0 0 17.1 264 19.2 297 9.6 148

3.0 12 185 26.0 402 29.2 451 1.15 18
23 355 33.4 516 37.6 581 ~7.1 -110
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Prom (12.14),

Py = ap, + D, | | o 7 (12.15)
T range ™ ng Py = K2 (cxp + Pe) o (12.16)
oo 2.\, g2 = (e=2)psp..

.(’t;man - K2 ( ;% ) 2 . otPe (12.17)
U K°-1 2 ,
EBliminating p, from equations (12.16) and (12.17)
, A~ DU 2 .
/trange = - 20 L nean + -—2—- ' .....K..... pe (12018)
2-0t K2

2=

/\

Thug the gra@1gnt‘of the range/ Lmean }%%e is.still a function of a,
and tha divergence of the K = 1.2 line on Figs 12.3 is éxplaineq by the high

value indicated.in Fig. 12.4. It should be remembered that equation (12.18)
has been derived from the gimplified form of equation (12.13) and the reason.

that the K = 3.0 ‘urve is not more divergent is that the B p, 2

term is not
negligible at the top end of the curve. 4 significant feature of Fig.12.4
is the wide range of practicel X ratios, from about K= 1.4 %0 K= 2.8, for
which oLvaries only from 0.734 to 0.768 a total variation of less than 5%

It should also be noticed that K§? p is the bore shear stress at the fatigue
11mit. which is known to be virtually 1ndependent of X ratio. Thus e#uation”‘
(12.18) predicfs a ange/ Lnean relationship substantially independent
of X ratio and of constant slope, which ig confirmed by the limited
experimental evidence a#aildﬁle; | |

The high endurance region of Fig. 11. 1 was defined from the 1.75 K

ratio cylinder predictions given in Table 12 1.
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'12.3-3‘Prédictioﬁ of Fatigue Limi€ for Cgliﬁders with High Bage Pressure

: Vhen a cyiinder is suhjééted to cyclic internal p?asaures var&ing from
a‘non Zero miniﬁum to a maximim tﬁa uean shear stress is raised, and the
paémissible range of ehéar‘streas-is reduced. The 10! curve in'Fig; 12,1
suggests that the linear 1;;ange/jt;ean ralationsh;p is oonﬁinued unt;l the
oﬁsét of cyqlic yielding, In the sane way it could be argued that the curves
nbtainéd for static support cohditions in Pige 12.3 coﬁld_be extrapdlafed
‘beyond the repeated strecs coﬁdition;' However doing this would ignore the
‘fact that when thelbaeq prassqre.is not éero the ma;iﬁum hdop afress no
1oﬁger reflects the iange of atreée.~ 1t is= therefore_nacéséary'to introduce
tha>minimnm conditions of fhe fa£igue cycles The following analyeis aftempta'

' to do thie by an extension of.Haalam's‘methgd for monoblos éylinders. Starting
with the simplified Gough criterion in tarma of prinoipai atieeaes equation
(12.6) it 1o proposed that the maximum conditions of the fatigue Eyéle are
given h& : | ‘ .

3 = Yo 0 (12:.19)

0*12 +0.2 bzmm (12.20)
min < min ¢
where . ) .
0-1 - Ge vhen p = pi '
max effective ) nax
that is '
| 0-1 . = ( K2+1 + 5 Pi ‘
nax K?- K1 max
gimilarly
o -
1!1111:1 - ( Kzi‘l + _5. \ pi

Oy = ~p, @m0, = =p,
3max L&dx o Bmin E imin

Substituting in_(12.19'aﬁd (12.20) gives

: - r 2
, ﬁi;l + 3 ) w1
Pnax = Plpax \/\x -1 ¢ . (1221)
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. - ‘ , | |
b =D K2+1 + _5 + 1 - ' (12.22)
‘min Lin . , _ _

| K1 R/ | |
The fatigue conditions for b can now be defined as
Palternating = * --H8X min J ( P S ) o+ 1 (12.23)

‘ ‘ 2 KPe1 Kt
b, = __m&..._...._.... K'” P A (12.24)
mean / ‘

' 2 K2-1 K+1

'The expressions may now be,linked?to the transverse alternating fatigue

 1limit ba by the Gerber relatlonship,

o]
o o ‘ ] {o‘m } | ‘
a a > ‘ . (12¢25)

where

G = alternating stress at mean stress o

Q
]

alternétlng stress at zero mean stress,

wltimate tensile stress.

Q
]

Substituting from equations (12.23jand (12.24) in (12. 25) e'ives,

. o , ' '
Py -y : AT+ - ba'o E - {pim /A “+1 } ](12 «26)

max min ‘
2 S 2

wheie Ir.2 ‘ 2
A m K14 5“)
o . -1 K+t

Equationm (12.26) has been used to predict the maximum internal pressures

at the fatigue limit for K ratios of 1.2, 1.75, and 3 O, and for various
base pressure eonditions. The pressures and correspondlng shear otresses

are listed in Table 12.2 and plotted in Flg. 12.3.



DABLE 12.2

Predicted Fatigue Limit Conditions with

Blevated Base Pressure

X Base Pressure Predicted Max Shear Stress Mean Shear
ratio Cyclic Pressure Range Stress
Tonf/in?| MN/me |Tonf/in| MN/m? |Tonf/in2| ¥N/m® |Tonf/in2| M/m?
5.5 85 13.5 208 11.9 184 14.15 218
1.75
10.0 154 14.05 217 6.0 93 17.8 275
{
!
2.0 31 6.55'] 101 | 14.9 230 13.9 215
1.2
4.0 62 6.95 107 9.8 151 17.9 276
]
5.0 77 18.8 290 15.5 239 13.4 207
3.0 10.0 154 20.5 316 11.8 182 17.2 266
14.0 216 20.5 316 7.3 113 19.4 300

219
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" Pig. 12.3 shous that up to the point of cyelie yield the predicted
| ' purves follow the trend of the experimental curve i‘aithi\zlly. The
agreement is betier than that which would result from extrapaigtion of the
‘ étatia support mmé‘sp Beyotnd.‘g mean shear siress of aﬁouﬁ 16 Ténf/inz
(247 mr/ma) the prediotions should be ignored. .

12.3.4 Prodiction of Fatime Linit for Dynanic Support Cylinders.

It vas shown in Section 12,2 that fn the mortal Tegion the lives

of dynamic support cylinders can be cbri'élated' gimply on the basis of
shear atress range. If in the absence of experimental resulté we agsume
that bore éheaf stress range is aleo the governing factor at the fatigue
1imit then the opportunity arises to asssess the oil effect factor directly.

The effective hoop stress in a dynemic support cylinder may be expressed as,

0. o “'%“"*n i) -‘_2;253__.1,
- Ceffective ES w1 4 T4 g% .. % (12.27).

where n = oil effect factor.

~ Similarly in a monobloc cylinder,

2 | _
: E™ «+ 1 .
%affootive { -1 ; In | '

Substituting from (12.2) and equating (12:27) and (12.28) gives

| ﬁ.‘!’...?-..."‘n P "_%Kf___' - m-&n , '
¥.1 | ta  g2_y Poy g% -1 } {p"d‘p"dl

2 w2 L
hencana%—-- - K2+1 -l
‘ AR § K" «1

This is the oil effect fégtof suggested first by Frost (72 )emd

sﬁbsaquently by Jones end Tompkizis ( 34 )g‘ to account in a si.mplg way

 for the effect of pressure in migrooracks. " However Haslem (37 ) has
: éhéwn‘ 'I:hai;‘ m order %o pﬁe&iat 'th'e fatigue behaviour of monoblos oylindam

using Gouzh's eombined stress oriterion it is necessary to employ an oil



22}

effect factor of - -ﬁ-g-i-— Py If Haslam's factor were used to
predict the endurance conditions of a dynamic supparf cylinder then
the analysis would be identical to that detalled in Section 12.3.2 on
static support cylinders. There would be no difference in the
predictgd ocyelic internal pressure at the fatigue limit between a
cylinder with static extermal pressure, and a oylinder with cyelic
external pressure having the same ‘maximxm cyclic external pressure
as the static external pressure. However the experimental evidence
indicates that certainly in the mortal range dynamio support cylinders
have greater fatigue reaistance than correspc;ndihg static support
cylinders. For examplé a 1.75 X ratio cylinder with 9 Tonf/ in2
(139 Im/ma) static external pressure can withstand a cyolic internal
pressure of about 25 Tonf/in2 (386 rm/m‘?) for 42,000 cyecles, comparad
with 29 Tonf/in® (448 MN/n®) when the external pressure ‘oyeles botwoen
o and 9 Tonf/in® (139 1N/n?). |

The fatigue limit of dynamic support cylindem is probably best
 estimated on a shear stress range bagis by using 'émzatim (12.2) in
conjunction with the monombloc fat_igue limit pressure for identical
material and K ratios. The momoblos fatirme limit mayvof course be
precucted by Haslam's approach desoribed in Section 12.,3.3.. However,
the estimaﬁion of dynamic support fatime limit canditicns is esgentially
speculative until experimental results becombe availsble for this resime.

Paticsue Behavi in _the Mortsl Hecoion.

igag.;. Igtr’oau.ctﬁm. |

The work so far in this chépter has been concerned with the fatigue
behaviour of cylinders at high _enduranoes over a wide range of lqad.ing '
conditions. The analysis of fatigue 1inits hes provided a datum from
‘which the prediction of fatizue li'ma in the mortal vezion cen now be |
- builts The success of the predictions in the mortal region can be

Judged ’e\gainst the experimental data gained from the present worke



‘The analysis may be approached either by relating tho elastio-plastic
conditions in a oylinder to low endurance fatigue data by the Coffin-
Iimsbn Law, or'by eaploying fracturs mechanics to relate the cylinder
conditions to crack propogation in simple speoimént. The fracture

mechsnies analysis will be examined firat.

12+442¢ Frasture lechanics Analysis of Fatizue Behaviours

The fracture mechanics approsoh makes uge of the concept of the
stress intensity faotor Kl, which represents the gtress -fi.eld at a
erack tipe It has beer shown ( |4 ) that in fatisue fhe rate of
fatigue growth is related to the range of siress intensity factor by

- the expression,

4. . B. (AK)® |
po ( . ) (12+29).

. vhore a = orack length (for an edse orack),
¥ = nunber of cyoles‘, .
B = mater;al oonstanta‘

AKX = range of atress intensity factor,
and  m = nmaterial com;tant-

Equation {12.29) applies only to an elastio situatiom However it
hag already been demonstm‘ced that the fatigue behaviour of a thick-walled
oylinder beyond yield is essentially elastic after a few cycles, and

thus the use of ‘linaar elas%ic. fracture mechanies is Justifieds The
attraotion efrlinear elastic fracture mechahics in fatigue lies in the
| faot that once a master curve for a part.{cular material relating fatigue
crack gmwth rate and range of Btmss intensity factor is availabla

then the growth mte in any cracked body confizuration oan be pre&ictedo

22T
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Stress intensity faotors are now known for a wide range of eracked
| configuratxons, and often more conplex geomeiries can be successfully
represented by simpler knowm solutions.

Haslan ( 38 ) has applied fracture mechanica to the analyms of
a aonobloe cylinder by using a compromise Btress Intensity factor Kl
given by,

K = 0 (ra)® - (12.30)

This expression lies between the respoctive standarﬁ equations for
a straight-fronted, and a semi-circular {ronted nge: crack in a seni-
infinite plate subjected to a gross stress, o.
| Substituting (12.30) in (12.29) and integrating over the whole fatigue
1ife span from an initial orack length (ao) to a final crgek lensth (a c)

squal to the cylinder wall thickness gives,

2= 85
: 2
N o -2 m!: — ) cycles. (12431)
2-m B¢ T3 ( 8

o
Values for the constants in the above equaticn may be obtained from the

work of Froat, Pook and Denton ( 20 ) and equation (12.29)s  Substitution

of the appropriate constants for steel in (12.31) gives

110 . T S SN SRET oycles. Qew)
o ( rJ % n/ 3

but as the initial crack lenmth is very much smaller than the cylinaer wall

thickneas the sbove equaticn reduces to

2‘-1‘—?—- . m , 'D LUC[,%
¢ 8 . :
o | .
This equation is in Imperial Units and ¢ must be expressed as Tanf/ing,
and a o kn inches.
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" The initizl orack length is tﬁken as the lenzth of orack which
will just fail to propazate at the fatigue limit, and may be oalculated

from,
¢

3

(% efi‘ective) (12.33).

where ¢ is & naterial constant given for a range of conditions by Frost

and Greenan { 73 ), and o, is the effective hoop stress at the

+ 172 T Yetrective .
fatizue limit of the cylinder, 241 2 - &
Trom (12.10) endurance pressure p = b i K2 -1 + K+ 1 +1

Substituting in (12.9)

% - at endurance = b
effactive ~ - 5=
‘ 1+f =3 ' (12.34)
K.+ +
2

K-'l K+1

The o term in oquation (12.32) is the loecal effective repeated tensile
hoop stress as given by (12.9) that is ,

2,
2{-2—3'-&-1- —-2—— p
= K «1 K+1 i

Thus by substitubing for & and o in equation (12.32) Haslan was sble
to obtain relationships between W and Py for particular materials and K
ratioss The ngreement between the pmdiote:i ourves and experimental

results was quite gatisfactory for ferrous materials.

It is now appropriate to examine ‘;k?iv; -the fracture mechanies approach
" may be employed to predict ’the- experimental results obtainéd in the
present worke Considering first the static ;sulipor‘c condition along
with the simple unsupported case, the ﬁendu'rance pressurss have already -
beeri caloulated and are listed in Table 12.1. It is reasomsble (74 )
to ezloulate ths ronge of intensity factor K on the assumption that the
orack is completely closed on the compressive part of‘the-cycle, and A‘

that the effective cyole is from zero o the maximun tensile condition.
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 Thus the value ofoin equation (12,32) may be taken from eqnétion (12.11)

‘ K2 4.1 «+ 5 ;]pi - ng P,
K - 1 K+ 1 ¥ .9

Similurly equation (12.11) may be used to caloulatecreffectiva _ by substituting :
' the endurance presaura from Table 12.1 along with the corresponding external
preaaure value. Por repeated stress conditiona in steels the value of ¢ in
equation (12.33) iz 0.7 (Tonf/1n 23 (73

For a X ratio of 1.75 in En 25 steel and taking b e 46.2 Tonf/in thﬂ
following equations are predicted from equation (12.32) for particular

external g:assuies.
’ 6 Y
b, ® 0, Fe _5% . 107 oyclesa.
Py
, 2 ' 8
6 Tonf/in®, N = 131 . 10° oycles.
(3.799; - 17.8)°

O’U
8

12 Toﬁf/ina, He 124 . 10B cycles. 9(12.55).
(3.79p; - 35.6)%

O'U
g

17 Tonf/iha, N e 114 . 108 cyclea.
(379, - 50.5)°

s
]

o‘d
]

21,25 Tonf/ix"
e B 106 . 108 cycles.
(3790, - 63.1)° »

The curves for equations (12.35) have been plotted individually againat
the experimental data in Figs., 12.9 to 12.9. The curves have bsen terminated
at high pressures by the collapse pressures given 1n npendix .4 and at
low pressures by the endurance presau:ea listed in Table 12.1, The
‘ predicted curve for the unsupparted case Fig. 12.5 is in good agreement with

the experimantal results and gives a slightly comservative prediction.
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The same effect ocourred in Haslam's { 38 ) prediction of 1.8 ¥ ratio
'oylindar behavioure The predicted curves for stabic extormal prezsures
of 6 and 12 Tom‘/inz (93 and 185 zm/mz) Fizge 1266 and 12,7 are in vory
200d agreement with the experimental vesults, althoush in the region of the
collapse pressure it is clearly wnrealistic to sugzent as the curve does
that the trensition between fatisue and collapse is sudden In the ease
Of Fhmev12,8-and3249 the 17 end 21.25 Tonf/in® (263 end 328 19/a)
Rys 12.8 a2 12.9

external pressuve resulis \the predicted curves lie on the opbinistic
or danterous gide of the experimentnl resuliss The reason for this
discrepancy may probably ba attributed 4o the high etbernal pressures
giving rise to plasticity effects at the orvack tip which are no longer
dealt with by eimple linear elastic fracture mechonics. The prodicted
curves have been summarised for cc;mparlism in Fige 12410

The analysis of the high base pressure resulis oneagain requires
gpecial oconsideration because of the non zero ninimum conditions of the
fatigue cycles The first task is to caleulate a_ in equation (12.33). |
The experimental results were ohtained for a oons*b:mé minimmnpressure |
of 55 Tonf/inz (85 }‘.:1:3/m2) and for an Fn25 cylinaer‘cr 1.75 K ,r;ts.o_ |
the maximun internal pressure aﬁ' the fatisue limit hae‘béen caleulgted |
as 13¢5 Tonf/in® (208 11/n?)e  The effective hoop stress st the fabisue
limid nay be expressed in terms of mean and alternating components as
follows:

mean o = 1{2 4 1 5
effective P 1 K+ 1

. ‘ e ) .
alternating o = T ES 41 4 e
effective. o B2 omyl

and the ratio mean o

[ s
eifective : - -
1 nax P; min
alternating o &

effective " Py pox w P4 min, (12.38).
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The ratio in equation (1’2_. 38) is necessary for the sel‘eqtion of .the
apprcpriate value of thé constant ¢ in e@ation(l«?d?,) from ‘the work of
Trost and Greenan ( 73 Yo 1In the -case of Py max = 1345 ’J'.'onf/i.n'iZ and
= 5.5 Tonf/in?, ¢ is given as 0.33 (Tonf/in®)in. A equation

Pimin
(12637) gives the alternating componenﬁ.(o; ) equation (12,33) becomes
siﬁply
. ¢
8, = -—3—0_ :
a

' . Substitution for ¢ and ¢$'a given a o = 0sS4e 16"‘4:311'(2‘4},\1;1).
The tensile hoop stress ranze 6 which detercines the range of stress

intensity factor is given by :
o= :

k2.1 * xs+1 }{ P max ~ P4 min }
’ | . (12.39)

In spite of »‘.:ne hizher mean stress conditiona present in higher base

pressure tests ‘it is lezitinate to use the se;ne natem.al oonsizants B and

m in eqp.ation (12.29) 30 “that the governing equation (12.32) nay still be
usad. "‘he guatlfication for this atatement lies in the work of !rost,
‘Poqk and Denton ( 20 ). ’It was found that for Bteel, the range of
ati_;ess"intemity factor / orack growth rate data fall into a narwow band
ix;res;)ective- of the value of R, the ratio minimum stress / maximum stress.
This implies that the material is inseﬁaitive to mean stresa.

It 1s now possible to substitute the various cowdi'tioné in equation
(12.32) ami obtain the following general fatigue eqaatian for the
case af.‘ pi = 545 Tonf/in -

I o= _@;3;5 S " 10 |
(3;79 (By max, " 545) } - (2a9)

The curvae is plotted for comparison againat the experimental results
in Pige 11.2, Althouoh *he experiuen‘kal reeults arce rather soattered ‘

the curve is in good azreement with the general trend.
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It the fmotum machanics approach were emp}.oyed to analyse the
fatigue behaviou:r: of dynanic aupport cyl:mders in the mortal region
" 4nen.the analysis would duplicate the static support anglysis. The
: duplicatu.on arises becau se having neg;leet:ad the part of the static
su;_a;iort cycle whore the effective hoop stress is compregsive 4the
static and dynomic oyoles are identicalu ~ The fracture mechanios
'approach nay however be usea. to estublish the basi.i monobloc fati@xe
'cm:mre in the - mortal ren-ion and then. dynamic sunport bahaviow: can be predicf:ed

'l‘.he baeis of shear at:resa rzmge by equation (12-2)

120443, F_:ggature Iiechggcs' Anglysis of Crack Pm oations

”"I%é fracture méchaﬁic’s approaeﬁ mz& be used to predict the propasations
of a cmck throughoa.t the 11fe of a compcmen qr at least wntil the -
omset of’ i‘ast fracture. In view of the experhnen‘bal eyidence for the
presmme or absence of craoks ‘at various st‘..ges of cylinder life presemted
in Section 11,544 of the previous chapter :.t is i.nte:-estin" to prediet
'the stage at whioh a visible c.z:ack should appears From equa'bions (12.29)
‘gnd (12431) and after substituting the appi:o;n:iéte constants for stesl

the Tollowing general équéti&n may be derived,

1 6 R
u 110 - ; *10 (12.41)
r Py 4 _A

. 03 /J x :
| - where 8, is the crack }.ength after ﬁ cycles hava e‘.iapse&‘
' The total 1ife bﬁ fallure (nt) is given by equation (12432) that

is

. If equation (12.41) is divided by equation (12.32) them, = - ER
gg_,,_-g&‘; B -

2}
-2
Ii't_ ‘

Fal
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This expression is plotted in Fige 12411 and it can be seen ‘éhat
roughly 707 of the total life is spent in propasating an initial crack
to ten times ite orizinal lensthe AS an example coﬁsi&er an Bn 25
nionobloc cylinder of 1475 K ratios. The inibial crack length (aa)
can be caleculated from cguations (12.33) and (12.34) as approximately

04642074 (1.5 pim)s  If o assume that on exial orack about 301072

in
(04076 m2) is the minimum lengzth which could be detected by eye then
8, = Fe 3-10"35:1 = 1-5,10"35.11 sssuming o scemiwcivcular crack surface.

oY
Thus ar = 25,

&

From Fiz 12,11 it can be seen thet this condition is satisfied only
waen 807 of the total life has been spents f’ifhe analysis does therafore
confim the expserimental observation that cx‘acﬂ"‘ eon be detected only

very late in the spoecimen life.

12.5s Loy Cycle Fabisue égg}y_é ise

The previous section has shown that {he techﬁiqae of fracture mechanics
can be svecessfully applied to the fatisue behaviour of thick-walled cylinders.
It is proposed in this section to examine whefher lov oyfle fatigue analysis,
often referred to as ‘t*ae ?“anson - (}offi.n mproaoh, ‘can nore easily or
successfully be an slied to b}ﬁ.c!u-walled cylmd.er i‘atime behaviour. ‘l‘he
objeotive is to relate the oylinder fatigue results to basi.c'low cyclé
fatisue information which issgenaral}y, available, or cs_,anlbe( egas;t.lgr_ deduced,
for a wide range of materialse. In this way ﬁz; resultsaf Nt‘he'“'biefs{‘:
pfagramme beconz more widely applioable gnd are nob rostricte& to the
cylinder geometry end material used.

Low cycle fatigue analysis is generally related to fatigue daba from

push-pull strain cycling although reversed torsion data is also useds

o
; vt
g .
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Push~pull teosting is relatively simple and the nature of the test
avoids the complications which w uld be introduced by the presence

of a mean strain, 3ince the stress atrein characterisbics of nost
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materials are altered b progressiwfa clic sbraining the cyclic stress (c]
J . .

ney either inercasc or decrease depending on whether the nmaterial cycieslly

atrain hexdens or sizain sof.‘téﬁs. It was recorded in Jection 1043.2 that
Tn 25 falls into the latter categorys  After relatively few cyclesi the
streass ranre sebtles Jom bo a i’&iﬁly constent value lmom as the ‘
ssynptotic stress ranmes Noreally a standardised asymptotic siress
renze ig assumed to ocour ab hal:;; the 1life to failure. The saymplotic
cyolic stress strain characteristic is defined as a result of a numb&
of tests at different strain renges.
Tiamson H— ) found that %;he"plasﬁic gtrain per cycle ( € 1]) was
related to the cyclic 1life (Ef) by & pomzl«i%)f the forn,
€ . yn? (12443).
P . where I end 2 are constaniss -
Coffin ( 75 ) sugzested that &= - % wes universally applicable to all
meterials, and equation (12.43 ) is nornally knowmn as the lanson = doﬁ'in
Laws - |
IP the asympbotic stress range (A\g) 1o divided by the clastic
nodulus (B) the quotient ;':an be regar&éd ésr' the elastic skrain fang@;
(€,,) assoclated with the eyclic life of (Ng)s . It was found for mauy

naterials a power law was also justified of the form,

-4
s ™ _q-. N .- - .
Q_G_: = 631 B { . , (12044)‘

m
-

where § and X are constantss.
Mige 12412 shows the asymptotic ptress range curve for Bn 25 in the same
condition as the present test naterial from the work of Mockenzie and

Benhan ( 7( ) and Tnite ot al (97 e
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The total strain range (D€ ) is obtained by combining £ plastic

and elastic components frém squations 12443 and (12.44) to give,
A€e i, *+8 ny | - O (12.45).

A major attraction of the ?‘Eanspn,-»l(}ofﬁn approach lies in s nmbgr. |
of empirical relationships by which the constants in equations (121;4‘3) and
(12.44) may be ealoulated quite accurately from static strength datas Two
examnles of these relationships are given in Fize 12412«

Relating the fatigue i)elmviour af g thick walled cylinder to basie
low oycle fatigue dats raises a number of problemse The main difficulties
may be listed as follows, | |

(1) thickewalled cylinders with cyclic internal pressure are
subjected to a load cycle not a strain cycle.

(11) the strain conditions are miltiaxial notuniexial,

(i11) the mean otrain components are non zero and are again nultiaxiale

(:.v) the fati.gue conditions are modified by the presaumsed il in contact
with the borce. ‘

A1l these fac‘l:ora‘ must be considered and if sigmificant inciuded in
the mzalysis, | o |

The dii‘femnce between load and strain cyalino behaviouz- :t.s not grealt
in low cycle fatime as far as tha cyclio 1ife xs conuarne&. " Goffin and
Tavamelli ( 78 )} haeve shown that the cyclic stress-stre.in relation
developad aftor a lsrge rumber of cyoles is aubstantially congtant
irfespeetive of prior otrain historys Thus Ait‘ is reasonable to essume
that the strain renge chaiqc,es &hich take place during the early oycles
of load or mtress cyclin" ha'tre relatively little effect on ‘the final “
cyalio atress ~ girain x:elation- uxperimental evidence ﬁ‘or the e;ood
ameemant betwaen load and strain cyclina fatiaue cuzves for fn 25 is

given by Mackenzie end Bonham ( 7f e



Multiaxial stresses and strains mnst be reduced to single equivalent

| values in order to apply the Manson -~ Coffin approach. The expressioné

used are analogous %o tha von Mises equivalent etress and strain relations,

Equivalent stress range, . \ - - -
‘ : ‘ 2 ¢ von) 12 o) 121E B
g (e P P T [59) )
Eqnivélent strﬁin‘raﬁge;

- »f2{ YA(e -ez)J A (62-63)] LA (‘ - 1)J } R (12 47)“

-An alferﬁativeﬂapproach which eliminafes‘thé‘neéﬁ for an‘equivalent
stress or gtrainvis to_employ shear étress - atiain ahalyaia in qonjuﬁction
with chear fatigue data from #l)t;n'sion test say. From past experience this
épproaoh should‘ﬁe very‘éuitébie. For example the endurance liﬁits of a
wide range of cylinder K ratios have been shown to correlate well on the ”
basis of shear stress, end the elastic plastic expansion of a th1ck-walled
cylinder can be accurately‘predicted from shear stress - strain 1nforma§ion

from a torsxon test. -

The effect of a mean stress or atrain in 1ow eycle fatigue may give
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- rise to continually changing stresses and strains with every cycle. Howaver |

,unatable conditions such as theae will only ocour in a preBSure veasel very
near to ccllapae which 18 not ‘an aapeot of vessel behaviour of intereat for

normal saf'e working. Of more practical importance is the ‘case whare after
a few. oycles the stress and strain behaviour settles down to an asymptotie

repetitlva aondition. Manson ( (l ) suggests that a cyclically loadedv‘



pari, aither settles down %o a repetitive plastic flow pen cycle in
‘ whioh case it camot smpport ‘a mean 1oad, or it _settles dowm to a
repetitive. elas{;ia stmni.ng with sero plast:.c strain in which case
a mean log& can be supporteds In practice conditions may arise
somewhanrs bap\;«'em tlﬁesq two extremes. The strain gzuge tgats
desoribed in mmptar 9 aﬁowed that:a thick-walled ‘cylinder of
noderate K ra'bm vrs_*bh repeated intemal :gresm;re ‘gettles down to a
x:enem.tivb elastic c,fcle with neglizible oyelic plaf*ticity. Thus
| the stress an&-strai.n ranges asaociatea with & particular reneafe& |
preﬂaune may be ealculated pumly from elastic cme:.derationa, vhether .
or not the static or cyclic yield conaz.tion has been exceeded.
r?wthemo:;e in relating the cyli.m}er behavimzr to basio ‘i‘atigua data
only the slastic strain TInge or as:;mpo’cié sti;ess range component
given by equation (12.44) nced bo condidered. The equivalent stress
| range may be calculated from equa‘bio;.l (12.46) » and it viay be gséumed
 that conditions at the bore dictate the fatigue life. This is
reasonsble in view of the oxperimental end theoretical’ ovidence
presentod in Sections 11.5.4 and 12443 for the fach thab ovack ‘
: prepéga’éién through oylindei': ‘wall ocoupios a releti\rciy sméil fraction
of the totai life. Ior sn oyen ended cylinder with or without ste.t:l.c

extemal prasmzre the elas«.ic streas renges are as follm,

K241 - K2
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Ay -6 =7 1 me Al 3>~pi, Al - c—1>~"""“"_, B

. and substitutim in equation (3.2¢46) givesg

, }I‘:‘j‘;“ Py (12.48)
for K = 1475 A-G-eq = ?.62‘ 1

 The corresponding equation ;‘o‘r a closed gnde& cylinder is given by

JAVRENY r Gz

x% -1
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which is virtually identiocal to eguation (12.48)« Thus the squivalent
atnéas ‘relation does not ooﬁtzfadiet the experi:ﬁental obaérmtion that
the fatigae 3.3.vaa o?.‘ open and olbse& ené.ed éylin&era are tﬁe 'sm. -

The fatiﬂue resul‘bs from the presemt work on’ 1.75 K ratio oylindera, .
Which were preaented earlier in T’im 11.1, haxm been converted to
eqmvalen‘b siresy ranges ‘and are plotted in Fige 12512 for comparis@ o
*‘ith the basio. asynptotic stress ranve / 1ife cuzrve. It i
in#argsting ‘tha‘b the curve for a monobloc cylinder without external .
sxipport presma.rﬁe‘ approaches thé basic Tatigue -curve at thé short life
end.  This ocould point t6 the fact thet at low endurances the oil .
'éffécst is ‘insi‘gxificant in dompariaon with the streas TANLO. 'Héwéver'
as the fluid pressure is higheat at low enduranaes it is difficult to ‘
imazine how the oil effect is red.uced. The statie supported fatigue
cugve&genaral;y 1ie sbove the basic fatizue line and thus tfxé inclusion
. of an-oil efféct would prochzée even w'iﬁér ‘diverrrmicé fron the basic
fatinué 15.:1e. ‘I’o a certain extent the discrupancy may be explaine& :

: ~by the inﬁuenca of the mean load in the xatlr*ue cyocles V

There are two main problema in including the effool of mesn conditiqhé.

~ One i8 to convert basic faiziéue ini‘omatiqn, oﬁtaiﬁed with zero mean strain

to coﬁesmnding’ fabigue atrain Wa fo:r; non zero mean Btmins.{  The
l‘aecond is to pre(h.ct the:- steady state mean stra:m condi*aiona in a cyli.nder

- aftar oyclie ﬂoi'tening has taken places The first problem may ba dealt '

with simply by the vse of a modi.i‘ied Goodman diagran as the oyolic

’cond:_ttions are predominmtly alastice The problem of- aemma.tely

' p:éeo“.ietiﬁg {;he steady state ‘cond:. iona was illustrated in Chapter 10.

It was foumd that the oyolic stress - Btra:i.n imomation overestimated
| the ' stead,y stata expmmi.on of - the 8ylinder, ancl that although a statm
approach undevestinated the expansion it oame nearer to tho measurqd
a‘l;rainfgauge.va}.ues; T‘mm‘lthe méan éﬁnpomeﬁts could be defined j |
. approximately by elaatid-i)lastié analysié. ’it is suggeste& by Z&iéﬁso&x

~
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that these multiaﬁal conponents may be resolved into a single
équivalenﬁ value by expressions of the foﬁm wivén in équaﬁions‘
(12;.46) and (12.47) ' Howaver the sign of the inciividual componenta
then becomes lost as a result of Squarinc' and the nean conpcnent
ltself cén have no meaningful sign. It does app;.a‘r from %hese
| problems and the l-ck of agreemeﬁt eihibited in Fige 12,12 ﬁhat
the fatigde ;taehavim of thick-walled cylindérs can not satisfactorily
be e;rplained by the use of equivalent stresses or strainsk and low ¢ycle
fatigue data from-push-pxll tési:s. It ‘ms mentioned earlier than a
shear stress - straln approach has certein advantages in connection
with cylinder gehéviour and this aspecf will now be given fufthér
consideration. | |

The shear strain range { AX ) can be caloulated simply from -

. clastic considerations as

AK‘H--;—: EKE"IE"ZT }‘pi S , - (22450).
whether or not static extemal pregsure is presents It is wmore
convenient in this case to deal throughout in shear strains rather

than shear stresses.

The pressure / bore sh'ea'r strain curve Figs 10.9 can be used to
deternine the maximm bore shear strain which .mla oecursunder a -
particular cmbmw.*ion of internal and. extarnal preasuru. Under
cyelic conditions the steadg state maximum shear strain would be
larger and the value obtalned con only be regarded as app:oxmate. :

The mean shemr strain can be obtained ‘by su‘btractinw half the strain
range from the maximam. fl‘hese oa;l.culations have been perfon‘ged»for

all the teabs on 1.75 X ratié specimens and are present;ad in the fomm

of shear strain range azainst mean shear strain in Mizge 12613+ TInoluded
on the zraph are 'alsp the results of other vrorkéra at high endurances.
The trend of the c.onsﬁant 1ife curves iq generaliy rhat would be

expected say of torsional fatisgue tests but with the important feature

N
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that higher strain ranses cax;. be tolerated cven whem the mean shear
_ btrain chanzes @ign. A series of strain ranges for zero mean strain
" can be extracted vfrom the éraph.for compérisan with basic i'atigae aata.‘
Fige 12.14 shows the total, plastic, and ‘elastié shear .gtmizi Tange
Meé from the work of Iﬁackez}zie et a1 ( 7)) for En25 in'a similar

» condition to the present test material. - The surves were ob‘;ained
' " from reversed torsion tosts on thin walled tubes with sero mean shear

. straine Also’ potted on- I’J.s:-. 12.14 are the basic cylinder Latlgue
curves 'af Fige ‘11&1 expressed sinply in terms of shear strain range.
‘wiﬁhou-h raga;:d to mean shear strain va.lues. - Points wzu‘.oh have been
extracted from Fige 12413 for zero mean shear strain are also plotted
and a straight line dram betwaan therte

There are a musber of points which are highlighﬁd in Tige 124144

At the high endurance end of the gréph the well ‘!moim discrepancy between
‘ oyiinder fatigae"reéul*aa and iave:_'aed ahear results is exhibiteds The
zero mean st:éin Lline howevei goes gbout' half-way to accounting foi the

6 o eas . >
digerepancy at 10° cycles and at fatizue lives arcnmd 10 cy cles actually

coincides with the basio elastic line. At 11ves 1ess than 10) oycles |
“the divergehce of 'bhe zevo mean Btrain line from the basic elestis line
azain increases although now the cylinders are able to withstand a
higher s‘haar gtrain range for a given life. ,Thié divergenee must be
due to the combination o_f’ o’cfxer streés or strain components whose
beneficial influence is inadequé’cely :;cepresénte& by j;hé. shear components
' m'zd the oil. pressure elfech. "'However as the basié fétime information
in Fige 12.14 was not obtained with the c,;lmder naterial iteelf it is
impo:tant to remember tha’c gone portion of the discrepancy may have
arisen as a 'i;eSult' of fiiis. A %e cylinder fatigue curves which have
been expressed in terms o}? ghear strain range Show no better agreement
with the basic fatiﬂue curves than the correapmdim- c;,lm&ez- results

in Fige: 12.12, and no meanmgful conelusions cen be \}d_ram.

{
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12.6___ Summary of Desipn Approsches and Vorked Example

It was mentioned in the Introduction that an important aspect of the
fatigue testing of fluid supported vessels would be the application of the
results not only in the design of further fluid supported vessels but also
in the deaign of more traditional vessels. H?wever no single design spprosch
has emorged from the preceeding discussion and the beat method has been
shown to depend on the fatigue regime of interest and the availability of
eylinder fatigue data. It is therefore appropriate to summarise which
approach should be teken in any particular situation.

I€ the vessel is elastic and of En25 steel then the fatigue behaviour
18 characterised in Pig. ¢ )by means of the range of shear stress and the
mean shear stress. Conditions at the fatigue limit are also included in
Fig.!2-] £rom Burne and Parryas® (6) work, although this area was cutside the
scope of the present test programme.

If the vessel is to be designed in & material for whioh there are
limited Af any cylinder fatigue data then the fatigue limit conditions may
be estimated from the rotating bending fatigue limit by an extension of
Haslam's {(37) method. This method accounts empirically for the effect of
high pressure oil in contact with the cylinder bore by allowing the fluid
pressure to sugment the conventional Lamé hoop streas.

If the vessel is of En25 steel and ylelds on application of the
working pressure the fatigue bohaviour is characterised in Figd2.13by means
of the range of shear strain and the mean shear strain. The ahéar strains
must be calculated by elastic plamtic analysis based on the static properties
of the oylinder materisl and the application of the Trescayield criterion

and associated flow rule as proposed by Keiter (67).
If the vessel is to be designed for the mortal range in a material

other thean En25 steel a simplified fracture mechanics approach can be used.
The method is an extension of llaslam's work (38) on monobloc cylinders and

requires only a limifed amount of data already aeveilable for a wide range of ‘
materials.
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12.6.1 Vorked Example

As an example of fatigue analysis consider the caeé of an En25 gteel
static support vessel with an inner XK ratio of 2. Let us assume that a
repeated internal pressure of 35 Tonf/in2 is to be contained and that a static
external pressure of 10 Ton£/1n2 can conveniently be provided. Ve wish to
know what life can be expected of the vessel. The following material
properties are assumed,

Shear yleld etress,T7 = 2644 Tonf/in2

¥
Shear modulus, G = 5,230 'L‘onf/in2

The yielﬁ pressure of the inner cylinder with external pressure
acting is given by equation (A1.5) as 29.8 Tonf/in2. The working internal
pressure of 35 Ton£/1n2 will therefore cause yielding and the simple shear
stress basis of fatigue analysis can not be used. The fatigue life may
either be predicted on the basis of shear strsins from elastic-plastic
analyeis and the results of the present fatigue tests on En25, or if no such
information were available the life may be predicted from the fracture

mechanics approachs In this example both methode are demonstrated.

i) Shear strain anslysis
Substituting the maximum internal and external pressure conditions in

equation (A1.13) the elastic-plastic radius ratio may be oalculated as 1+15.
This value may be substituted in equation (A1.25) to give the maximum bore

shear strain,

¥ - -4
nax T4410

The range of bore shear strain is purely elastic and therefore calculable

from the bore shear stress range that is,
1 ..f... P ~4
grange G %21 3 nax = 89.10

The mean bore shear strein is given by

-4
kS :Km - %Kmnge e« 29.5.10

mean
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Ve have now defined the fatigue cycle mnd c¢an refer to the constant
life curves in Fig. 12.13 to estimate the fatigue lifes On this basis a
fatigue 1life of 12,000 oyeles is predicted.

it)  Fracture ¢s analysi

It is necessary first to caloulate the repeated internal pressure at
the fatigue 1imit for s cylinder having a K ratio of 2 and with 10 Tonf/in2
external pressure. This is given by equation {12.13) ams 20.4 Tonﬁ/inz.
Subatifuting this figure in equation (12.11) givas an effective tensile
hoop 8tress of 41.3 Tonf/in. We can now caloulate the initial orack
length a from equation (12.33) 88 7¢95.107° in. Finelly equation (12432)
glves the following relation betwsen life and the maximum repeated internal
Pressure.

H o= 123 9108 cycles
(3.33p; - 26.7)°

Por a repeated internal pressure of 35 Ton£/1n2 a fatigue life of 17,000

gyoles is prodicted.

Thus we have life estimates of 12,000 and 17,000 cysles from the
rospective approasches of shear strain analycis and fracture mechanios. In
the present example the shear strain approach is backed by experimental
cylinder fatigue data and must therefore be considered the more relisble
mathod. However the oxample shows that in the absence of such information
that the fracture mechanics approach would give s reasonable estimate of
1ife within the order of mccouraoy usually sssociated with fatigue.

To conclude the example it remains to define the geometry of the outer
vessel subject to s static internal pressure of 10 Tonf/in?. Tor an
economic design this ¢ylinder should be as highly etressed as it is asafe to

8o so sven up to the collapse pressure if a ductile materisl were used.
From equation (A1.32) an En25 steel cylinder of 1.25 K xatioc has a collapse

pressure of 11.8 Tonf/ina. If this oylinder were used the nominal overall
X zatioc of the static support vessel would be 2.5 although this Lfipure

ignores the additional space required for the intexface fluid and‘aeals.



CHAPTER 13

* CONCLUSIONS.

1. A hydrauliualiy opez;afed i‘atigue press has been constructe:i

to generate repeated fluid pressures wi.thin the bore of a test cylinder.
Pressures up to 50 Ton/:!n (172 Im/m ) and. freq;xencies up to 60 oyoles
per minute have ‘begn achieved in t.he prgsent worke 1t was found that
the variable decompression fﬁcility in the main control valve was
-egsential to overcome problems in Acantrolling +the pressure cvyclev

a;:ising from the stored anergy in a compressed volume of fluide

2 V A dynamie fluid support vesgel system has been built

to subject test cylinders to combined repeated internal and external
pressure with the facility of changing the external pressure / intexnal
, pressufe ratios A ratio of at-wm; one third was enployed in .thé present
- work and tests we:ée garried out at repeated intemal pressures up to
31 Tong/in? (480 M9/n?). rmblm were encountered in olamping the
noving c&iinder / endchosuie é.ssémfiy tbveﬁher reliably for the

whole i‘atigué life. A self clemping mmgement using the extemal
fluid pressure provided a Batisfaatory aolution. It was found

~ that excesaively 1arr*e plunger displacements ware necessary aven

at modest prassures and it is suggested that future work on dynamic
support veasels would benefit frcm a less comp:cesnhla pressure

medium such as rubbar.

297

3. A vessel riz has becn built in conjunction with a 200,000 Ibf/in® -

(1.4 GN/mz) static pressure supply system to subject‘tgét ¢ylinders

%o combined repeatedv iﬁtemal ;pressure and static external ﬁressure.
Fatigue teéte have 'beeﬁ cé.rriéd out at repeatéﬁ inten.'xal pressures up
to 50 Tonf/in (772 Im/m ) with static external pressures up to

21, 25'anf/in (328 rm/mz). . muctﬁatims in the static support



248

. pressure due to the cyclic clastic displacement of the test eylinder
| were minimised by tize incorporation of a laorge capacity high pressure
reservoir in the supply 1§.ne. The static support Erig was also used
 for fabigue tests on monoblog end high base‘ pressure éylinders to

supplenent the regults of the fluid supported tests.

4e Tianganm pressure ssuges were found to be entiﬁely satisfactory

for static and dynamic pressure meaéurements m}er 10:13 periods.

Dynanic temperature variations were recorded in addition for the

purpose uf‘ applying & temperature correstion to the manganin zauge

progsure signale - An impbrtmt feéztv:ce‘ of the recording system was |
3 albw gpeed conti:mm‘xé uitra—violet $race of the wﬁdle fatizue

| teste In some oases this provided the only record of %ﬁe exact

point of failure. '

5¢  The pexformance of the Hallprme hydxnulic seal as tha <

| ‘dynanic plunger seal prove& enf;irely aatinfactory' Tear of the
mitre ra.ng was usual}.y more sovere thar that of the seal itaelf. :
'In éome teots the finid ‘bemperafm?e raachéﬂ the upper recommended
linit for nydraulic seals of 120%C. Excessive téﬁperaturea are
 thereforo likely to prove a sariaus 1:t.mitaticn to gealing at
substantially highar pregsures if tha present oycle conditions are
repmduced. 3eal friction at the ,plunger waa law Sndica%mg sone
mensure of m'dmdynmic lubrioatimh

Ge ulasti.e finite element atress analysis of nackad a:nd plain

atatic auppart Speci.men desigm shawad that there was little to he
gained from a necked deaign in tha mdueticm of atress dieoentinui‘bies

at seala. Also f$rue Lamé etrcasea ware present for a greater proportion

of the apedimen len,gth in the case oi’ the plain design- It coibined
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internal and external pressure were spplied the tensile axial discontinuity
stresses could cause problems with high strength brittle materials used for
very high préssure vessels.

The oyelic behaviour of a coylinder beyond yield was found by strain
gauge tests to be predominantly elastic. Prediction of the steady atate
strains could be approximated by elastic-plastic analysis using static

msterisl properties.

7.  The test material used throughout was En25 steel in the 56 Tonf/in’
(7814 MH/m?) ultimate tensile strength condition. Monobloo fatigue tests
carried out to supplement the tests on fluid supported cylinders agreed
well with the resulte of earlier workers. The application of astatie
external support pressure had the effect of incressing the maximum repeated
internal pressure which a oylinder could withstand for a particular life.
The higher the external pressure the greater the 1mpro§ement even when the
static preaauralexcaeded the reverse yield pressure. Signifigamtly improved
fatigue resistance also fesulted from the application of dynamic support
pressure, At first sight the performance of a dynamiclaapport veasel
appesrs better than an equivalent static support vessel with the same
maximum external pressure says but of course the onter vessel of a

dynamic support system is itself subject to fatigue. The dynamié and statio
supported vessel tests showed that both were reliable practical syateme of
veasel design with good fatigue resistance meriting serious consideration

for high pressure operation.

8. One of the most important aspects of the work is in the application
of the fatigue resulte to design. A number of design approaches are
necessary depending upon the vessel material and the fatigue regime of
interest. If the vessel is of En25 eteel then the fatigue behaviour is
characterised in the elestic range by the range of shear stress and mean

shear stress and a series of constant life curves provide a convenient basis
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for design, If the vessel is of En25 steel and operates beyond ylield then
elastic«plastic analysis is necessary to charasterise the fatigue conditions
in terms of range of shear strain and mean shear strain. A second series
of constant life curves are presented for design. If the vessel material

is other than En25 steel then the fatigue limit conditions may be estimated
by & method which accounts empirically for the oil effect in thick~walled
eylinder fatigue. In the mortal region for other vessel matéxials a
pimplified fracture mechanice approach has been succesefully applied to

predict the fatigue behaviour.
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APPENDIX 1

STRESS AWALYSIS OF THICK WALLED CYLINDERS

1.1 Elastic Thick-Walied Cylinders

The Lamé equations for an open—ended ¢ylinder are,

e < P 2 |

STl . S el () (a1.9)
K| | K=1 ‘7

Y‘l ' S & .

g - P~ Kop, + b= Po L_‘f_:_.) - (a12)

Kz__) K1-|
- 0O

CY% | (11.3)

T . G- AN |

L = % 2;,( - (',z; '0 = (21.4)

1.2 Yield Pressure of a Thick-Valled Cylinder

Yield occurs at the bore of a oylinder when the shear stress at the

bore reaches the yield stress in sinmple shear obiained from & torsion test.
Ko |

F; = (’J + Fo (a1.5)

1.3 Elastic-Plastic Thick-¥nlled Cylinder

!0101 GC!}E 1

The equilibrium equation for a oylinder gives,
do, . Ge-0Cr

-

~~ ,
As G;, -0, = 2t equation (A1.6) becomes



i

5 do ZJ Lo (11.7)

o)
N

If the oylinder materiasl eirain hardens then { Lt ar iay be:evaluated
1%

ey

numerically providing the distribution of shear stra{; across the ¢ylinder

wall is known.

. 3.3.2 Franklin and Horriso r
The basic ansumption of the Franklin and Merrison { $3 ) method of
analysie of slastic plastic cylinder behaviour is that shesr strain is

inverseley proportional to the equare of the oylinder radius, -

r

- T
¥ - X (_9) (51.8)
C\r
It can be shown that at the outer surface of a cylinder,

X - éeu + Vv €i’.0 ' (71.9)

)

i~ v

Combining {A1.8) and (A1.9)

X - é&“v + Vélo (Q})l (3_1‘,10)

. . e
j— v r

If a value of the function (G otV Gz() is essumed then the shear
gtrain distribution through the cylinder wall is known. The shear eiress
distribution through the wa11>oan then be found using shear stross-strain
from a torsion test, and the integration of equation (A1.7) carried out to
calonlate the internal pressure corresponding to the initial assumed
oxternal strains. By taking a series of assumed straine it is poseidle to

build up the complete pressure expansion curves.

260
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1433 Simplified Approach

If strain-hardening can be ignored the use of & constant shear yield
stress eimplifies the analysis considerably. The following equetions may be

derived.

In the plastic region,

r

—~ ~ (o2
G- 2Ts -« TS - e

o= 2T, I ﬁ[\j U%)Hﬁi]_ b, (41.12)

The bore pressure may be expressed in terms of the elastic~plastic interface

radius from equation (A1.11).

o= L&) ) - h .18

Oo = T:; [ ﬁf)z*‘ (%)1] - b (A1.15)
T= (£)7, (11.16)

The simplified analyeis provides no information about the

distribution of shear strain within the plastic region unless the assumption

is made as in the previous section that shear strain is inversely proportional

to the square of the radius.
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e 30 Koiter Appro sh

The followiné analysis treats the problem of elastic-plastic
behaviour by the Tresca yield criterion and associated flow rule approach
developed by Koiter { 67) and Bland ( 68 ). The present analysis is concerned
with the specific case of a cylinder of non strain-hardening material with
both internal and external pressure.

If it 1s agssumed that the axial stress is always the intermediate

principal stress then Tresca yield criterion givens,

~ o~
g -0 =< Ly | (A1447)
Using equilibrium equation (A1.6) the same equations (A1.11), (41.12), and
(A1.13) . are obtained in the plaétic region. It was not neoessary to invoke
& yiéld criterion previously as it was assumed thet a torsion test exactly
deseribed the shear stress-strain behaviour of a oylinder. The validity of
the axial siress assumption is examined later.

The stress-stmin relations (80 ) associated with Tresca's yield

criterion require

€ . -€ 30 €. -0 (21.18)

where EE’P' QTP‘ and Gzp ere the principal plastic strain rates. 1t

follows from (A1.18) that

€}} = ‘G;% (A1.19)

0
~
4
mi—
-y
e
|
<
_—
S
+
o
e’



Substituting from (A1.11) and (A1.12)
o - T lwey 20T (f; o lvp+ B E
Z 3 < J \b) Ty

Tha elastic dilatation is given hy

Cr&e + €,y = tgj (G}*Cza*cya>
E |

- - -2y N
Hence Q‘,’* ee _‘%%:_ _;,_kr_t: - 1!:‘-7(6}+ 68“”2)"(’;

Substituting in (A1.22) from (A1.11), (A1.12), and (A1.20)

— 4 X = o w ¥ A R
X r E [ Iy (b) " P

7]
The solution to this differential equation is finally

ﬁ—4ﬁT§V\§+—2975(?Y*2ﬁ%+gé2]

~
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(A1.20)

(A1.21)

(A1.22)

(A1.23)

ya

- "2 T ¢ m Y c\? -Pu . ~ y - - -v
o= = LJ’E g le)- f‘fﬂ"”%i Al W

G 5 C Y7
\ZS - GE _ ér - w _ /é\_\:
r of

Substituting from (A1.24) gives

Fat

T T
X=20-9) L €)= (-2) L
G \r G
To determine Q" $ consider axial equilibrium for tube with open ends,
&

O - iZTT [ ‘SC

‘ A b
i
< e J Qércui]
58 [

(A1.25)

(41.26)



Substituting for G, from (11.20) gives

— L .
ECc. =~-2¢vl - {2 1= 31]+ 2y . (a1.27)
* Yot ta T (b) P

To determine validity of the assumption that the axial stress iam the

intermediate principal stress; consider first the situation at the elastic-

plastic interface.
From (A1 1) o = ly

T /en\¢ N B
From (Al 10) G, = 2»‘{3(;) + [62 C\FD

2 by

The inequality, O, < Oy must be satisfied that is,
a:l.
T

Jupreer) skco o

As c’gb and U[)»

)

(¢

a—) ~ > O the inequality i satisfied.
In the plastic region G‘E - O'% ’\’}O must be satisfied |,
considering conditions at the bore where (C’ e~ O? Y  is minimum.

From (A1.12), (A1.20) and (A1.27) inequality is,

<h\(%)t+ (i>1)<)' v %Jiz))/ -] =2 f_f o+ E (A1.29)

-—

-8, EL/ Cl_‘_ L:S
he : b <
For thick tubes having _ > 73, that is = > {-S  for
a® )

v = (785, then the minimum value of the left hand side of equation (A1.29)

is given when ¢ « b that is,

. . ' (41.30)
-~ \ .\2— . ( - \ ‘) _ } - N < )
[‘ u{\u>J‘] )‘ // | —Z‘)'?"".L-F fo
, S L 1.
which reduces to J

WK > 0.5+ K-044-(kK-N %, (41.31)
0-88k = 2

264



This inequality is expressed graphically in Fig A\1 in terms of

the ratio i« { TJ and the corresponding permissible X ratios for which

the axial stress is in fact intermediste. It can be seen that if no

external support pressure is applied then the analysis is valid for X ratios

up to 5.65 but 4f [, = Ty|2 then only K ratios up to 3.38 are permissible.
In the present work the maximm F°/1i3 zatio oocurred with » = 21.25
Tonf/inZ, that is ﬁ)fjj w 21.25/2644 = 0.805 and the limiting K ratio

would be approximately 2.5.

Collapse Pressure of a Thick-Walled Cylinder

The collepse pressure of a oylinder is defined as that pressure
which will just cause the entire cylinder wall to yield. Depending' on the
cylinder K ratio and material properties further expansion of the

¢ylinder may then take place without any increase in pressure.

From equation (A1.13)

= ZT lWK -+ Po (A1.32)

P‘\' { l\(LP W J

In the case of X « 1.75 and En25 ag oylinder materisl with an

averagejtj of 26.8 ’ronf/inz}

Pcu“ = 30 + ;30

)
ﬁi e
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APPENDIX 2

IWNSPECTION CERTIFICATE OF EN 25 STEEL

Test N‘O. ZW.?

Specification =~ 248 g B
SIZE 2.]f '(? dia
0.1% Proof Maximum : Reducti Izod Impact Val
Stress Tons | Stress Tons Elongcan;m of Are: " ue Brinell
per 5q. In. per Sq: In. per cent. per cent. Foot Lbs.
49.2 5.8 | 21.0 65.8 ™ |77 | 75 269
L]
_ HEAT TREATMENT to which Test Samples have been submitted.
. Hested to 8,00C,, Cooled in Oil
Heoted to 66CoC,, Cooled in Adr
CAST N ; i ANALYSIS
e c. | si [ M | s | P | Ni | Cn [ Mo |

4COLO3 [u33 | <30 | .55 | LOL0|, 087 |2.44 | 64 | .18

BLACK. HARDENED & TEMPERED

LC.9493
269/ 285

Condition of Material as supplied
‘ Identification Marks

2,463

Brinell Range
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APPENDIX 3

VACUUM STRESS RELIEVING TRERTMENT CONCLE

i

Sample Nos. S§7, SS9, SS11

. v - s s W - ——

Samples were protected by molybdenum shields

—— - w—m

TIME PRESSURE. POVIER .« TENPERATURE.

NS s - - - REMARKS.
BACKING CHAMBER | I | V- |'T C B
11.0 A5 9 x 10-'6 50 | 10 30 Power on - manual control
12.30 .17“ 7.x 107° 45 | 10 360 ] Check
2.00 ‘1 a9 6x10° | 6015 1600 Auto control
2.15 18  4x 100 55'| 14 595 Controliing
3.00 16 5x10° | asi10 602 Power off - cooling

' Max., & min. tempdratur durding fontrdl period 595°C & 610°C
4.30 .16 2 x 10° ] - | - | 440 Cooling naturally

9.00 a.m. 'January 4th 1969 , 30 Work removed from furnace -

7

-
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APPENDIX 4

Fluctuation of Stgtic Support Pressure

1.

e

Displacemont of specimen

hen p; = 0 and p o "™ nominal static value,

At outer surface of specimen, ¢gm == -1- r - Kz P, + ”poj

¥hen p‘i L pim and po ™ po + Apo

vhere p_ = increase in p, due to elastic expansion

At outer surfece of specimen, cg = % e -}13' Ffﬂ -1t K (P +AP°>-
| 2 °
K -1 K™ - 1

|-
o g ean) ]
‘—ff.& -1+1€‘Apo+vAp°j

LK1 %

Thus the net cyclic displacement u =

ol

and oyclic volume change dvé = 27rul,
vhere 1B = specimen length subjected to pressure

- 2
. dVS - 2?71'8 13 — Zpi

—i - < 1 +,§E'-v N, AP, :]

|l -1 \ -1 )

Dipplacement of containing vesséls

The net displacement for a eyclic pressure change P, is given Yy,

U - [—"'L“ AP°+VAP :'

and the cyclic volume change by,

}

% -1 /

where 1 _ effective length of containing vessel subjected to pressure

e 8
d\”v-Zﬂrvlv < K2+1 *V\"A?“

I
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3. Substitution of rig peometry and elastic constants

For specimeny K e 1.T5 r_ = 0.875 in 1B w 4% in

8

E = 13,200 Tonf/in? v = 0.28

v, = (1.59 Py = 2.77 Apo) 1073 1p3

For static support outer vessel, K = 3.0 T, = 1.0 in lv o 45 in
=3 .3
dvv = 3.28 Ap°.10 in
For acoumlator, ¥ = 3.33 T, = 0375 in lv s 10,0 in
PO
dvv = 099 Ap0.10 in
3

§  Tet reduction in volume, &V = AV = AV, = (1.59 p; - 7.04 4p,) 1073 1n

Working éolumes of fluid are,

(a) between specimen and bore of outer vessel 3.3 in°

(b) in accumulator 44
(¢) in high pressure tubing, fittings etc. 0.3

Total Vb o 8.0 in3

4. Caleunlation of pressure fiuctustion

As an example consider conditions in Test No. 7,

By oy = 2ol Tonf/in® , p, = 17+0 Tonf/in’

To a first approximetion the Apo tern may be neglected in the calculation

of aV, then aV = 38.3.10"21in3 and %Z - 0.487
o]

From the compressibility curve for Tellus 27 at Py = 17.0 Tonf/in2

4V = 9.4, and a8 a result of elastic displacements this must rise to

Y

9e4 + 0e91 x 0e48 = 9.84%. From the compressibility curve the corresponding
pressure = 18.2 Tonf/in°.
Thus fp, = 18.2 = 17.0 = 1.2 Tonf/in°.



. 2.7",,4

- 1000
0-
6 MN/m? 1
: |
\y ~ i
§ -d00 !,
W 49 |
v
3
Q
q0- COHOL
m MERCURY 20°¢)
7enf/in? '

\AEROSHELL FLUID #(259¢C)
(EQUIVALENT 70 £550 '
NIVIS P38)

TELLUS 27
(25°cC)

HATER BASED FIRE RESISTANT FLU/D

L 1 1 I |. ] ] 1 ‘n 1
0 2 4 6 B 0 12 17 16 /48 " 22 24 26

COMPRESSIBILITY i Y o
’ 0

- G A4, I‘ 6‘0/‘//’/65'53/'5/4/7'}’- CURVES FOR HARIOUS LIQUIDS .
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We can now try a trial value for Apo in the caloulation of dV. The value

mist be less than 1.2 Tonf/in®, and 1.0 Tonf/in® is suitable.

Then av = 31.3-10-31[13 and %‘V‘ I~ 0.3%
0

Overall %—V- rises to 9.4 + 0.91 x 0.39 = 9.76%
o]

From compressibility curve corresponding pressure = 18.0 Tonf/in2 glving

bp, = 1.0 Tonf/in® which was the trial value and is therefore eorrect.
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