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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 prestressed 

by a layer of pressurised fluid have advantages over conventional designs 

and two particular examples of such fluid supported vessels are where the 

support pressure is either static or cycles in phase with 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 steel. 

Fatigue tests have been carried out over a wide range of stress conditions 

and at lives up to 105 cycles. The tests have demonstrated that both static 

support and dynamic support vessel systems are reliable and that good 

fatigue performance is obtained. 

The results of the fatigue tests are presented on a shear stress 

range/mean shear stress basis for the design of vessels in En25 steel. For 

the design of yielded En25 vessels elastic•plastic analysis is necessary to 

use design curves presented on a shear strain range/mean shear strain bisis. 

In both elastic and yielded oases the design curves embrace as wide a range 

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 extensi e 

cylinder fatigue data are not available a method is presented which pre Jots 

the fatigue limit pressures under all the test conditions employed. Fo 

design in the mortal fatigue region in the absence of cylinder fatigue rata 

a simplified fracture mechanics approach is 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 diagram. The following reference list contains the commonly 

occurring symbols. 
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K ratio 

a, b 

Pi• Pi max 

Po,P 
max 

Pe  

Pe  

Ph  

(outer diameter)/(inner diameter) 

bore radius, outer radius 

elastic-plastic interface radius 

any radius 

pressure 

internal pressure, maximum internal pressure 

external pressure, maximum external pressure 

endurance pressure 

clamping pressure 

hydraulic pressure 

Poollapse 	' collapse pressure 

Cr  I '72*(73 	principal stress components 

0- 	
0- ' s 

0.- 0 • 	principal hoop, radial, and axial stress components 
r 

CTI 
	etc. 	maximum principal stress components 
max 

CY 	effective hoop stress 
°effective 

e Lame 
	Lame hoop stress 



2$€3 

G ef fir'  z 

asymptotic stress range 

principal strain components 

principal hoop, radial, and axial strain components 

plastic strain component 

elastic strain component 

strain range 

shear stress . CYO 
2 

range of shear stress 

mean shear stress 

shear yield stress 

shear strain 

shear strain at radius r, and outer radius 

shear strain range 

displacement in radial direction 

roung's modulus 

Shear modulus 

Poisson's ratio 

torque 

polar moment of area 

stress intensity factor 

fracture toughness 
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mean 

 

 

E 

G 

V 

J 

XI 

ite  
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K 	range of stress intensity factor 

N 	number of cycles 

N f 	 total number of cycles to failure 

aatac rt a 	initial *  final, and rth cycle crack lengths 

dN 
	crack growth rate 



CHAFE-1M I.  

INTRODUCTION*  

1.1 Baoknround to the Uork.  

In recent years the industrial application of hydrostatic 

extrusion has received increasing attention. Considerable effort 

has been directed towards developing hydrostatic extrusion as a 

production process* Orthodox hydrostatic extrusion is limited 

both in the length of product which can be extruded and in the 

rate of operation as the process has to be interrupted to feed 

in a new billet* :Mile no practicable continuous method of 

hydrostatic extrusion is yet proven, both the principle and a 

particular method of semi-continuous hydrostatic extrusion has 

been the subject of work at Imperial College* 

The semi-continuous hydrostatic extrusion process has been 

described by Alexander and Lengyel (' 1 )) and later papers (2,3) 

by the same authors have dealt with partidular problem areas involved 

in the development of hydrostatic extrusio0 as a production process* 

The process involves the repeated cemping, extrusion, and release of 

short lengths of continuous feedstock, and the main problems in 

developing .a semi continuous hydrostatic extrusion machine are, 

(i) the design of containers for very large cyclic pressures 

with sufficient fatigue life. 

(ii) the development of feed stock dampling devices. 

(iii) the development of static and dynamic seals. 

(iv) the investigation of high pressure fluids. 

The wotk described in this thesis is chiefly directed towards 

an investigation of the first problem area, the fatigue life of 

containers subject to high cyclic pressures. Initially a design 

study was carried out by Lengyel„ Burns and Prasad ( 4 ) to 

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



or taper fit, strip wound over a solid liner, strip wound over 

a segmented liner, and concentric compound cylinders with static 

or dynamic fluid pressurei between them. The study considered 

a design Measure of 150 Tonflin2  (2.3 G.Prim2) with a container life 

of 105  cycles. The design study indicated that if the assumptions 

made about fatigue behaviour proved correct then the design with 

static interface Pressure was most attractive. A container life 

greater than 105  cycles would not be needed for a hydrostatic 

extrusion press, and it could be uneconomic to strive for anything 

higher., In two-shift working, the extrusion press running at 

say 5 cycles per minute, 105  life would represent a liner change 

once in every six weeks, very good by any standard. Also under 

production conditions damage other than fatigue is almost bound to 

occur over a period of six weeks and thus the liner of an 'infinite-

life' container could need replacing in any case at this stage. The 

economic advantage6 of hydrostatic extrusion over conventional metal-

working processes such as wire drawing are greatest at the highest 

pressures. A pressure of 150 Tonflin2.(2.3 GN/m2) is probably a 

conservative limit as the pressurising plunger is'supported over most 

of its length by,bydrostatic pressure. 

Lengyel and Alexander ( 2 ) have investigated container 

designs for 220 Tonf/in2  (3.4.Gq/m2) cyclic pressures. Two designs 

with Cyclic interface pressure referred to as 'floating liner' and 

'floating die' were proposed. Both designs provide a means for 

generating a supporting pressure on the outside of the liner. 

The supporting pressure is always proportional to the internal 

pressure and is determined by area ratio considerations. By 

suitable design it can be ensured that no tensile stresses occur 

in the liner, thus enabling the use of hard brittle materials, This 

can of course be achieved by static supporting pressure but in that 

case the range, of shear and other stresses is much greater than for 
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dynamic support pressure and this could be detrimental in fatigue. 

Fluid supported cylinders have many other advantages in 

addition to the consideratians of stress distributicm and fatigue 

behaviour. These may be lidedias follows: 

(i) The inner liner may be easily removed for inspection or 

replacement. There is no inherent limitation on the length of a fluid 

supported container* This is not true of caapaknd vessels involving 

interference fits between mating cylinders, where a large hydraulic 

press may be needed'to separate the components. 

(ii) The dimensional accuracy of the surfaces in contact with the 

supporting fluid can be of normal hydraulic engineering practice. Patreme 

precision to tolerances of the order of 0.0001 in (0.0025 mm) is needed 

for shrink and taper fit construction. 

(iii) There is no temperature limitation as in shrink fit 

containers to the extent of the preload which can be achieved and there 

is no danger of components suddenly springing apart as in taper fit 

construction. 

(iv) The magnitude of preload achieved by fluid support can 

be accurately known and maintained. 

Also the uniformity of interface loading can be guaranteed except 

for the region close to the seals where special precautions are needed. 

Work by Burns and Crossland ( 5 ) and Burns and Parry ( 6 ) has 

shown that even under the most careful laboratory conditions shrink 

fit cYlinders are subject to significant axial stresses and the magnitude 

of the preload oonditions can not be predicted accurately. Shrink 

fit, taper fit, wire wound, and autofrettaged cylinders also suffer from 

the problem that pressure cycling may result in redistributiOn of stresses 

so that the preload conditions at the bore of the vessel are not maintained* 

(v) There is a greater chance than with other designs of detecting 
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the failure of a fluid supported liner before further damage occurs. 

It is simple to monitor an interface fluid pressure signal and to use 

this signal as part of a fail - safe system within the control system 

of the extrusion press. 

(vi) As there is no metal to metal contact between the liner 

and outer cylinder of a fluid supported vessel there is no darver of 

fretting damage which could greatly reduce fatigue resistance. Allowance 

has to be made for fretting in the des4;n of wire wound containers and 

in the design study by Lengyel et al ( 4 ) this amounted to a fatigue 

safety factor of three. 

(vii) An advantage of the 41uid supported construction in the 

context of hydrostatic extrusion is that the fluid pressure provided 

or generated can be need to perform secondary functions such as extrusion 

back pressure or to aotuate clamping devices. 

Fluid supported cylinders have disadvantages which should not 

be overlooked in, an assessment of vessel designs for hydrostatic extrusion. 

In the case of dynamic support construction the vessel is considerably 

more complex than other, containers, there are a number of moving components, 

heals, 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 required. Suoh systems 

are now available commercially. The accurate winding of wire or strip 

under carefully controlled tension however is a difficult mechanical 

problem and costly capital equipment is needed. In this respect wire 

winding appears less favourable than a static support system. Seals 

area problem in any fluid supported vessel not only in ensuring minimum 

leakage and long life, but also in the introduction of undesirable stress 

discontinuities with serious implications for brittle' materials with low 

tensile strength. 



From the previous discussion it should be clear that fluid 

supported vessels are very suitable for high pressure applications 

such as hydrostatic extrusion. There is a need however for fatigue 

tests to be carried out on fluid supported vessels before large scale 

design is attempted. The purpose of these tests would be to develop 

fluid supported vessels from a basic idea to a reliable working stage 

and to gather fatigue information which can be used in the subsequent 

design of large scale hydrostatic extrusion vessels or high pressure 

vessels for other fatigue applications. 	The development of 

fluid supported vessels would produce information about related 

topics such es the perrormense of static and dynsmie seals, high 

pressure check valves, and accurate repeatability of pressure over 

long time periods, and the effect of vessel geometry. Such information 

and the fatigue data would be of considerable value not only in hydrostatic 

extrusion work but in general high pressure technology. Developments 

such as fast cycling iaostatio compaction, high pressure chemical 

processes, end metal cutting by high pressure fluid jets all demand 

this information for the design of safe reliable equipment. 

The advantages listed earlier of the fluid support principle 

over other methods of vessel deign apply perhaps even more strongly 

when a fluid support vessel is used as a fatigue specimen. It is 

possible to investigate a wide range of accurately known, uniformly applied, 

and constant loading conditions. These are essential requirements for 

fatigue testing which are not satisfactorily met by other vessel designs. 

The various elastic fatigue stress conditions which can be achieved in 

both dynamic and static supported vessels have been discussed by Harvey 

and Lengyel ( 7 ), and recently Crossland ( 8 ) has proposed the 

use of combinations of internal and external pressure to investigate 
fedloa 

the fatigue of thick-walled cylinders. The most significantxof fluid 

supported cylinder fatigue tests is that such tests permit the investigation 

of the separate effect of the important fatigue parameters, an impossibility 
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with monobloc cylinders and. an impracticable proposition with 

compoound cylinders. 

1.2. The Proceesof Fatigue.  

The process of failure by fatigue is ourrentlyyoonsidered to 

be divided into a number of stages which may be identified ( 9 ) as crack 

initiation, slip band crack growth, crack growth on planes of high tensile 

stress, and final fracture, Fatigue initiation occurs in slip bands 

which result from partially reversible slip motion on a few favourably 

oriented slip planes governed by shear stress. Slip - band (track 

growth, termed Stage I crack growth by Forsyth ( 	), entails the 

deepening of the initial crack on planes of high resolved shear stress. 

This mode of, propAgation may be absent in a highly stressed specimen or 

or it may involve up to 9C of the life in a low stress test. 

Crack growth on planes of high tensile stress known as Stage II 

growth is the most familiar made and produces by far the largest area of fatigue 

fracture surface. The surface often shows characteristic macroscopic 

progression marks or striations. The Stage II mode may occupy only 

10 of the life to failure in a low stress long life teat (high cycle 

fatigue whereas in a short life test (low cycle fatigue it may °Saw 

ltd of the life. The low cycle and high cycle fatigue processes are 

identical metallurgically and the differences in behaviour in these regimes 

stem from the different proportion of, the life to failure spent in the 

two stages of crack propogation. For example the inherent scatter in 

the results of high cycle fatigue tests may be attributed to the large 

fraction of the life spent in Stage I crack propogation where microstructural 

variations are significant. The final fracture in fatigue occurs when 

Stage II cracks, have weakededthe component to the extent that the gross 

stress can no longer be supported and unstable fast fracture results. 
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In the engineering analysis of fatigue a clear distinction 

is made btween low and high cycle fatigue. The dividing line between 

the two regimes usually occurs at about 104 to lo5 cycles and may 

be attributed partly to the different loading cycles employed in 

laboratory fatigue testing. High cycle fatigue is normally 

characterised by, constant load amplitude cycling, and low cycle 

fatigue by constant strain amplitude cydling. In high cycle 

fatigue the usual elastic relations between strove and strain are valid, 

whereas in low cyole fatigue maorosoopio plasticity is involved and 

the stress/strain relationship is non-linear and further complicated 

by the cyclic strain hardening or softening characteristic of the 

material ( 11  

Ideally a designer needs the knowledge to design against 

fatigue in a material for which perhaps only static properties or 

at best standard laboratory fatigue data are available. The 

complexity of the fatigue process is such that reliable design from 

static properties will probably never be aohieved although design 

using standard data such as zero mean stress rotating bendingcan be 

attempted. There is a vast amount of information ( 12_,G) to call 

upon particularly in the high cycle fatigue regime, and at present 

the technique consists of gathering together an appropriate series 

of modifying factors to add the influences of mean stress, type 

of loading, eiRe effects, stress concentrations, lurface finish, 

environment and so on to the basic fatigue data. The literature in 

low cycle fatigue is also considerable although the Manson-Coffin 

Law ( 11- ) has rationalised the fatigue behaviour of a wide range 

of materials and some success has been achieved in relating fatigue 

to static properties ( II ). Low cycle fatigue is not as sensitive 

to the influences of the factors mentioned earlier but allowances 

can be made for such effects where necessary. 
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One of the most important influencing factors in the context 

of the present work is the effect of a unaltimrsill stress system in 

fatigue. The various criteria governing static failure under 

complex stress have been applied to fatigue and it is usually argued 

that as fatigue failures propagate from a free surface where one 

principal stress is zero it is sufficient to consider biaxial stresses 

only. 'Forest ('(Z ) discusses the work of a number of investigators 

and shows that a von Mises shear strain energy criterion most closely 

represents the available data, although there are a number of exceptions. 

Gough et al ( 15- ) proposed an empirical elliptical relation to predict 

the fatigue strength under the important engineering combination of 

bending and torsion. In low cycle fatiguo,work has also Concentrated 

an biaxial fatigue and a von Mises equivalent strain relationship has 

'been e2plied (- II ) to relate biaxial fatigue results to the basic 

Manson-Coffin Law. Pascoe ( 16 )'has suggested that for design 

purposes fatigue results for all states of strain could be displayed 

on a single plot. Pascoe's work showed that Iow Cycle biaxial fatigue 

ia'adequatelY represented by the Manson-Coffin Law although the constants 

are dependent upon the state of strains as well as.the strain amplitude. 

Low cycle biaxial fatigue data from other sourods along with uniaxial 

data is used by Pascoe to plot contours of eqUal life on the basis of 

the two principal strains 

.Recently muCh-attention has been devoted -lathe fracture mechanics 

analysis of fatigue. Fracture mechanics is the study of the mechanics 

of crack cOowth starting from an initial crack or flaw. It therefore 

goes straight to the heart of the fatigue process and cem be regarded 

as a more fundamental approach than Phanomenologipal studies to 

understanding fatigue. In fracture mechanics the stress field in 

the region of a Crack is .  described by the stress intensity factor K1  

and values of KI  are now known for a wide range of cracked configurations 
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The subscripts  I, denotes the opening mode of crack surface displacement 

which is the most common mode of fatigue crack propogation. -cihen K1  

reaches a critical value K:c known as the fracture toughness of a 

particular material then the crack extends, usually catastrophically. 

The final fracture stage in the fatigue process may occur in this manner. 

However the concept of the stress intensity factor can be, used, in the 

study of 'sub-critical' crack growth mechanisms such as fatigue and 

stress corrosion which cause slow crack growth at stress intensity 

factors below K (_i8 ). Paris end Erdogan ( 19 ) and more recently 

Frost et al ( 	) have shown that the fatigue crack growth rates for 

a large body of experimental data can be related to the range of stress 

intensity factor, AK 	by an expression of the form, 

B ( 	K)111 	(1.1). 
dIT 

where B and m are constants. 

Once a designer is armed with a master curve of da/dN against 

AK for a particular material he can then predidt the crack growth rate 

in any cracked body from a knowledge of the appropriate stress intensity 

factor. This is the chief attraction of the fracture mechanics approach 

to fatigue. 

1.3. The Repeated Pressure Patigue of Thick-walled Cylinders.  

Nanning ( 2L1 ) and Crossland ( B ) have both reviewed the 

literature on thick-walled cylinders subject to repeated internal 

pressure. .11anning's contribution contains an interesting account of 

events leading up to the commissioning of the first pulsating pressure 

fatigue rig, but covers only the earlier work on the subject up to 1963. 

Crossland's review published in 1970 is currently the most comprehensive 

account available. It contains in addition a review of other fatigue 

tests carried out under fluid pressure. The present review includes 

both low cycle and high vole fatigUe work and treats the subject 



cbronologi.oally. Naturally some of the work has already been 

reviewed by /Tanning or Crossland but it is important to present 

a complete picture to highlight the significance of more recent 

work and the outstanding gaps in our knowledge. 

A large percentage of all thick-walled cylinder fatigue 

results has been obtained with the 'Bristol' pulsating pressure fatigue 

machine. Details of the design of this machine were given along with 

the first results by Morr sen et al. ( 22) in 1956. The machine 

operates by reciprocating a crank-driven ram inside a closed volume 

of fluid in a closed ended test cylinder. To-cbty the machine is able 

to run at speeds up to 1,000 cycles/min, and apply cyclic pressures 

up to 50,000 lbf/in2  (345 281/m2). Repeated pressure fatigue tests 

were carried out byllorrison et al / on 1 in (25.4 mm) bore cylinders 

of 'Cln.25 steel heat treated to a nominal ultimate tensile strength of 

56 Tootling (865Wm2) sometimes referred to as 'soft' En.25. After 

the cylinders had been machined to the correot dimensions, and the 

bores honed to a miner finish the cylinders were vacuum stress relieved. 

The cylinder K ratios ranged from 1.4 to 2.0 and it was found that the 

results were most closely grouped together within a narrow band if 

plotted on the basis of maximum shear stress rather than the maximum 

tensile hoop stress. However the nominal. repeated shear stress value 

at the fatigue limit was surprisingly low compared with the fatigue 

limit shear stress in torsion. This could be attributed perhaps to 

the effect of hydrostatic tension in a closed-ended cylinder or to the 

penetration of micro-cracks by high pressure oil. Further tests were 

reported by Parry( 23 ) on a wider range of IC ratios, from 1,2 to 
3.0, and also on the effects of a 0,6 in (15.2 mm) tore and longer 

gauge length, honing and rubber proteotionof the bore. The results'' 

'confirmed the maximum repeated shear stress criterion of failure. The 

smaller bore and increased gauge length appeared to have no influence 
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whereas honing after, rather than before, stress relieving, and 

bore protection both had a sigrificant strengthening effect. As 

such a wide range of X ratios and corresponding hydrostatic tensile 

stress states had then been tested it was argued that the initial 

shear stress could hardly "be affected by the magnitude of the 	' 
_ 

hydrostatic tensile stress. It was also concluded thatAe
4w 

 ffeot 

of both honing, and bore protection was to prevent the high pressure 

oil from penetrating micro-cracks. 

Considerable net thick-walled cylinder fatigue data for 

Dn.25 steel and a range of other materials was presented in 1960 by 

/ Morrison et ail  k 	). It was found that autofrettage and nitrirliag 
significantly improved the fatigue resistance of 41.25 cylinders, and 

that the benefits of autofrettage were greater for the larger K.ratios. 

Autofrettaged cylinders could be strengthened still further by rubber 

proteoting the bore. Fatigue results for Ung,25 hes4;treated to an 

ultimate tensile strength of 68 Tonf/in2  (1050 UN/m2), a 3r,  chromium 

steel known as Hykro, and 0,15u carbon steel all confirmed the maximum 

repeated shear stress criterion at the fatigue limit, and all 

exhibited a airliner measure of disagreement with the respective 

torsional fatigue limits. The fatigue resistance of Hykro cylinders 

was improved substantially by nitriding although some of the improvement 

may have been due to yielding and resultant autofrettage. Yielding was 

also blamed for the poor agreement on a shear stress basis of the results 

for various K ratio cylinders in both austenitic stainless steel and 

titanium. DTD.364 aluminium alloy cylinders results have no true 

fatigue limit. In conclusion Morrison et se suggested as a simple 

design rule that the permissible repeated shear stress at the fatigue 

limit for a thick-walled' cylinder is given by one third of the ultimate 

tensile strength. 



The fatigue strength of cylinders withotose-bores was 

considered by Morrison et al3  25-) and experimental: results were 

presented for En.25 cylinder of 2.25 K ratio with i• in (3.2 mm) and 

3/16 iu (4.8,mm) diameter crossbores. . It was shown that the reduction 

in the fatigue strength could be estimated by's simple stress concentration 

factor approach. 

The results,of a low cycle fatigue investigation on open- 

ended thiCk-walled cylinders was reported in 1963 by Davidson et al 

(2.6 ). The cylinder material was SAE 4340 steel, which is fairly. 

siMiar to En.25, heat treated to an ultimate tensile strength of 

"4.5 Tonf/in2  (1104 LIN/m2). ' Repeated internal'pressure tests were 

performed on cylinders _of K ratios ranging from 1.4 to 2.0 in.both 

the non-autofrettaged and fully-autofrettaged conditions. The test 

rig for pressures up to 630.000 lbf/in2,  (552 TvIr/m2) operated from an 

intensifier system and fatigued four specimens at the same time. 

However the maximum cycle speed was only 20 cycles/Min. Per pressures 

up to 150000 lbf/in2  (103410/m2) a Harwood intensifier system was used 

with an even slower cycle speed of 10. cycles/min. .The results were 

presented on the basis of anormalised principal stress difference 

gunction.and it was observed that the fatigue resistance was increased 

by. autofrettage and that the benefit increased with decreasing operating 

stress level and increasing K ratio. , 

' The second low cyole fatigue investigation on thick - walled 

cylinders was presented in 1965 by Austin and 'Crossland ,( 	). The 

t,:st material was En.25 in the soft 56 Tonf/in2  (865 /00m2) condition. 

'Plain 1 in (25.4 mm) bore cylinders of 1.4 and 1.8 K ratior  and cross 

bored cylinders of 2.25 K ratio were subjected to repeated internal 
6 

Treasures up to_40'Tonf/in2  (618 MH/e) in a closed ended condition* 

The test rig consisted of a hydraulically operated jack which reciprocated 

a plunger through a conventional hydraulic seal within the test specimen. 
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The plain cylinder results were plotted against life on the basis of the 

mom , elastic shear stress range, and on the basis of maximum hoop 

stress range* In the mortal region the agreement between the two 

fatigue curves was closest an the hoop stress plot although illogically 

the 1.4 K ratio cylinders appeared to live longer than the 1.8 K 

ratio cylinders. For that reason the shear stress criterion was 

preferred. 

Further thiok-walled cylinder and ancillary tests on soft 1n.25 
2 and other materials were also reported in 1965 by Parry.  ( Lik 	The 

En.25 results shored. that there wee no size effect within the range of 

bore diameters from 1 in to 0.375 in (25.4 mm to 9.5 mm), and that there 

was little difference in the fatigue Lives of cylinders with radial or 

tangentral cross-bores. .Autofrettaging cross- bored cylinders greatly 

increased-their fatigue strength even to the extent of compensating, 

completely, for the detrimental effect of the cross-bore. 'The other 

materials 'covered in the investigation were 1 Cr 171n.56 steel, 

1pg Ni . 0. - mo maraging steel, leid Cr ball race steel En.31, beryllium 
copper, and tungsten carbide. The En.56 cylinders were tested in 

various tensile strength conditions and it was shown that the higher 

tensile strength cylinders had lower fatigue strength due probably 

to -the poor transverse fatigue properties of this material. Managing 

steel was also a disappointing performer at long lives in spite of its 

very high tensile strength. There is little to comment on the cylinder 

fatigue results for En.31 and beryllium copper, and no cylinder fatigue 

results could be obtained for tungsten carbide. 

As yet no serious attempt'had been made to predidt cylinder 

fatigue behaviour from basic fatigue information such as from totaling 

bending tests. Hannon (2.9 I proposed an empirical relation 
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12 = [owook45)(sois, 	 (1,2) 

where the endurance pressure(pe) is predicted from the rotating 

bending fatigue limit stress (Sr) and atm-Mises equivalent stress 

function. Also included are factors which correct for hydrodynamic 

weliging,(H17), mean stress (! S) and size effect (SE). Although Bannon 

obtained quite god agreement with the fatigue results published by 

Ilorrison et al2  ( 24F ) doubt has been expressed by Burns and Parry 
( (:) ) on the validity of the correction factors. 

	

In 1967 Blass and Findley ( 	) published results of pulsating 

pressure fatigue tests in the region of 105  cyclic life on thick-walled 

cylinders -of 1.414 K ratio in -SAO 4340 steel (similar to En.25 in the 

soft condition). A special sub - press had been used to apply pulsating 

in - phase axial tension or compression, which permitted the influence 

of the intermediate principal stress on fatigue to be investigated. 

Over a range of axial stresses from a tensile value equal to the bore 

hoop stress to a coMpressive value equal to the internal pressure the 

experiments showed that the intermediate principal stress had no 

influence on cylinder fatigue. This important finding meant that 

in En.25.steel at lives'of about 105 cycles there was no reason to 

expect any difference in the fatigue behaviour of open-ended and 

closed-ended cylinders. 

A number of papers ( 6 :31-31-) on the subject of thick-walled 

cylinder fatigue were presented in September 1967 at the High Pressure 

Engineering Conference arranged by the /nstitUtion of Mechanical algineers. 

En.25 was again the favourite test material. One of the most significant 

contributions from the point of view of the present work was by Burns and 

Parry ( 6 ). These authors described long endurance fatigue testa 

using a Bristol machine on mionobloc En.25 cylinders with deliberately raised 

minimum cyclic pressures, and on duplex shrink fit cylinders to investigate 

the effect of mean shear stress on fatigue behaviour. Results also 

obtained on oylinders of 0.19g 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 



case of the inner cylinder of.the compound cylinders. A plot 

of range of shear. stress against mean shear, stress for a life of 107  

cycles ehOwed that the safe range of bore shear stress decreased as the 

mean shear stress increases providing that cyclic softening does not 

occur. However there was no agreement with either push-pull or 

torsion fatigue results plotted on the same graph, and it was suggested 

that the high pressure fluid in contact with the 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 normal 

stress on planes of maximum range of shear stress, or simply the 

.mmrimum tensile stress. 

Frost and Burns( 	) subjected 1.62 X ratio cylinders of 

En.25. to static internal pressure and push-pull fatigue, along, their 

longitudinal axis. The purpose of the tests was to investigate the 

effect of, Tellus 15 oil and mercury on the fatigue. behaviour. It,  

was concluded that at high endurances the fatigue strength was unaffected 

by either fluid at pressures up to 32,000 lbf/in2  (221 MIT/m2). The 

fatigue limit was reduced with increased internal pressure but this was 

due to -the higher static stresses and not the particular pressure medium, 

Thiek-.walled cross-bored cylinders of 2.25 K ratio in En 25 steel 

heat treated to'three ultimate strength conditions 63, 63.5 and 112 Tonf/in2  

(973; 1290 and 1729 Mgm2) were aubjeoted to repeated internal pressure 

by Crossland and Skelton (32 )• The authors used a modified version of 

theAesting machine described by Austin and. Crossland ( 2,7 ) and, obtained 

failures at lives from 102 to 106 cycles. At ,the fatigue limit the 

harder cylinders lasted longer whereas at short lives the softer cylinders 

had the ,Ixeater,fatigueresistance. The harder cylinders were a4o 

subject to catastrophic fast fracture at failure and thle led'the, 

authors to emphasize the. importance of fracture toughness of the 

cylinder material and fracture mechanics analysis of crack propagation 
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for the safe use of high strength materials. 

Austin et al ( 33 ) carried out a comprehensive series of 

tests in the range 10 to 105  cycles on open-ended cylinders of a gun 

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

and 88 Tonf/in2  (1220 and 1359 MN/m2) ultimate tensile strength. 

*The cylinder K ratios were 1.2, 1.5, and 2.0 and both smooth and 

rifled bore specimens were tested. Tests were carried out on cylinders 

which had been autofrettaged by means of an oversize swaging mandrel, 

and also cylinders with chromium plated bores. The authors found that 

the results from different K ratio cylinders correlated boot on the basis 

of maximum hoop stress. Autofrettage was observed to increase fatigue 

resistance more for tilled than for smooth bore cylinders and generally 

more improvement was obtainAinoreasing K ratio} There was a slight 

reduction in the fatigue strength of, cylinders with chromium plated bores., 

Jones and Toakins ( 	) investigated the low endurance fatigue 

of very thick-walled cylinders. The cylinder IC ratios were 3, 5 and 7, 

and the material used throughout was EnlA steel. The specimens,  were fatigued 

in the range 10 to 5.104 cycles in an open-ended condition by using a 

testing machine to reciprocate a sealed piston within the bore of the test 

cylinder. Most cylinders were tested at presamres above the collapse 

pressure and ther:fore considerable plastic expansion took place early 

in the life before a steady state was reached but nevertheless the final failure 

was by fatigue. The authors proposed a number of mathematical models to 

represent the shakedown of stress in the cylinders to a steady state. Using 

these models with plastic analysis of the cylinder and cyclic stress / strain 

data for the cylinder material it was possible to predict the steady state 

strain range, and finally to predict the cyclic life from the nanson-Coffin Law. 

The prediction of the experimental results was reasonably good although the 

method was complex for design purposes. Jones and Tomkins were the first to 
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Present a logical analysis. enabling prediction of low endurance cylinder 

lives from basic fatigue data, and it is significant that no allowance was 

.made in the analysis for the oil effect. 

The first results of fatigue tests carried out on fluid supported 

.thick-.walled cylinders were described in 1968 by Harvey and Langvel (7 ) 

'SoftoO 25 steel cylinders of 1.4, 1.8 and 2.0 K.ratio were subjected 

in a special sub-press to repeated internal and external pressure. ' 

- A few monobloc tests were also reported for comparison. • It was 

concluded from the limited evidence that the reduction in maximum tensile 

hoop stress achieved in the fluid supported tests had not influence& the 

permissible range, of shear stress. 

A review of failure criteria for the pulsating presSure fatigue 

of thick-walled cylinders was presented in 190-byllersh and Haslan ( ST). 

The review'confirmed the maximum shear stress criterion at the fatigue 

Unit but suggested that a maximum, principal strain criterion was more 

correct in the mortal,region. However 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. Ebcperimental results of 1.2 K•ratio En.26 cylinders to 

pulsating pressure were.also presented and shown to be in:good agreement 

with the results of earlier workers. 

In a further report Haslam ( 	expressed Goughls combined 

stress criterion in principal stress form, and proposed that the oil 

effect should be represented by a simple function ( n p), where n is 

constant and p the fluid pressure added to the conventional Lame hoop 

stress to give an 'effective' hoop stress which should then be used in 

Goughls'oriterion. It was arguea that if the cylinder bore were protected from 

the direct effects of the fluid pressure then clearly (n) must be zero. 

The results of pulsating pressure fatigue tests on protected bore cylinders 

of 1.2 K ratio in 21126 steel were presented by Haslam2  ( 157 ) in 1970, 



and it was confirmed that the fatigue behaviour could in fact 

be predicted from the rotating bending fatigue limit by use of 

0oughls criterion and the simple Lam() principal stresses. The best 

value for the oil effect factor (n) was found by analysis of all the 

known experimental results to be (5 / + 1). Very good agreement 

was obtained between the predicted and experimental fatigue limits 

for a wide variety of materials and K 

The fatigue behaviour of thick-walled cylinders in the low 

endurance region was also investigated by Haslam 3'- ( 38 ). 

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 integrating equation (1.1) the number of cycles (N) required 

to propagate an initial fatigue limit crack through the wall thickness 

of the cylinder can be found. A very simple stress intensity factor 

was used and the governing stress assumed tti be the effective hoop 

) stress determined earlier by Haslam2  ( 37  which takes account of 

the oil effect, The fatigue curves predicted by Haslam were in good 

agreement with his own experimental results for En.26, and also with 

previous work by Morrison et al 2  ( 24 ), and Austin and Crossland 

( 27 ) for En.25, Hykro, and 0.1T/0 carbon steel over.a range of K 

ratios from1.2 to 3.0. 	Less satisfactory agreement was obtained 

for alumlnium alloy DTB.364 and titanium cylinders results but 

relatively few experimental data were available in the mortal region. 

Haslam'recommended that the method of prediction should be limited to 

repeated internal pressures below those required to cause yieldii!g 

in the 'oop direction at the bore. 

In conclusion, there is considerable experimental evidence for 

a maximum shear stress criterion of failure for the high endurance 

fatigue of thick-walled cylinders in duotile materials. The range 

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

expected from standard fatigue tests and the difference can be attributed 
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to the combination of the effects of mean stress and the high pressure 

oil in contact with the bore, The importance of mean stress was shown' 

by tests on autofrettaged:cylinders, compound cylinders, and cylinders 

with high minimum pressure, and the oil effect was revealed by rubber- 

protecting the bores of monobloa cylinders. Tests have also shown that the 

magnitude of the axial stress has no effect. ,The moat satisfactory 

way yet found to predict the fatigue limit of monobloc cylinders from 

standard fatigue data is to employ Gough's combined stress criterion of 

failure in conjunction with Lamg- stresses modified to aocount for the 

,oil pressure effect and known as leffectivel stresses. In this way 

the oil effect is quantified empirically but is still imperfectly 

understood.. 

Less experimental data are available in the low endurance fatigue 

region and both maximum shear stress and "maximum hoop stress criteria 

have received support. The stress ranges are treated as purely elastic 

even beyond yield and no analysis is normally made of,the state of mean 

stress, despite its importance as a fatigue parameter. A linear elastic 

fracture mechanics approaoh again using 'effective,  stresses has resulted 

in good predictions of monobloacylinder fatigue behaviour in the mortal 

region proVided the cyclic behaviour is predominantly elastic. When 

-considerable yielding takes place a. fUll Shakedown analysis•of the' 

repeated stress state and the application of the Manson - Coffin Law 

may be necessary. 

1.4 Objectives and Prolramme of :lork.  

The broad objective Of the work was to investigate the fatigue 

behaviour of fluid supported thick-walled cylinders over a range of 

lives up to 10 cycles. The particular justification for the work was 

to provide design information on the feasibility and fatigue performance 

of fluid supported vessels for semi-continuous hydrostatic extrusion. 
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The figure of 105  cycles was judged to be an economic life expectation 

for an extrusion vessel and there was no intention to gear the investigation 

specifically towards a study of low cycle fatigue. Fluid supported 

vessels have applications outside hydrostatic extrusion, and the fatigue 

data from testing fluid supported vessels can be applied to other 

prestressed vessel designs. In fact a more general aim of the work 

was to provide for the first time reliable fatigue criteria for a range 

of lives and stress conditions of considerable importance in prestressed 

vessel design. It was hoped also that the tests might throw some 

light on the little understood fatigue strength reducing effect of 

high pressure oil in contaot with the bore of a cylinder subject to 

repeated pressure fatigue. 

TWO particular designs of fluid support vessel were of interest; 

one with static external pressure and the other with dynamic external 

pressure in phase with the cyclic internal pressure. It was intended 

that work should not only reveal the merits of these designs on the 

basis of fatigue but also on practical grounds such as mechanical 

reliability and sealing performance. 7ihile not a primary objective 

of the work practical information from the tests would be very valuable 

to the designer concerned with high pressure fatigue. It was decided 

that this first venture into fluid supported vessel fatigue would be 

made at relatively modest cyclic internal pressures up to 50 Tonf/in
2 

(772 MN/m2) with a material for which considerable fatigue data including 

thick-walled cylinder fatigue already existed, namely "n.25 steel in the 

'soft' 56 Tonf/in2  (865 MN/m2) ultimate tensile strength condition. 

By limiting the pressure conditions It would be possible to reduce the 

scale of the test rigs end 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 avoided. It was 

decided to test sylinders in the open-ended condition as this is the 

most convenient arrangement for fluid support vessels and is of most 

interest in hydrostatic extrusion. By using On.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 analysis of fatigue 

results* 

Before testtng could start a considerable quantity of test 

equipment had to be gathered together. The programme of work was 

divided into the following broad stages. 

1. Design.and build. 	(a) 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 measuring system and reoording systed*  

and means of calibration. 

3. Ancillary mechanical property tests on ki. 25 material. 

4. Fatigue tests on monobloc*  and fluid supported cylinders. 

5. Analysis of results. 
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CFLAPT-' 2. 

THE FATIGUE MESS.  

Design Considerations.  

The overall aim of the present work was to develop principles 

on which the design of a hydrostatic extrusion production machine could, 

be based. Vessel fatigue behaviour was to form the heart of the work 

but it was intended that in addition information on seal performance, 

high pressure instrumentation, and.press performance would be gathered., 

It was, therefore, important that the fatigue testing machine used in 

the test work should operate in a manner representative of a potential 

production machine. Suoh a machine would be likely to operate at a 

slow cycling rate and with a typical container life of 105  cycles. 

The first design decision concerned the maximum cyclic 

pressure Which the Press would be required to generate. It was 

felt that this pressure should be in the range of 150 to 200 Tonein2  

(2.3 to.  3.1 GH/m2)for future work =very high strength vessels. 

The simplest method of generating pressure woad be to reciprocate 

a plunger within seals inside the test rig itself. In this way the 

number of components subject to fatigue would be kept to a minimum, 

and a variety of different testing designs could be accommodated. 

The maximum plunger lead which the press could be required to 

'prodUce was the next consideration. If the plunger diameter were 

very small then the press load and the scale of the press would 

also be small. however considerations of buckling and the need 

to lead electrical wires through the plunger led to a compromise 

minimum plunger diameter of g in (9.5 mm). The minimum press 

capacity could then be fixed at 20 Tonf (199 kg)'. This meant that 

allowing for 10f friction losses a pressure of 164 Tonf/in2  (2.53 GN/m2) 

could be generated with a g in (9.5 mm) diameter plunger. It was decided 
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that in a simple test:-63 a 1/2 in (12.7 mm) working stroke would 

suffice but for complicated rigs with internal movements such as 

a floating,liner rig 1 in (25.4 mm)or more could be necessary. A 

further requirement beyond the basic working stroke was the facility 

to withdraw the plunger approximately 4 in (102 mm) to clear the 

test rig. 

Having established the essential features of the press 

the possible driving systems were reviewed. The choice lay between 

amechanioal orank operated system and'a hydraulic system. The 

main feature of a crank driven system would be a high cycle speed, 

up to 600 cycles/min against 60 cycles/min for a hydraulic system, 

but high speed would not necessarily be an advantage in the present 

application. For example a cycle speed of 600 cycles/Min would 

be quite unrepresentative of a hydrostatic extrusion machine, and 

would dictate the use of a monaibbing seal such as the Morrison seal. 

It was felt however, that the use of synthetic rubber seals would be 

inevitable in both the test rig and in a hydrostatic extrusion machine 

because of their simplicity and ability to accommodate misalignment. 

A hydraulic press could easily provide the requirement 

of long stroke capability with a short working stroke, whereas this 

would be much more awkward to incorporate in a mechanical system. 

The accurate maintenance of test rig cyclic pressures would be 

affected in a hydraulic system by variation in seal friction. In 

a mechanical press cycling with constant stroke amplitude changes 

in the compressibility of the high pressure fluid with temperature , 

would also influence the accuracy of the testing pressure. In 

addition to a change in compressibility seal leakage would affect the 

peak pressure if the stroke were fixed. It was felt that seal 

friction in the cylinder of a hydraulic press would stabilise 



after a short Period of use and that the frictional variations-in 

the test rig seals would be leas significant than the' compressibility 

and leakage effects in a mechanical system. 

In conclusion the hydraulic operated press had most to 

:offer for the test rig of vessel designs for 'hydrostatic extrusion 

at high cyclic pressures and lives up to 105  cycles. 

,The speed advantage offered by a crank operated mechanical 

press would be both unnecessary and undesirable for this work. 'A 

hydraulic system could.be constructed from commercially available 

components, arid would remain flexible if modifications or extensions 

were needed. :Very slow or incremental Pressurisation of the test rig 

for a bust test example would be an additional facility provided 

by a hydraulic press. 

2.2 Construction of the Press.  

The overall layout of the fatigue press is shown:in Fig.2.1, 

and on the photgraph Fig. 2.2. ' The press frame and hydraulic cylinder, 

the hydraulic valve gear, and A-separate electrical control cabinet 

are mounted' on a 1/2 in (12.7 610 thick mild steel table. 'The table 

is supported by a welded angle framework which contains the 80 gallon 

(364- litre) Oil tank and the hydraulic pump gear. An electric motor 

is flange mounted to the pumps and extends from the back of the unit. 

A separate pump and motor unit for supplying and replenishing'high 

pressure fluid to the-test rig is mounted above, the hydraulic valve 

gear in the top:,; compartment of the press.. 

The press frame,' which houses the 'rig under test, consistercf 

19 in. (483 mm) svarez 27-3  in (73 mm) thick top and bottom plates Nd in 

position by four 2.1/2 in (63.5 Sm)diameter columns. The spacing 

between the columns is 12.1/2 in (318 mm) which limits the width of . 

test rig which oan:behaccommodated. To ensure goad parallesliam 
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Fig. 2.2 General View of the Fatigue Press. 
(a) Hydraulic Cylinder. 

(b) Test Rig. 

(c) Oil Tank. 

(d) Pump Gear. 

(e) Instrumentation for Recording Pressure. 

(f) Electrical Controls. 



between the plates the columns were accurately shouldered at each 

end,,and variations in length between shoulders held within 0.001 in 

(0.025 mm). 2 in. B.S.F. nuts looked in position on assembly 

provide rigid olampingunder the full press load. The test rig 

rests on the bottom plate and may be.olamped down if required. 

The top plate supports and locates the hydraulic cylinder. The 

Cylinder, which was custom built by Eland Engineering Co. Ltd., 

is double ended with a 5 in (127:mm) bore, a 2.1/2 in (63.5 mm) -

diameter hard domed rod top and bottom, and a maximum working 

pressure of 3,500 lbf/in2  (24,11al/m2.). ,A 3/4Widiameter hole 

through the centre of the rods provides a pagsase for.eleotrical 

leads or for replenishing fluid to the test rig if required. 

The maximum stroke in 6 in (152 mm) and in the fully retracted 

position. the daylight between the front rod and the bottom plate 

is 20 in (508.mm). Two proximity switches are mounted on opposite, 

sides of the tail rod on vertical pillars. They may be adjusted 

and. locked in position as required. 

2.3 gydraulic Ocuiement  

A graphical diasram.of the hydraulic circuit is shown 

in Pi;; 2.3. The equipment was supplied by Taller Bros. Ltd.' and 

assembled by Rae and Stephens Installations Ltd. - Oil is supplied 

to the system by swashplate pump P.V. at a rate variable between 

0 and 60 in3/sec (984 am3isea) and up to a maximum system pressure 

of 3,500 lbf/in2  (24,IMIT/K2) 	The flow rate is adjusted by a 

hand wheel extending at the side of the.press. Vane pump P.F., 

provides a fixed delivery of 9 in3/seo (148 om3/seo) at 250 lbt/in2  

(1724 101/142) for pilot operation of the main control valve V.1. 

Filter-FL.2. ensures the cleanliness of the pilot supply while 

FLA.. filters the oil as it is returned to the tank. The Oil 

used is Shell Tellus 27, and a heat exchanger HE ensures that the 

oil temperature is kept below 60°C. 
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In operation pilot pressure is supplied to both ends 

of the main otantrol valve spool holding it in the neutral position 

shown in Pig. 2.3. When solenoid .'a' is energised pilot pressure 

is exhausted from that end of the spool and the spool moves over 

to the right toward IA'. Oil then flows from P.V. to the top 

annulus of hydraulic ram R01. while oil trapped below R.1. is returned 

to tank. The ram travels downwards until the system pressure reaches 

the setting of relief valve V.3. 0i1_,then spills back to tank via 

the check valve V.6.'which creates a back pressure of 100 lbf/in2  

(689 We) to close the pressure switch contacts P.S.1. This, 

pressure switch provides the signal for the reversal of the stroke, 

when cycling.. At any stage of press operation the hydraulic pressure 

in the system may be read on the pressure gauge 0..1. by pressing the 

isllator button V.5. 
If the ram is to tavel up solenoid 'b' mast be energised 

.to allow pilot pressure from 'a' to push the spool-across to the left. 

HoWever,'in this case the spool is restrained by an internal anti-surge 

piston from complete changeover until fluid pressure in_the pipework and 

top annulus of the rim has dissipated through a small clearance to a 

value lower than the pilot pressure. The spool then moves fully 

over and supply from P.V. is directed to the underside annulus of R.1. 

The ram will travel up to the top of its stroke unless limit switch 

'L.S.1 is arranged to'provide a signal to halt or reverse the ram at 

,some intermediate position. 

An adjustable :atop is provided on the main control valve 

to control the position at.which spool motion is arrested by the anti-

Surge piston. In this way the rate at which pressure mov be dissipated 

can be controlleda ,feature of considerable importance when fatigue 

testing a presiure vessel. 



2.4 ReolenishinT Pump.  

The supply of replenishing fluid to the test rig is 

provided by's Savory APP 349 Pump and lloterSet mounted,above'a 

5.gallon (23 litre).  storage tank. The pump can deliver at -10 

gallons/hour (4.4 dm3/hr) and the delivery pressure may be 

adjusted by a built-in relief valve up to a maximum of 300 lbf/in2  

(2068 KRAK2). A Vokes 10 micron filter ensures the cleanlinetis 

of the fluid supplied to the test rig. Shell Tellus 27 was used 

as the test rig fluid for the work described in this report. The 
/ 	1-‘ delivery pressure,;nermally 250 -lbf/in2  (1724 Vim2  j is indicated 

on a pressure gauge fitted with- electrical contacts and mounted 

on the main Press Control Panel. The minimum contact is usually 

m  set at about 200 lbf/in2 (1379  w 2). Having switched on the - 

240 V supply the put) may be started by pressing the white START 

button on the control panel. The button must be held pressed until 

the pressure exceeds 200 lbf/in2  at which point a'hOlding relnY is 

latched. If due to excessive leakage or lack of fluid the pressure 

fell below 2001bf/* 2  (1379 X042) the pdmp would automatically out 

out.  

2.5 Meotrical Controls.  

The electrical control system was supplied as a custom 

built wired up unit by Brookhiret Igranic Ltd. It employs for the - 

purposes of controlling the press a static switching system known as 

'Bi-Stag 	In this sy6tem conventional circuit devices such as 

relays and timers are replaced by static'units devoid of electrical 

contacts, and in which limit switches are based on contactless proximity 

elements. Amplifiers operated by this system serve to energise the 

contactors or solenoids*of the normal system. The life of the 

static units is independent of the unmber of operations, clearly 

an -advantage for fatigue preb6 operation. . A schematic diagram of 

the control circuit is shown in Fig 2.4P. This will not be described 



in detail but reference will now be made to the following important 

control features. 

1. A normally open proximity limit -sWI:c01 L.S.1. defines the top 

reversal position of the ram. 

2. A normally-open pressure switch P.S.1, with conventional mioroswitch 

contacts defines the bottom reversal position of the ram. 

3. A normally-olosed proximity limit switch L.S.2., detects when 

the ram overatrokes past the normal P.S.1. reversal position. 

This happen when there is a seal failure, leakage, or fatigue 

failure in the test rig. 

4, A normally-open pressure switch P.S.2, detects the malfunction of a 

separate high pressure pumping rig. 

5. A Total Counter records the number of cycles from the start of a 

test. 

6.,A Preset Counter signals completion of a preset number of cycles by 

closing of normally open contacts. 

7. A Thermometer Regulator indicates the temperature of the hydraulic) 

oil in the storage tank. 

To operate the controls the main isolator switch is 

first switched on. The motor can then be started. by pressing the 

PUMP ON button and the pumps will deliver oil which is directed by the 

main control valve back to tank. The main selector switch may be 

turned either to HAND or AUTO and the corresponding indicator lights 

will illuminate. 

In RAND it is possible to move the ram by pmessing the 

UP or DOVN buttons which energies the appropriate solenoids. Then 

the button is released the control valve returns to neutral and the 

ram is held in position. The control switches L.S.1 	P.S.1 

and P.S.2. are all fully operational in both HAND and AUTO. 
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However, when setting up it is sometimes usefUl,to overide L.S.2,, 

and this may be done by ,changing the upper selector switch from 

NORMAL to L.S.2. OVERIDE. It is impossible to cycle the press 

unless the selector is returned to NORMAL. 

In AUTO two control buttons are in command CYCLE START 

and CYCLE STOP. Having 	 t set L4.1., L.S.2, the relief valve 

V.3, and the pump speed, CYCLE START may be presdede The.  rim 

will then reciprocate between P.S.1. and L.S61. limits and 	-

continue to do so until stopped by the operator or one of the 

automatic cut outs. 

The operator would normally halt the machine by 

pressing CYCLE STOP which will return the ram to its top L.S.1 

position and leave the pumps running. By pressing EMERGENCY STOP 

or PUMP OFF the pumps will cut out and the ram will stop immediately. 

Automatic halting of the press occurs under any one or 

a combination of the following circUmstancest- 

1. Ram overstrokes 	L.S.2. contacts open. 

2. Pumping Rig pressure faulty - P S 1.-oontacts close. 

3. Preset count complete - contacts close. 

4. Oil temperature above 60°C e contacts open. 

_-Two engraved indicator lights L.S.2. and P.S.2, are 

illuminated when either or both of these faults occur in operation. 

The lights are held on after the press has stopped so that the 

operator immediately knows the cause. When the fault has been - 

correoted,ihe RESET button is pressed to switch off the fault lights. 

2.6. Press Performance.  

Reference was made earlier to the' decompression facility 

of the main control valve. This feature providee a very important 

control on the press particularly in the situation when a pressurised 



column of fluid acting like a spring continues to offer a substantial 

restoring force on the return stroke. Without decompression in the 

main valve the ram would return at great speed and cause considerable 

shock in the pipework. However, by adjust:3the decompression screw 

the return speed can be reduced to match the down speed. There is 

still some minor shook when the spool finally moves over completely 

at a line pressure of 250 lbftin2  (1724 Tit/M2). With a 5/8" (15.9 mm) 

diameter plunger this corresponds to an internal test rig pressure of 

about 5 ionfl1n2  (77 MN /162). The effect of this pressure is to make 

the ram speed up for the last stage to the top L.3.1. position. If 

the working stroke of the plunger wore small the time taken for this 

last stage in the return stroke would be of the same order as the 

response time of the valve. In these circumstances the press runs 

erratidally and the pressure will not return to zero every cycle. 

The problem is solved by increased the working volume of fluid in 

the test vessel. If a base pressure of 5 tonf/in2  (77 MIT/b52) or 

more is applied to the cycle then the problem does not arise. 

The only component in the system which gave serious 

trouble was the pressure switch. Originally a diaphragm operated 

pressure switch was fitted but the degree of wear and internal 

damage sustained after as few as 100,000 cycles often rendered 

the switch inoperable. Elventuany a Lockheed pressure switch 

of the spring loaded plunger type was substituted and has proved 

entirely satisfactory, 

Variations in friction conditions at the main, hydraulic 

ram and plunger seals were not- detectable provided a period of warm 

up allowed along with a short period ,of running in at low pressure. 



CMPTER 3.  

WIGH PRESSURE PUgPIUG RIG.  

Desim Considerations. 

The basic requirement was to provide a self contained, portable 

and automatic means of generating a high static pressure which could be 

delivered to a test rig in the fatigue press. In spite, of occasional 

minor leakage from the test rig pressure would need to be kept constant 

+ within say - 3% for periods up to 100 hours continuous running. Using 

commerolally available components the maximum pressure was limited to 

200,000 lbffin2 (1379 T!N,/tn2)  for a high pressure intensifier, pipework, 

and valve gear. 

To generate this pressure the low pressure side of the intensifier 

would need to be supplied at 12,500 lbf/in2  (86 iii/m2). This pressure 

could be provided either by an electrically driven high pressure pump, 

or an air-hydraulic pump operated from low pressure shorair or gas 

bottle,.. An electrically driven pump could run continuously and dump 

exoesa fluid through a relief valve, or operate intermittently as determined 

by a pressure switoh. Continuous running involves unnecessary wear and 

tear on the pump and relief valve while intermittent operation has the 

disadvantage of a large pressure-on pressure-off differential possibly 

greater than t ea. An air-hydraulic pump would introduce increased 

friction loss in the intensification system and this could be subject 

to variation. However, it was decided that an air-hydraulic pump 

system was the better choice. 

a.2 Description of the Rim,  
A graphical diagram for the pumping system is shown in 	3.1p 

and a general view of the rig is shown in the photograph Figure 3.2. 

The unit consists of a two tiered trolley, the upper shelf 

containing the intensifier and associated high pressure piping 
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Fig. 3.2 General View of the High Pressure Pumping Rig. 

(a) Jrive Pump. 

(b) Charge Purip. 

(c) Intensifier. 

(d) Toot Tag. 

(e) qectrioal Controls, 



5-1 

and fittings and. the lower two air-hydraulic pumps, the control 

gear and separate fluid reservoirs. Flexible high pressure hoses 

connect the two levels and the height of the upper shelf may be 

adjusted to suit a particular testing rig. 

The 200,000 lbf/in2  (1379 Ell/r) intensifier was 

supplied by Harwood Engineering Co. Inc. It has a nominal intensification 

ratio of 16 s 1 a 4 in (102 mni) stroke, and a capacity of 1.22 in3  

(20 on3) stroke. The 200,000 lbf/in2  (1379 U/ 2) fittings and valves 

were also supplied by Harwood. The two-air hydraulic pumps are 

identical, 'Olinair Junior' pumps with a nominal pressure ratio 

of 244 	1, a maximum working outlet pressure of 15,000 lbf/in2  

(103 mn/W) for 60 lbf/in2  (414NN/M2) inlet pressure, and a delivery 

of 0.31 in3  (5.1 cm3) per stroke. The pumps with the control gear 

and reservoirs were supplied by Olin nathieson Ltd. 

One of the pumps acts as a drive pump on the low pressure 

side of the intensifier while the other serves as a charge pump on 

the high pressure side. The charge pump is necessary to prime the 

high pressure system at a moderate pressure, to reduce the number of 

strokes needed to achieve a high pressure, and also to drive back 

the intensifier at the end of its stroke. 

Referring to the graphical diagram Fig 3.lPthe 

operation of the rig is as follows. Mien the unit is switched on 

the solenoid shut off valve 11.1. allows filtered air at 80 lbf/in2 

(552 INpm ) to be admitted to the main air-operated control valve 

V.2. In its normal position, as shown in Fig. 3.1, V.2. then directs 

air via a pressure regulator P.R.1. and speed control valve V.3. 

to the charge pump P.1. The supply pressure to the charge pump 

is 40 lbf/in2  (276 UAW) and the pump draws high pressure fluid 

from tank T.1. and delivers it at 10,000 lbg(in2  (691t012) to 

the intensifier and high pressure equipment through check valves 



V.9., A. and B. tem Univis P.38 is normally used as a high 

pressure fluid. ,The intensifier piston is pushed back and when 

fully retracted the pressure rises sharply at the charge pump. 

On the inlet side this Pressure is sufficient to withdraw the 

latch pin L. and allow the actuator A to operate poppet valves 

V.4. and V.5. At the same time the internal check valve of,  

the pump is unseated sothat any high pressure leakage can drain 

back to tank. V*5. directs, pilot pressure to the main control 

valve V.2., mrhile V.4. exhausts air remaining in the charge pump 

line. 

V.2. now di-rects the air supply to the drive pump 

P.2. and to the unloader valve V.I. The unloader valve consists 

of a shut off valve operated by the piston assembly of an ail 

hydraulic pump. Air supplied to V.7. is regulated by P.R.3. to 

20 lbf/in2  (1381W) and at this value the valve can check a 

hydraulic pressure of 35,000 lbf/in2  (241" /M2). When the charge 

pump P.1. is in operation -the valve is not supplied with air and 

will allow fluid driven back by the intensifier to drain to tank. 

The air to drive pump P.2. passes through regulator 

. T.R.2.and speed control valve V.6.. P.2,1  drawing Shell Tellue 27 

:oil from reservoir tank T*2*, drives the intensifier forward and 

pressure is gradually built up in the system until the pump stalls. 

At this point all the piston and friction forces are balanced and 

the high pressure generated. by. the intensifier will be nominally 

16'x 244 ... 3,904 say 4,000 times the regulated air pressure setting 

of 	Clearly P.R.2. must be adjusted with caution. The 

intensifier may reach the end of its stroke before stall conditions 

are establiehed. In this case a probe extending into the intensifier 
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barrel will operate poppet valve V.8. and the air supply holding the 

actuator, A, forward will be ekhausted.- The Latch Pin L. will 

re-engage and V.4, V.5 and V.2. will revert to their normal starting 

positions. Air is once again directed to P.1., and the whole cycle 

-will be repeated until equilibrium pressure conditions are established. 

A rupture disc assembly is fitted to protect the low pressure side 

of the intensifier from pressures in excess.  of 15,000 lbf/in2, (103 MN/D12) 

,An additional check valve V.12 and high pressure relief valve 

V.13 were incorporated in the circuit after difficulties with the flexible 

hose. It was found that the hose contained such a large colume 

of fluid that the charge pump 13.1,,' which is not fitted with•en outlet 

check velvet  could not raise the pressure beyond 3,000 ibf/in2  (20.7 MN/m2). 

Check valve V.12 overcame, this problem but relief valve V.13 was also 

necessary as a safety measure against possible high pressure,leakage 

from V.9.A. 

1,.1,3 Hi5h Pressure Equipment.  

The supply or high pressure fluid to a test -rig is 

controlled by two way angle needle valve V.11., Pig. 3.1 P An 

identical ,valve V.10 can release the pressure in the high pressure 

system and test rig when required and allow the fluid to drain back 

to Tank T.1. The safety of the equipment is catered for by4high 

pressure safety assembly, This contains a pin which will fail in 

shear at 200,000 lbft1n2  (1379 UN/m2)4, Alternative pins can be fitted 

to fail at lower pressures. Pressure messurement.is performed iii 

two separate ways. A menganin cell provides an'acourate and permanent 

record of pressure on the ultra-violetrecorder, while a 150,0001Win2  

(1034 MN/m2) Badenberg Gauge gives a visual indication of pressure 

and incorporates a pressure switch P.S.2. for the fatigue press. 

The pressure switch consists of a reed switch mounted on a perspex 

arm pivoted at the centre of the Gauge dial glass, The arm may be 
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swung to any. position of the dial and locked in position. A small 

permanent magnet is attached at the end of the pointer Which is 

counterbalanced. The reed switch contacts close when the pointer 

magnet passes underneath. Fortunately almostrall the Moving parts 

of the gauge mechanism are non-ferrousr and the presence of the small 

magnet has only a minor effect on gauge calibration. The manganin 

cell houses a mangenin coil and thermocoUple attached to-terminals 

in a screwed end plug. The cell has a 104(254 pm) long 3/451(19mm) 

diameter bore and acts as a high pressure reservoir to damp out cyclic, 

pressure variationa-whieh may be set up by elastic deflections within 

the test rig in fatigue. 

,21ectrical Contols.  

The Electrical controls are installed in a panel at one 

end of the pumping rig as can be seen on the photgraph Fig.,3.2. A 

schematic Circuit diagram is shown on Firs. 3.3. Initially the reed 

switch arm on the Budenberg gaugsis set to the required pressure. 

The selector switch is set to OVERIDE and the START button is pressed, 

The signal lamp will illuminate 'indicating that shut off valve solenoid 

V.1. is energised mid the rig will start to operate by first charging 

the system and then by driving the pressure gradually higher. When 

the required pressure is nearipressure regulator P.R.2. should be 

'oarefully adjusted so that the drive pump stalls when the pressure is 

reaohed. The reed switch contacts will now close and the selector 

switch may be changed to NORMAL. The external connection from the 

fatigue press which is plugged in on the control panel is now presented 

with- closed contacts and thetatigue press may be started.. If during 

operation the pumping rig pressure fell or rose beyond the reed switch 

operating band of 4,0001bfiin2  (2;.6 IST/m2.) both the pumping, rig 

and the fatigue press will be immediately brought to a halt. .Neither 

'may be re-stated until the fault is corrected. 
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QHAPTOR 4*  

DYNAMIC =WET RIG.  

PreliminaryJ)esign Considerations  

,The basic requirement -of the dynamic support test rig' 

was to generate simultaneous repeated internal and external fluid 

pressure6 on a hollow, cylindrical fatigue specimen. In addition 

the following features had to be accommodated*. 

1. The 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 test specimen should be as near 

.zero as possible to give true 'open-ended' stress conditions, 
/ 

3. The internal and external pressures should be inter- 

dependentso that ifleekage occurs in one region pressure 

cannot be built up in the other unless the'plunger over-strokes, 

which should immediately halt the Press. 

4. Facilities mustbe'provided to measurement of internal and 

external pressures, and for the replenishment of fluid during 

the test. 

Fig. 4.1. illustrates a schematic method of fulfilling the' 

basic requirements. A plunger generates internal pressure pi which 

&à fed to a pressure reducer. ,The low pressure side of the reducer 

then provides theaxternal pressure , i);:,for the test specimen. If 

leakage occurred in the high pressure syStemlio-, could not be generated, 

and if leakage occurred in the low pressure system the plungetyrould . 

- overatroke before ally pressure could be built up. The design of Fig*4*1 

could work equally well in reverse with direct generation of external 

pressure K'.and intensification to giveA.:,  However, -in practice ' 

either scheme has the weakness of subjecting components of the rig to 
5/Wve?... 	• 	• 

more fait4gas-than-the fatigue conditions than the specimen itself. 
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FIG 1-.( SCHEMATIC -DYNAMIC -  SUPPORT SYSTEM  



It lints clearly necessary to incorporate the pressure modifying 

system internally such as in the designs put forward by Lengyel 

and Alexander (2) under the headings floating die and floating 

liner. These designs were suggested as possible solutions to 

the vessel fatigue problem in semi-continuous hydrostatic extrustion. 

Adaptations of the designs for dynamic support fatigue testing are 

shown in Figs. 4.2 and 4.3. (The floating die design has been called 

floatinc,  piston in the present context). 

In the floating piston arrangement, Fig 4,2, internal 

pressure built up by theliunger acts on the floating piston to 

create external pressure Po. The nominal pressure ration is 

given by:- 

58 

P0 

 

	

Pi 	2 A3 

By changing -the tail diameter of P3  of the floating 

piston the area A3 may be .changed and the pressure ratio altered 

tO2 a new-value. 

In, k;he'floatin lind-L,1 design pressure built up 'by 

the plunger sets an'the end piston which is rigidly attached to 

the specimen. The whole speciMan - end piston assembly moves 

down to ,  create external.pressureTo. Once again the noMinal 

pressure ratio is given byl- 

Fec. 
mools...11111P11.. 

	

Pi. 	A2 - 
A3 

which may be adjusted by changing the end piston to a different 

I)3 diameter. 

The test 'specimen in both designs ha been indicated 

as ahollow cylinder separate from associatedcomponents,for ease 

of manufaCture and so that the other components are not replaced 
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FIG, 4:2 FLOATING PISTON DESIGN 	 FIG. 4.3 FLOATING. LINER DESIGN  
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every test. However, this does create a sealing problem at the 

lower end of the specimen, and in the case of the floating liner 

design a problem of attachment of moving parts. In comparing the 

two designs the possibility of fatigue failure in components other 

than the test specimen is an important consideration. The piston 

chamber of Fy..2 is subject to bending fatigue due to the repeated 

pressure end load on the upper seal, 44-ne,a4:44-14-reseeee-fatiguo 

and to stress concentration at the middle 

piston seal. The end piston of Fig 4.3 is also subject to bending 

fatigue but it is possible for the construction to be relatively 

massive to minimise the stress levels. The floating liner design 

has a smaller number of dynamic seals but es the specimen itself 

reciprocates fretting of the specimen at the seals may initiate 

fatigue cracks. This could probably be avoided by locally enlarging 

the outside diameter of the test specimen, in the region of the seals. 

In fact it is common practice to design fatigue specimens with enlarged 

ends and a central necked portion to ensure failure occurs in a region 

of known stress distribution away from stress concentraittions. 

Considering the points described earlier the floating 

liner design was choben on balance as the more attractive of the two 

designs. The remainder of this section will deal in greater detail 

with opecific features of the floating liner design,. 

4.2 The Problem of Axial Tensile Stresses.  

Necking a floating liner specimen as shown in Fig. 4.4a 

has one unfortunate aspect. The action of the external fluid pressure 

on the annular area of the top and will introduce a unifOrm tensile 

axial stress in the gauge length of the specimen given by 

. (A3  - A2) Po. 

(A2  . Al). 
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FIG. 4A- ALTERNATIVE FLOATING LINER bESIG!NS  • 



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

with an enlarged bottom end, but one possible design where an,, 
'sstur*,* 

enlarged top end is retainedAin Fig 4.4.b. By displacing the 

internal and external seals and sealing the outsidd diameter,of 

the specimen at the gauze diameter axial tensile stresses are 

avoided. This method was in fact adopted for the static support 

test rig but it is less satisfactory for the dynamic support case. 

As,can be seen in Fig. 44.(b) both the specimen and the plunger are 

significantly longer, and the plunger has an increased unsupported 

length. It was decided to adopt the necked design of Fig 4.4 (a) 
with a D diameter of 2.1/4 in .anda maximum K diameter of 2,i/A 

(50.8 mm) but initially the test conditions and geometry would be 

arranged to ensure the axial tensile stress was always the intermediate 
principal stress. 

4.3 SealinT and damping the specimen and end piston.  

• The test specimen internal pressure can be sealed 

conventionally 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 unsatisfactory 

solution as very high separating loads would need to be contained. Even 

the simple radial '0' ring shown in Fig..44.5 could result in significant 

separating loads due to the imperfect squareness of the corner of the 

specimen at the joint. Thus some clamping pressure is needed between 

the components to prevent intrusion of the 40' ring. This clamping 

pressure can be arranged very conveniently merely by increasing the 

diameter of the lower end of the specimen as in Fig 4.5. Providing 

an initial low pressure clamp and seal is arranged then as Po ie, 

built up a olamping load of Po— 4— (D2 
 D ) is automatically applied 

to the joint face giving a clamping pressure. 
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If D3  D1  then P 	P and under these conditions the joint is 

entirely self-sealing and notOt ring is needed.- - However, in 

praotice. it was deoided to-retain the 40 ring because of the 

.difficUlty of providing reliable low pressure seal. 

4.4 Design'DetaiIs and. Develerment of the Riqi  

4.4.1. Outer Vessel.,  

The outer vessel'is a monobloo cylinder 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/in2  (1544 MN/m2) 

A 3 in (76.2 mm) plain bore is necessary to accommodate the 

',hydraulio_seal around the specimen upper diameter of 2.1/0(57.2 mm) 

As can be seen by-reference to Pig4.6PtAs arrangement ensures that 

the fluctuating 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'vessel bore was considered less favourable 

from a fatigue point of view because of the introduction of stress 

raisers. The bore of the veseel was honed and polished to a 'surface 

finish of 3 to 5 hut, in (0.076 to 0.127/1m) 0A.A. to improve its 

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

/ 	e 	/ 
vessel is about 34 tonf/in2  1,52rilifm2N  

under ideal conditions one can be confident that this pressure could 

be repeated for about 105 cycles at the most. • However; as the vessel 

must be sure to outlive a nuMber of tests of 105 cycles endurance a 

more conservative pressure limit of 25 tonf/in2  (3861114/m2) has been 

set. This limit could be inoreased.byautofrettaging the vessel if 

necessary.' 

and 



3nd Plates.  

The loading on the end platesconsists of two elements, 

firstly the internal pressure (Pi) acting on an annular seal area 

of 0.48 in 2  (3.1. 	 , cm2)', and secondly the external pressure (Po) acting 

on an 3.09 in2  (19.9 cm2) annular seal area of 	 The Maximum Po 

25 Tonf/in2  (386 1114/m2) and if the maximum pi. 50 Tonf/in2 (772 1zm2j 

the total and load is approximately 101 tonf (1005 Ka), The end plates and 

closures are all made from 100 Tamg/in2  (1544Mq/m2) 	EN.30B, and 

the end plates are 12.in (305 mm) outside diameter x 1.3/4r thick (44.5mm) 
tioNvw,. while the topi and bottom andare 5 in (127 mm) outsidd diameter x 2 in (519-811,w 

thick. The maximum bending stress in the.top end plate, which also has 

a 3 in (76.2 mm) diameter- central hole and is the more highly stressed 

componentunder.a 100 Tonf/ (996 KH).end load can be calculated 

approximately as 33 Tong/in2 (510 Wm?) at the Jitter edge .,, 

As the Goodman relationship indicates that even a 

transverse specimen of 100 Tonf/in2  (1544 MR/m2)- 1T.TS. EN.30B can 

withstand a.repeated bending stress of 0..54 tonf/in2  (0.834 11N/m2) 

the plates should be quite safe whether prestressed'or not. However, 

when the whole assembly of vessel end plates, and tie rods is considered 

prestressing does become important not only to increase fatigue 

resistance but also to minimise deflections and-preserve the rigidity 

of-the assembly under load. 

4.4.3. Prestressing the Assembly.  

The principles of prestressing agaihst fatigue are well 

known 	(13) 	and can be applied, straight fordwardly to the test 

rig assembly.' , Prestressing achieves a reduction in the amplitude of 

the fluctuating tensile- L1_,\loading on the tie rods at theeapense. 

of introducing a fluctuating compressive load in the vessel itself. 

If, after prestressing,- a working load P is applied to the end:platee 
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the proportion of extra load applied to the tie rods is 

P1 	1 	P. 

Where Kv  fa characteristic stiffness of the vessel. 

and Kt'tm characteristic stiffness of the tie rods. 

To minimise Pi the ratio KV/Kt  must be as large as possible. It 

should be noted that the proportion Pi/P is dependent only inn the 

stiffness ratio of the components and not on the Magnitude of the 

initial preload. Where this does not have a hearing is in the 

magnitUde of external load which can be carried without separation 

of the joint faces. This condition is given by 

P 	(1 I- f Q. 

Where Q us preload, 
	Kv  

If separation takes place the tie rods are subjected,t9 a greatly 

increased rate of loading which should be avoided. Unfortunati 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 loading. However, because of the seriousness of dynamic loads 

in,Practice it was decided that the preload Q should be at least as 

great as the maximum anticipated external load P max and that Kv  

should be much larger than Kt. ,The evaluation of Kv  and Kt is 

complicated by the effect of the end plates and closures which act 

partly as the outward tie rod load, transmitting system and partly 

as the inward load transmitting system through the vessel. As an 

approximation the end olosures'areAaken ea-with the vessel as the 

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

as the outward load transmitting system. 
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The maximum anticipated external load has already been established 

as 100 Tong/ (996KN) and thepreload should now equal that figure4,  

that is the six tie rods should each carry a preload of 17 tonf (169 KN),day. 

Taking a stiffness ratio Kv/kt  a 5 	one sixth of 

an 100 Tonf (996 KN) applied external- load is taken by the tie rods that 

is 16.7-Tonf (166KN)-totar, or approximately 2.8 Tonf (28KN)x,  tie 

rod. The tie rods' threads are 1.1/4" B.S.F. and a fluctuating load 

oft 1.4 Tonf (14 KO produces a core stress of t 1.45 tong/in2  

(t 22 MN/M2). In tact for material of 60 - 65 Tonf/in2  (927 1004 

TOO) U.T.S. chosen for the tie rods a fluctuating gatigme limit of 

t 3 Tonf/in2  (t 46 TIN/m2) can be expected-__ 	( 13) 

so that even for maximum load conditions we have a safety factor of 

2. 

4.4.4. Tie Rods and Hydraulic  

The six tie rods are of 1.1/4" in (31.8mm) diameter s.97 

steel threaded 1.1/4" B.S.F.-at the ends* The thread run out ie 

carefully relieved to minimise the stress concentrations. 

The nuts, also of 5.97 Steel, are 'spherically radiused 

and bear on matching lapped seats in the end plates. Originally 

twelve conventional nuts were fitted and these were tightened in 

sequence by long arm spanners. This turned out to be very laborious 

and one could never be confident about either the magnitude or the 

uniformity of the preloads induced. The top six nuts were consequently 

replaced by hydraulic nuts marketed by G.K.N. Ltd under the Trade Name 

Pilgrim (A punon-the name of their_invenor Mr. T.W.Bunyan). The 

body of the Pilgrim nut is threaded internally as usual but a'deep 

annular groove is cut into the lower face of the body to take a hollow 

rubber '0' ring. A hydraulic connection into the 101  ring is provided 

from the top face of the body. A separate piston plate engaged in the 

groove from below.against the 0* ring and provides the bearing Warn*, 



for the nut. Initially, the assembly is tightened sufficiently 

to take up the slack in the system by hand or gently with a spanner. 

Hydraulic pressure supplied to the 00' ring then separates the nut 

body and piston plate thereby tensioning the tie rod. To look 

in the pretension shims are inserted in to gap between body and 

piston and the hydraulic pressure can then be released. 

The six Pilgrim nuts are ganged together in series by a 

single high pressure supply line from an S.W. No. 226400 hand 

operated oil injector which can supply up to 42,000 lbf/in2 (290r2) 

fluid pressure. The Pilgrim nuts are of Eln 16.T. Steel designed for 

a maximum fluid pressure of 30,000 lbf/in2  (207 MR/m2) which acts on 

a piston area of 1.375 in2  (8.86 m2) to give a maximum preload of 

18.4 tonf (183 TUT) In fact 28,000 lbf/in2  (193 1ZT/m2) is sufficient 

to generate the required preload of 17tonf (169 .0). Initially 

a pressure gauge is used during pretensioning so that the correct, 

shim thickness for the nuts Could be established. It' visa found that 

bending of the plate had created a non uniform gap and tapered shims 

varying from 0.040 in (1.02 mm) at the innermost point to 0.047 in 	• 

(1.19 um) at the outermost point had to be made. To save unnecessary 

pumping a set of thinner shims was also made for relatively low 

pressure tests where the maximum preload was not requirefij 

4.4.5, Prettinv.  

One of the troubles experienced early in the development 

of the rig was severe fretting of the contact areas between the end 

closures and the outer vessel, and to a lesser extent between the end 

plates and closures. Initially this was attributed to the rather 

ineffective prestressing achieved by spanner tightening of the tie rod 

nuts. It was thought that rather large relative movements were taking 

place between contacting surfaces under load. In fact with hydraulio 

prestressing and higher contact .stresses the fretting was worse and 

other remedies were sought. Molybdenum disulphide grease had no 
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effect and the use of -a soft paoking material such as P.T.F.E. layer 

was unacceptable because of the reduction in stiffness 'Sr'  which would 

result. However, tinning the contacting surfaces with Fry's 

Solder Paint at about 200°C and wiping the flux and excess solder off 

with a tissue proved entirely satisfactory, and fretting was eliminated 

for a considerable period of use. . Eventually when the tinning wore 

thin the process could be repeated. 

.44.4464219.2122.9P2a2t212.2M8.1,  

Fig. 4.7 shows in simplest detail the bore of the test 

specimen with a core tube, the pressurising plunger and the seal. At 

stage (i) the bore is full of fluid and the plunger is at the top 

position. Stage (ii) shows an imaginary situation where the floating 

liner assembly has been pulled down to a distance ta/ to create the 

Correct external pressure, and the plunger has merely followed to 

maintain the initial entrapped volume of fluid Without generating any 

internal pressure. 

Thus the plunger displacementA = 0.785,  a = 2.57 a (4.1. 
0.305. 

 

/t stage (iii) the plunger has moved a further distance 1/3 taken to 

be the displacement required to generate the correct internal pressure. 

Thus total plunger movement C = L 2.57 a. 
	(4.2). 

'3 

the:distance d. 	a 	0. 

3. 

therefore 2.L ;".. 1.57.4. 	(4.4): 

3. 

The analysis serves to highlight a number of important points. l'irstly, 

as the plunger Gompensating displacement, b, is over 2.1/2 times the 

assembly displacement, a, the latter must clearly be kept to a minimum. 

Equation (4.4) indicates that for a given value of s'a,certain minimum 

internal length L is essential to avoid bottoming of the plunger, and 

69 



(i) cu ) 

FIG. 4.7 DISPLACEMENT OF SPECIMEN AND PLONGIR  



the normal procedure of shortening L to reduce the plunger stroke 

can not be follaaed. In operation a further constraint maybe 

necessary for the reliable actuation of the overstroke limit swit* 

that is the total stroke 0 must not exceed 1. This is to ensure 

that if, there is a leakage and no internal pressure is built up 

the plunger can not force the assembly downwards undetected. 

Thus ,from (4.2) 14L 2.57.a. or 2.Li 2.57.a. 	(4.5) 
3, 	3. 

or if a specific differential e is required 

2.L 	2•57a+ e. 	(4.6) 
3. 

As an example consider an assembly displacement a = 0.5 in (12.7mm) 

and a differential e = 0.25 in (6.35 mm) then from (6) L = 2.3 in (58.4mm) 

and the working stroke of the plunger o = 2.05 in (52.1.mm). Only 

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

acceptable galue. 

It was with the above considerations in mind that at one 

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

working fluid. However considerable difficulties in handling, and in 

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

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

the pressure transmitting medium. but because of considerable doubt as 

to, the integrity with which rubber could transmit pressure hydrostatically 

this was not explored. 

4.4.7• SealinT between specimen and' end piston.  

Mention has 'been made earlier of the self clamping action 

between the test specimen and end piston. However in *spite of this in 

the practical design of Fit4.4.6 it has been necessary to use an 101  ring 

and claping sleeve to give favourable low pressure conditions. The 

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



and down with the specimen and piston in operation.. Although it 

takes no part in pressurising it must have unhindered passage through 

the fluid thereby reducing the efficiency of external pressurisation 

and increasing the working stroke of the assembly. A serious attempt 

was therefore made to attach the test specimen and end piston together 

without a sleeve. Theoretically if the two oomponents were glued 

together sufficiently strongly to resist assembly loads and provide 

an initial seal they would continue to seal and, hold together in 

operation. 

Araldite A.U.1., a high strength'hot..settingepoxy 

adhesiv4- and Lootite 307 high tensile adhesive, were both tried 

with limited success* The assemly would operate satisfactorily for 

a few hundred cycles and then the bond would fail and the components 

separate. The only explanation for this seemed to be possible severe 

bending stresses on the joint due to misalignment or lack of concentricity 

which fatigued the joint after a relatively small number of cycles. 

Soldering of the two components with pry's K No.90  Solder Paint was 

also tried with little more success than the adhesives, although one 

test did run to over 2,000 cycles before the bond failed. 
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5. 
STATIC SUPPORT RIG.  

5.1 Preliminary Design Considerations.  

As in the chapter describing the dynamic support rig it is 

appropriate to detine'at the outset what is required of the static 

support rig. The main requirement is to subject a hollow cylindrical 

speoimen to repeated internal fluid pressure and a simultaneous constant 

external fluid pressure. Open-ended conditions are required and thus 

the axial stress in the specimen should be as near zero as possible* 

Also the magnitude of the external pressure must be adjustable from 

test to teat. This is a relatively simple matter if the external 

pressure is supplied from a separate finely controlled pumping source 

but electrical interlocks rill be necessary to ensure the system fails 

safe. It is possible that the external pressure could be generated 

automatically within the rig as in the dynamic support rig, and that 

the pressures could be interdependent. In that way internal pressure 

could not be built up unless the correct external pressure was present 

at the same times  and the system inherently fails safe. To put this 

into practice involved two considerations. Firstly, the maximum 

internal pressure must reatih balanced equilibrium with the static 

external pressure, and secondly, a check valve must be provided to 

hold the external pressure constant. The first requirement is met 

by either the floating liner or floating piston designs mentioned in 

Chapter 4, but the second could not be applied to the floating liner 

and only with considerable difficulty to the floating piston. 

An interesting self generating static support vessel has been 

suggested by Prasad (39) and is shown in Pig. 5.1. As the plunger 

strokes downwards for the first time pressure laJbuilt up equally inside 

and out because of the radial check valve drilling. When the plunger 
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seal passes the drilling the external pressure is held by the cheek 

valve but the plunger can continue to build up to th0 reqdired pressure. 

Thus the position of the radial' drilling with respect to the stroke of 

the plunger determines the external pressure that can be built up. 

Unfortunately this design is severely handicapped by practical 

difficulties and will not strictly fail safely. 

one self generating static support system which could 

have practical application, although not for the test rig in question, 

is shown'in Fig. 5.2. The static external pressure is simply equal 

to the maximum repeated internal presedre and clearly success will 

depentkupon the fatigue life under thede circumstances. 13nough has 

now been said about self generating static support Systems to indicate 

that'for an effective test rig assort will have to be made to an external 

pressurising system. 

The introduotiojn of the pressurised fluid to the. test rig 

from an external source may be achieved via the end closures or through 

the wall of the outer vessel. The latter method was chosen for simplicity 

and in the knowledge that the outer vessel although weakattby a radial 

,drilling would be adequate for a series of tests on M7.25 specimens. . 

5.2. 'Aimination_ef %dal etresses.. 

Fortunately in the present case it is possible to eliminate 

with confidence all axial stresses in the central gauge length of the 

test specimen, although local axial stresses will- be present in the bore 

at the seals due to the pressure discontinuity. Fig. 5.3 shows three 

Alternative specimens and sealing arrangements, all employing the simple 

principle that at least one end of the speoimen must be sealed on the 

outside at the specimen gauge diameter. ,Funotionally'just one end treated 

in this manner is sufficient as in Fig. 5.34a., but a more favourable 

design is possible if both ands,are so arranged as in Fig.5.3.(b). 



FIG 5.3 ALTERNATIVE SEALING ARRANGEMENTS  
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The bore of the outer vessel can be smaller and end loads reduced. 

The initial specimen design followed the arrangement of Fig. 5.3.(b) 

although the final design was a plain 'cylinder as in Fig 5.3. (c). 

It will be noticed that the external and internal seals are displaced 

so that radial displacements due to the repeated internal pressure 

have less influence on the external seals. 

5.3. Design Details and Development of Rig.  

5.3.1. General Features.  

Fig 5+4Pshows the general arrangement of the static support 

rig. The end plates, tie-rods, nuts and method of prestressing are 

common to both static) and dynamic rigs, and the reader is referred to 

section 4.4 for further details. 

5.34g, Outer Vessel and SUDDOrt Ring.  

The outer vessel is a monobloo 100tonf/in2 (1544mNim2) 

U.T.S. En 30.B. steel cylinder 6 in (152 mm) diameter (outside), 2 in 

(50,8mm) bore, and 6 in (152 mm) high. A 1/16th in (1.66 mm) diameter 

radial drilling penetrates the wall centrally and is countersunk at the 

outside to accept a standard high pressure olive. Care was taken to 

radius the intersection of the drilling with the main bore to minimise 

the stress concentration. The working life for the vessel may be taken 

as an extreme case of low cycle fatigue, say 203 cycles at the most. 

Crossland & Skelton OW found that closed ended En.25 cylinders 

2.25 K. ratio heat treated-to approximately 100 Tonf/in2  (1544 Ttg/mm2) 

U.T.S. with two 5/32 in (4 mm) diameter radial-cross bores withstood a 

repeated pressure of 40 Tonf/in2  (618 2.N/mm2) for 200 cycles. The 

intersection of the cross-bore was not radiused and thus in the present 

case *one could reasonably expect a repeated pressure of 50 Tonf/in
2 

(772 MN/m2) say to be contained. 

The sulport ring is of Bn.8. steel, 8 in (203 Mm) outside 
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diameter, 203/4 in (69.9 mm) high, and is a close sliding fit 

on the outer vessel. 

5.3.2. External Pressure Variation.  

Mastic displacement of the outside surface of the 

test specimen due to the-repeated internal pressure imposes a 

pressure fluctuation around the desired static external pressure. 

This can not be tolerated in a rig devoted to careful work on • 

fatigue although it might be quite acceptable in practical situation. 

There are two obvious solutions, firstly, the external fluid volume 

can be increased, and secondly, a very compressible fluid can 

be used. Little can be done about fluid compressibility because 

of the need for speedy pumping and the safety of the apparatus, and 

East) Univis P*38 was generally used. The external fluid volume 

was enlarged considerably by including a long 3/4 in (19.1 mm) bore 

vessel in the high pressure supply line from the pumping rig. In 

f  
this way pressure fluctuations tare kept below - 5p. 

g• 



CHAPTTR 6.  
PRESSURE MEASURRIAMT AND INSTRUMMTATION.  

6.1 Measurement or High. Repeated Pressures.  

In the earlier chapters dealing with the dynamic and 

static support rigs reference was made to manganin gauges for internal 

and external pressure measurement. The intention in this chapter 

is to present a detailed account of the technique of pressure measurement 

using a manganin gauge and also to assess the alternative methods of 

pressure measurements and indoiate the reasons for preferring the 

manganin gauge method. A recent review of high pressure measuring 

devices by de 7,Talherbe and Firth OD) lists the following three available 
methods: 

1. dead weight gauges, 2. elastic deformation gauges and 3, gauges 

whose electrical resistance is affected by pressure. Little attention 

is given iii the paper to the important question in the present work of 

thefgtigue performance of pressure gauges. 

6.1.1. Dead Weight Gauges.  
The dead 'weight gauge is a primary standard and as such is 

essential in any high Pressure laboratory. However, it is strictly a 

static instrument and not applicable-to the dynamic pressure conditions 

in the fatigue test rigs. Fawoott 	) has proposed using a 
sensitive dynamic gauge, in conjunction with a dead weight tester to 

measure varying pressures, but to lead the dynamic pressures from the 

test rig to the dead-weight tester would involve subjecting components 

of the test rig to more severe fatigue Conditions than the test specimen 

itself, It is this last factor which also eliminates many of the 

elastic deformation gauges from further consideration. 



6.1.2. Elastic Deformation Gauges.  

Elastic deformation gauges are secondary measuring 

instruments and include the Bourdon gauge, a vessel which has been 

strain gauged, and the bulk modulus cell. The Bourdon gauge contains 

a flattened or elliptical tube formed into a spiral, helix, or 'CI  

shape, which tends to straighten under pressure. It is a robust and 

1 
reliable instrument up to as much as 70,000 lbf/in

2  (483MH/M
2). However, 

under fatigue conditions Mason (42) has shown that the life is 

severely limited. The eccentric-tube type of pressure gauge is 

similar to the Bourdon tube and may again be '0' shaped or at higher 

/ 	/ \ 
pressures straight. Pressures up to 200,000 lbf/in2  %1379iNITtm2  ) are 

possible although not under fatigue condition« The simplicity and 

reliability of a Bourdon type of gauge is very attractive and it may 

be used in a repeated pressure fatigue rig provided the gauge is isolated 

from the repeated pressure by a check valve. In this way the gauge 

reads only the maximum pressure of the eyelet  and means must be provided 

for bleeding-off high pressure oil occasionally to re-check the 

pressures. This principle was used by Austin and Crossland (27) 

for repeated pressures up to 40 Tong
/in2 (618 1ST/m.

2). The check valve 

block clearly needs to be carefully designed and fairly massive to avoid 

fatigue failures. This would be extremely difficult to accommodate in 

the fluid support test rigs and would be a certain trouble-spot. Also 

the method was unacceptable on the grounds that a complete record of 

rising and falling internal and external pressure was considered essential 

for a fatigue machine. 

The Bristol repeated pressure fatigue machine (22.) uses 

a different type of elastic deformation gauge. A strong thick walled 

cylinder which has been externally strain gauged is assembled in series 

with the test cylinder and is subject to the same repeated pressure 

conditions. The strain gauge output gives a secondary measure of pressure 
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once the pressure measuring cylinder has been calibrated against a 

dead weight tester. The method has been very successful and t O. 

accuracy is claimed, but clearly the method is limited to'fairly low 

pressures where it is still possible for a manobloo cylinder to have 

infinite life. This could not be said of fluid support test rigs and 

.the method can not be considered viable. One possibility as far as 

measurement of external pressure is concerned would be to attach strain 

gauges to the outer diameter of'the outer vessel, but as the vessel 

isso massive signals would be low and if the vessel became auterettaged 

measurements oould not be relied on over a long period, 

Manning (21) has suggested that strain gauges could be 
installed in the'bore of a thick walled closed ended vessel which enteras 

the high-pressure environment sdt that pressure is exerted on the outside 

surface. The strain levels wouldbe larger and fatgue life much improved 

'but the same limitation's apply regarding autofrettage and space consumption*, 

Another possibility is to attach strain gauges to the bore of'the outer 

vessel or test cylinder within the fluid pressure environment* The 

Main objection to.  this is in the difficulty of maintsiwtng an effective 

strain gauge bond over long periods, in a dynamic fluid pressure 

environment. Pressure compensation of the strain gauges is necessary 

and Kude and Nakane (13) have shown that this becomes a complex 

- procedure only suitable for static conditions. 

The bulk modulus cell described by Newhall & Abbot (44.) has 

the advantage of robustness and a good fatigue life could-be expected. 

A hollow cylinder, closed at one and and open to the atmosphere at the 

'other end, is installed within the vessel and the application of pressure 

to the outside surface of the cylinder causes contraction. A central 

probe senses the movement to giVe a secondary measurement'of pressure. 
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Typically for 100,000 lbf/in2  (689 Wm external pressure a 2 in. 

(50.8 mm) long cylinder contracts 0.003 in (0.076 mm). Although the 

gauge had the advantage frOm a titigue point of view cycling in a 

compressive regime, the maximum pressure will be severely limited if 

plastic cyling is to be avoided. 

6.1,3. Eleetrical Resistance Gaines.  

The last class of pressure gauge is that of the resistance 

gauge sensitive to applied pressure, The manganin coil is the best 

known example of such gauges and was used extensively by Bridgman (45). 

Menganin is a generic term used to describe a number of copper-manganese- 

nickel alloys used for high quality preoieion resistors. A typical 

composition is 80 Cu,, 1011n, and ea. The material is chosen for 

its extremely low temperature coefficient of resistance, high resistance 

stability, and low thermal e.m.f. with respect to copper. As far as 

high pressure work is concerned manganin had the added bonus of providing 

a large positive pressure coefficient of resistance 380.10-6  per tonflin2  

(24.7.10-6  per /113/m2). 

The idea of using manganin as a pressure gauge Bridgman attributed 

to Lisell (14). Bridgman's gauge was a 120 ohm coil of double silk. 

covered manganin wire 0.005 in (0,13 mm) diameter. The wire was doubled and 

wound non-inductively on itself into .d coreless toroid of about 0.39 in 

(10 mm) diameter.- A seasoning operation followed by exposing the coil 

to a temperature of 140°C for six,to ten hours. Bridgman established the 

linearity of his manganin gauge as within 0.1% to 84 Tong/in2  (1,300 Talita2) 

and, to within 0.3410 to 194 Eonf/in2  (30(7100 MT/ra2). 

It was also mentioned earlier that manganin has an extremely 

low temperature coefficient of resistance but this in, 	holds only 

for a relatively small temperature range, and the material is "characterised 

by a steep parabolic resistance temperature curve outside this range. 
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The peak temperature of the parabola may be shifted for higher 

temperature operation by altering the composition, for example 

Shunt manganin which normally has a higher operating temperature 

is of the composition 850 Cu., lot, Mn, 40 Ni. and l0 Fe. In a 

dynamic pressure situatiofl which is accompanied by corresponding 

temperature variations it may not be possible to remain within the 

flat topped region of the parabola. To overcome this eroblem 

a gold chromium alloy has been proposed by Darling & Newhall (47) 

but the pressure 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 may 

be achieved by using two coils one of which is subject to the 

Pressure and temperature of interest and the second of which is 

outside the presSure environment but still subject to the temperature 

by conduction through the vessel wall. This can clearly only work 

in a static situation where sufficient time can elapse for thermal equilibrium, 

and in faot is not strictly precise because the temperature coefficient 

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 possible solution could lie in a self compensating gauge 

similar to the self compensating strain gauge, where two carefully 

chosen wire materials having similar but opposite temperature coefficients 

are connected in series, but this is no easy matter. A compromise 

solution lies in recording simultaneously the pressure and temperature 

at the same point in'the high Pressure fluid. A temperature oorrection 

can then be made subsequent to the manganin gauge pressure reading. 

Measurement of temperature in a high pressure environment 

is itself not simple, as pressure affects the thermal e.m.f. generated by 



a given temperature difference,. Bundy (48) tested eight common 

thermocouple metals at pressures up to 466 tonffin2  (7,200 MR/m2) and 

showed that for a chromel-alumel thermocouple the correction for 100°C 

temperature difference at 65 Tonf/in2  (1,000 MIT,/m2) was less than 0.5°C 

This inaccuracy may be considered negligible when the temperature reading 

is being used for a secondary correction to the pressure reading. 

Considering the application of menganin gauges for pressure 

measurement within the test rigs it emerges, clearly as the best method. 

The gauge can be made very small and accommodated in a complex rig 

without the need for valves or external pressure connections. It is 

accurate and can be simply connected.  in a Wheatstone Bridge to give 

sufficient output to drive an ultra-violet recorder without amplification. 

Unlike any of the elastic deformation gauges there is no serious hysteresis 

or fatigue problem in the gauge itself. Electrical connections have to be 

made via sealed terminals which are themselves subject to substantially 

compressive cycling conditions so that there should be little chance of 

fatigue failure. The only significant disadvantage of the manganin gauge 

is its fragility and this can be improved by winning on a former and using 

robust connecting leads to the terminals. 

6.2. Details of Manganin Gauges, Thermocouples and Terminals.  

6,2.1. The Vanganin Gauge._  

The Manganin wire used throughout the present work came from 

a single reel of standard quality Stabilohm 43 resistance wire made by 

Johnson Matthey & Co. Ltd. The composition is approximately 85% Cu., 

11% Mn., and 4g Ni., and the nominal diameter of the wire 	0.004 in 

(0.10 mm). The wire is insulated with an epoxy based aythetio enamel 

known as Dismal which is extremely flexible and to be preferred to the 

silk_vs6i:d3i.- / used. in the past. Stablohm 43 has the usual flat topped 

parabolic relationship between variation in resistance and temperature,. 



and the peak temperature value (Tp) can be controlled by the manufacturers 

within the range 1500 to 35°0. The nominal T of 'standard' quality 

wire is 2500 with a tolerance of t 15°C but the Tp  of 'premium' quality 

wire can be controlled to within!: 2.1/Z of a number of values within 

the'range 1500 to 35°0•  ,If high temperatures are anticipated during 

pressurisation then a high Tp  value is clearly advisable to remain within 

the flat part of the parabola.. In fact if temperatures in excess of 6000 

are to be encountered the use of mangenin wire itself becomes questionable, 

and alloy such as Stabilohm 133 a modified version of an 80/20 nickel chromium 

alloy may be preferred. 

The prooedure for making a gauge consisted initially of, cutting 

an approximate 78 in (2 m) length of Stabilohm 43 wire. The wire was then 

carefully shortened until the resistance WAS 100 tlohms, and wound on a 

Tufnol bobbin of the design shown in Pig06.1 (a). The two ends of the 

wire were soldered to the terminal strip araldited on to the bobbin. The 

terminal strip has printed circuit copper terminals on a fibre glass backing 

and is sold for strain gauge work by Welwyn Electric Ltd. An alternative 

version of the bobbin shown in Fig.6.1 (b) is suitable for rigid attachment 

by a central screw to a plunger so that no strain is put on the connecting 

wires. The arrangement can be seen in the photograph Fig 6.2. 

It had been the practice of Bridgman and other workers to double 

the wire before winding to minimise inductance effects. However, this doubling 

inevitably meant a 1800  bend in the wire which would certainly cause considerabli 

localised hardening with possible side, effects on stability. ;winding 

rithoat doubling as was the case in the present work has not been found to 

introduce undesirable indudtive noise. This is hardly surprising as the 

coil is normally well shielded by substantial steel components. To 

stabilise the resistance of the gauge after winding the manufacturers 

recommend annealing at 140oC for at least 10 hours preferably in a neutral 
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Fig. 6.1. !Ianganin Coil Bobbia3. 

Fiq. 6.2. (a) Pressurising Plunger with Manganin 
Gauge and Thermocouple. 

(b) Plain Pressurising Plunger. 



atmosphere. Undoubtedly. this is a wine precaution although it was not 

'always carried out rigorously in the present work. No short term 

resistance instability 'could be Observed in coils which had not had 

'the recommended-anneal,. Pressure cycling is, also advised before 

calibrating a manganin gauge and it was convenient and simple to do 

this using the fatigue -geese. 

.6.2 3. Terminals and Thermocouples.  

The design employed for electrical terminals for both 

manganin and thermocouple connections was originally devised .by Amagat 

who used a thin conical shell of ivory between the electrode- ad& the 

body of,the.vessel. In the present case shown in Fig. 6.3, the 

insulator is a standard component made by Smith's Industries Ltd., in 

alumina ceramic. 'The terminal material must be sufficiently hard such 

that it will not extrude under pressure and in the case of the manganin 

coil terminals hardened and tempered silver steel-was used. The 

thermocoUple terminals, however, were made of the individual thermocouple 

alloys to overcome the problem.of additional thermal e.m.f.'s which would 

be introduced by coupling to steel-terminals. 

Both the terminals and the sockets were machined by conventional 

methods as precisely as possible inthe soft unhardened state. After 

hardening the insulator was first lapped into the sbeket until the surface 

contact was uniform, and at this point the insulator tended 'stick in 

the socket. • The terminal could then be lapped into the insulator in 

situ. It will be noticed from'Fig '6.3. that the. insulator rests entirely 

within the socket and' is not assembled proud -of the top surface. This is 

.an important feature'to ensure the - uniformity ofstress conditions in the 

brittle:ceraiia.' Normally before the first pressurisation a thin layer 

of draldite was apPlied_to the top'of the, insulator to ensure an initial• 

seal and effectire  bedding down within the socket. 
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It was sometimes found that.after a few thousand pressure vats 

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

under pressure and the arrangement was satisfactory for,many more 

tests. The Photograph Fig. 6.4,, shows a typical cracked insulator 

on the four terminal end piece from the static support rig. The 

manganin coil has been removed but the thermocouple can still be seen. 

Eventually if a- terminal or insulator was giving trouble and had to 

be replaced the process of extraction was very difficult unless 

individual back holes were provided. This was done wherever possible, 

for example in the-static support rig, rig 5.4., but could not be 
arranged when terminals were'placed in A plunger, Quo minor problem 

associated with the terminals was short circuiting towards the, end of 

a long fatigue test of 100,000 cycles or more. It was found that minute 

particles of phosphor bronze which had worn from the plunger mitre ring 

had collected in the annular well above the insulator and eventually 

provided a short circuit path. This could probably, be avoided by filling 

up the well with araldite. 

The use of four terminals in a 5/8 in (15.9 mm) diameter 

plunger creates difficult design problems because of the extremely 

limited space. Chandler (19) has suggests?. an alternative more 

compact method of introducing a number of electrical wires. A single 

steel cone is made with a number of longitudinal slots just sufficiently 

large to, acoomodate say 0.015 in (0.38 mm) diameter wires. The wires 

are bonded in the slate with an epoxy resin and the whole insert bonded 

in a matching socket in the vessel. The mthod was tried in the present 

case for an assembly of four wires in a plunger, butfound uneatisfactory 

in fatigue.. .One or the wires invariably extruded or snapped after only 

a few hundred cycles and it is impossible to replace one wire without 

extracting the whole assembly and starting again. In a static situation 
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Fig. 6.4. Four Terminal Assembly with Cracked Insulator. 

(a) Manganin Coil Terminals. 

(b) Cracked Insulator. 

(o) Thermocouple Terminals. 

(d) Check Valve 3eat. 



the method appears to be satisfactory but was not developed further 

for the fatigue rigs. 

Commercial Chromel-Alumel 32 S.U.G. thermocouple wire was 

used for all temperature measurements, add the terminals were individually 
.1-p m) 

made from 1/4T \dieneter 	Chromel and Alumel rock!.-  These materials 

are much softer than the silver steel used for the manganin gauge terminals 

but no extrusion problems were encountered at the pressures achieved in the 

present test programme. 

6,„3. Instrumention and Recording Equipment.  

The general layout of instrumention and recording equipment 

is shorn in the photograph Fig 2,2* it consists of two pressure units, 

one each for internal and external manganin gauges, .a variable D.C. supply 

unit and an ultra-violet recorder, The pressure units are based on an 

arrangement described in detail by Barton (9)). The circuit diagram for 

the units is shown in Fig. 6.5, but in the test programme no use was made 

either of  the amplifier or the direct indicating meter. 'abet remains is 

a Wheatstone bridge circuit with the menganin gauge forming one quarter 

of the bridge, and. the usual controls for balancing the bridge and 

adjusting; the supply voltage to control output. 	The output is in 

fact quite sufficient to drive the recorder galvanometers without 

amplification. For calibration a,fixed 'set-calibrations resistor 

-147 can be switched in the circuit to give a'state of unbalance corresponding 

to a known pressure.. It was arranged that different n.7 resistors could 

be installed appropriate to the patticUlar - pressure range required. Both 

pressure units were drivenfrom'a single Microre type 300 Transistor 

variable power 'supply made by Weir Mectronics Ltd. • This instrument 

provides D.C. output from 0 to' 25 volts with low noise and drift free 

performance. Normally it was requtred to supplyabout 6 volts to the 

pressure units. 
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The output from the pressure units was fed to an S.E. 

Laboratories (Engineering) Ltd.. Type 3006 ultra-violet oscillograph 

with six galvanometer Channels. The'instrument is fitted with a slow speed 

gearbox giving paper apeeds from 0.2 in (5.1 mm)/Min to 5 in (127 mm)/8. 

The slowest speed enables the recorder to be left running throughout a,  - 

test for a complete permanent record on 6 in (150 mm) wide direct print 

paper. The recorder is fitted with Type A.100 galvanometers having &-

nominal sensitivity of 0.0037 mA/om'with a toleranCe of t 10%. Because 

of the possibility of sensitivity variation between galvanometers care 

was taken to assign a particular galvanometer to a particular channel and 

to a particular pressure measuring unit. The galvanometers Were_not .  

regarded as interchangeable. 

The thermocouple output was also fedAlrectly to the recorder 

a reference cold junction being maintained nearby in an ice filled vacuum 

flask. As it was necessary for current to be drawn from the iermocouple 

to drive the galvanometer the standard temperature/ e.M.f.-  charts could 

not be used and thermocouples had to be calibrated. 

6.4. Calibration Technique.  

In the early part of the test programme a dead weight tester 

was not available and tnanganin gauges were calibrated Against a 150,000 

lbf/in2 (1,034 Wm2) Budenberg pressure gauge, which itself had been 

,calibrated by the National Physical Laboratory. A square section vessel, 

as described by Leng3el and Alexander -( 1 ); was used With the manganin 

gauge installed at one end of, the horizontal bore and the Budenberg gauge 

connected at the other end, with, an intersecting vertical bore for the, 

pressurising piston. The whole assembly was installed in a testing machine, 

the vessel filled with fluid and pressurised incrementally up to a maximum 

of 80,000 lbf/in2 (552 11/m2) and released. A recording was made on ultra-, 

violet paper of the manganin coil galvticometer deflection at each pressure 
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increment, and also of the 'set -calibrationl,deflection, In a subsequent 

'fatigue test the 'set calibration? deflection would be adjusted to the same 

, value as in the calibration test so that the actual fatigue test pressures 

could be'read from the calibration chart. In this way non-linearity of 

the galvanometer at large deflections was not a problem. 

It*was possible to perform elevated temperature calibrations by 

installing the square section vessel in a thermostatically controlled oil bath. 

Three calibrations were carried out at 19oC and 70°C and it was found that 

the three calibration lines diverged slightly as-the pressure rose. However, 

by assuming that the elevated temperature calibration lines were parallel to 

the room temperature- line and displaced only by the temperature effect at. 

atmospheric pressure a maximum error of about 10 was introduced at 7600-  and 

70,000 lbf/in2  (403 Mel/m2)• It should be mentioned that during these 

elevated temperature calibration tests the temperature of the oil in the 

Budenberg gauge was also high, which may have distorted the calibration 

curves. 

Much more accurate room temperature calibration became possible 

/ later in the test programme when a 200,000 lfb/in2 (1379 IIN/m-2  ) Harwood controlled 
leartuta.- 

-4iston gauge was installed. Details of this dead weight tester have been 

fully described by Johnson & Newhall (i 	Athick-walled monobloc cylinder 

of 100 Tonf/in2  (1544 121/m2) ILT.3s En -300. was connected to the dead weight 

tester and contained a sealed terminal block for the I-nganin gauge under 

test and thermocouple which was supported by a screwed plug. The complete 

instrumentation trolley was brought to the dead weight tester and allowed to 

warm up for an hour before starting the calibration. Zero readings were 

taken and the 'set-calibration' deflection adjusted to a convenient value, 

usually 6 or 12 am. Correct weights for the first pressure increment were 

applied to the piston ,and the drive pressure built slowly up -to a value just 

short of balance. The piston was then -set spinning by an electric motor 

and the jacket pressure was increased to a value known to give the correct 

- support. The drive pressure was increased again very gently until balance 



was achieved and the piston floated to the top of its stroke. After a 

Short time a dial indicator showed that the piston was beginning to fall 

and having noted that the temperature had stabilised a recording of the 

galvanometer was made. The pressure was taken at this point to be simply 

total load on piston and more exact corrections :were not applied. It 
aA-€4, 

was assessed that these corrections were smaller than the accuracy with 

'which it was possible to read the galvanometer deflection' The whole 

procedure described above was repeated kir a number of pressure increments 

up to 100,000 lbf/in2  (6o9 MIT,/m2). On release o£. pressure and after time 

had elapsed ter thermal eqUilibrium the galvanometer deflection Was 

closely_ watched for an accurate return to the original zero. In exceptional 

oases this did not occur and the calibration was repeated, or if still 

troublesome the gauge was scrapped* A typical gauge calibration curve is 

shown in Fig. 6,6* 

Thermocouple calibration was carried out by immersing the 

thermocouple in oil in a beaker and heating uniformly to two or three 

different temperatures which were measured accurately at the same time 

by a mercury in glass thermometer. The - galvanometerdeflections could 

then be related to knowAtemperatures and because of good linearity 

intermediate temperatures could be measured accurately 

For the purpose of temperature compensation calculations for 

the pressure measurements a series of temperature tests were also carried 

out at atmospheric pressure on the manganin gauge. 

The gauge was coupled in the normal wv.  to a pressure unit and 

ar4initial Iset-calibration' deflection was noted so that as the coil heated 

up the output from the bridge could be expressed as a pressureporrection. 

A plot of this correction is shown in Fig* 6.7. 
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CHAPTIM 7.  

MATORtAL AND 3PECIM1MS.  

7.1 Test Material and Cutting lin Procedures*  

The material used for the teat programme was a 20 nickel- 

chromium-molybdenum steel to British Standard Aircraft Material Specification 

2S96B. The more familiar designation of this steel is 0.25 to British 

Standard Specificatian 97011955. The material was supplied in the form 

of eleven 2i in (63.5 mm) diameter 12ft (3.7 ram) long rolled bars all 

from a single cast. The bars were heat treated by the steel maker by 

oil quenching from 840°C and tempering at 660°C to give a U.T.S, of 

apprOximately 58 Tonfiin2  (896 laTim2). The cl
X
inical composition of 

the steel is shown on an inspection certificate. Appendix4ssued 

by the supplier Aircraft Materials Ltd. The certificate also shows 

typical mechanical properties although detailed hardness, tension 

and torsion tests were carried out as part of the test programme, 

Fig, 7.1 shows the indentification system and cutting up 

procedure used on the five bars of steel involved in the test programme. 

The 12ft« (3.7 mm) nominal length bars were first cut up into 3 ft. 

(0.9 mm) lengths numbered as shown in Fig 7.1., and the first and last 

6 in (152 mm) length of each bar were discarded as untypical material« 

The remaining material was divided up as shown between dynamic support 

fatigue specimens, static support fatigue specimens, hardness, tensile and 

torsion specimen*. 

7.2. Fatigue Specimen Geometry and Manufacture.  

Fig. 7.2 shows the geometry adopted for the dynamic support 

specimen. The shape,was chosen firstly to satisfy functional 

requirements defined in Chapter 4 and secondly to correspond broadly 

to the specimen shapes used hyTIo4rison et al, (24) and Austin and 

Crossland (21). The static support specimen Fig. 7.3 (a) was designed 

OA the same principles although the later version of the specimen Fig.7.3 (b) 

arose initially from a need to simplify the,shape for faster manufacture 
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Finite element stress analysis was subsequently carried out on the 

specimens to assess the defects of geometry and pressure discontinuities 

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

fatigue specimen, Details of the finite element analysis are given in 

Chapter 10. 

All fatigue speoiments were manufactured to the following 

sequence=- 

(i) A slug of material was sawn from one of the 3.ft. (0.9 mm) lengths 

taking care to preserve identification marks. 

(ii) The slug was drilled and fine bored on a centre lathe to within 

0.020 to 0.025 in (0,51 to 0.64 mm) of the final diameter. It was 

not safe to go nearer to the final size than this because of the difficulty 

in smooth boring the test material. Oxoess material was also rough 

turned from the outside at this stage although no attempt was made to 

profile the outside diameter, 

(iii) The bore was coarse honed to within 0,004 or 0.005 in (0,10 or 0.13mm) 

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

serious boring marks remained. 

(iv) A well cleaned and greased expanding mandrel was inserted in the bore 

and set up between centres in a copying lathe. The outside diameter was 

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

required length. The outside surface was also lightly papered with fine 

emery cloth to improve the finish. 

(v) The bore was fine honed to the correct diameter with a surface finish 

of 4 to 6 fan (0.10 to 0.15p.m) C.L.A. 

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

of 2 to 4/ain (0.05 to 0,101am) C.L.A. 

(vii) The specimen was normally inspected at this stage for dimensional 

accuracy surface finish, and concentricity, and a visual and magnetic check 
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made Tor cracks in the bore. An identification number was etched 

on the end of the dpecimen. 

(viii) The specimen was finally subjected to the following stress 

relieving treatment in vacua, 

(a) Heat slowly and uniforay—up.to 600t 1000 under high vacuum, 

71-673,4 (6.7 0/41  taking 2 to 3 hours to reach the maximum 

temperature. 

(b) Soak for I, hour at 600t 1000. 

(c) Allow to Cool slowly and uniformly to room temperature. , 

The stress relieving was performed by Edwards High Vacuum Ltd., and 

a typical run sheet is shown in Appendix 3 

(ix),To preserve the specimen against corrosion before testing a liberal 

coating o# white vaseline was applied. 

7.3 Ancillary Test-Specimens and Conditions.  

Hardness Tests.  

A systematic cheek ofilardness variation along the length of 

a bar and across the seotion was carried out on bar No.l. The specimens 

were simply 3 in (76 mm) long cylinders with flat gwOkund ends taken from 

the middle and two ends of the bar as shomin.the cutting up Diagram Fig. 7.1. 

Tension Teets... 

Two sizes of tension specimen were employed. The larger, 

shown in Fig 7.4., was only suitable for longitudinal test pieces but had 

a gauge length to which an extensometer could be attached. The smaller 

specimen, shown in Fig 7.5.) was suitable for both longitudinal and 

transverse test pieces and was modelled on a Hounsfield No.l. Specimen. 

No extensameter was available for this specimen and the measurement of 

crosshead displacement had to be relied upon. It can be seen from rig7,4 

and 7.5. that the specimen* were taken from'ber material away from the centre 
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at a radius typical of the fatigue speoimen cross section. .The 

small specimens were intended to reveal the longitudinal and transverse 

tensile properties of the material whereas the large speoiments were to 

indicate material property variation from bar to bar. It can be seen 

from the cutting up Diagram Pig 7.1. that large tension specimens were 

taken at one end and away from the ends of every bar. 

The large specimens were tested in a Dennison Model T.4202 

testing machine using the 11,000 lbf (49 00 range setting. This 

machine was fitted with an autographic recording facility which was 

used in conjunction with a Wiedman-Baldwin 	Extensometer, 

This extensometer is fitted with two linear variable differential 

transformers, one to cater for elestio and small plastic strains, 

and the other to eater for large plastic strains, over a gauge length 

of 2 in (50.8 mm) Autographic records of load against extension were 

obtained'dUringthe tension tests. When testingthe higher extensometer 

sensitivity was used initially, but soon after yield had occurred the lower 

sensitivity was used for the remaining extension up to failure. 

The small lonlitudinal and transverse speoiments were tested 

in an Instron testing machine using the 5,000. 1bf (22 kit) range., A 

crosshead speed of 0,02 in/min (001 mm/min) was used anA again an 

autographic loads-extension curve was obtained. However, on this 

occasion the extension referred to the orosshead displacement. 

7.30. Torsion Tests.  

A number of torsion tests were oarried out on bar No.5. 

Initially two large solid torsion speoiments were made to the shape 

shown in Pig. 7.6., which was a reduced diameter version of the Standard 

specimen normally used on a 15,000 lbf in (1.7 0 m) Avery Type,6609 

C.G.C. Torsion Testing Machine. The ends of this specimen are so large 

that the specimens were cut from the centre of the bar. Four strain 

gauges were attached to the oentre'portion of each specimen equally spaced 

around the circumference and aligned on 45o helix guide lines. The 
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diVeotions of the helices alternated so that the four gauges were 

strained'in tension, compression, tension, and compression respectively. 

The gauges were connected via a selector box to a Budd threat reading 

strain indicating bridge. A torsiometer was also fitted to the specimen 

to indicate large angular displacements beyond yield. •It consisteded 

two clamping rings spaced 3 in (76.2 mm) apart and carrying a- protractor 

scale and pointer. 

It was felt desirable to carry Out torsion tests on material 

away from the centre of the bar which would be more representative of 

the material in the fatigue specimens. A much smaller fatigue specimen 

was required and the &sign shown in rig 7.7 was adopted. ' Tito driving 

collars were made 131100 Tonf/in 2  (1544 WE12) 	En. 30.B. material 

of the same external shape as the ends of the large specimen but2with an 

accurate bore to slide over the ends of the small specimen. The driving 

collars were radially drilled and tapped 3/e in B.S.V. and a lir point 

grub screw was uSed in each to engage in the conical dimples at the 

two ends of the specimen. In this way the specimen could be used 

in the existing driving grips of the 15,000 lbf in (1.7 *tut) 

Avery Machine. Two strain gauges were attached to the smaller specimen 

and the torsiometer was modified to suit the 1.7/8" (47.6 mm) gauge 

length Used.. A specimen ready for test is shown in the photograph 

Fig 7.8. 
The use of strain gauges is a rather expensive method of 

measuring small shear strains an specimens which are tested to destruction. 

However, if only a few specimens are involved this may not be important, 

and their use does have the advantages of quick reading, and of.indicating 

-the magnitude of bending induced during a test. 
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CHAPM 8.  

ANCILLARY T RESULTS*  

8.1 Hardness Tests. 

The results of the hardness tests made at the two ends and 

the middle of- bar ao.l. are shown in Fig. 8.1. The points plotted 

are the average of hardness values measured along two diameters at 

right angles for each specimen. It can be seen by reference to the 

cutting up diagram Fig, 7.1 that the end specimens were taken from. 

the part of the bar formally discarded. The plots in Fig. 8.1 thus 

represent the extreme variations of hardness which could be expected. 

One end of the bar is noticeably harder than the other probably as a 

result of being Subjected to a more severe quench during the heat-treatment. 

All parts of the bar exhibit softening in the centre although this is 

restricted to a region within 0.5 in (12.7 mm) radius of the centre. 

The region from 0.5 to lin (12.7 to 25.4 mm) radius of the centre, 

which would normally be used in a fatigue cylinder is of uniform hardness 

across the section and along the length of the bar providingthe very 

ends are not used. This 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 Tension Tests., 

The results of tension tents carried out on large longitudinal 

speCimana taken from the five test bars are shown in Table 8.1, and a 

typical autographic load/extension curve from a testis shown in Pig. 8.2. 

Specimens were cut from both ends and the centre of bar Uoil., and it can 

be seen from the results table that the yield and ultimate stress values 

at the ends are some 4r, higher than at the centre. The other bars were 

tested near the centre region and at one end and e1hibited similar variation. 

The variation in tensile properties from bar to bar either at the end or away 
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from the end is also within 0 although the extreme overall variation 
is as Much as 8%. However, in the case of bars Nos. 3 and 4 teat 
pieces were taken at the beginning 'of the last 3.ft, (0.9 m) length 

of each bar and yet still exhibited .the same 	lower values than at 

the very ends.. This indicates that the material with higher tensile 

properties is restricted to a fairly limited region at the ends of 

each bar. Table 8.1. also gives average properties away ffom the end 

of the bars. No significant variations Were discovered in the values 

of either reduction in area ar'Youngeti Modulus. 

The resultsof the'smaller tension specimens out insa'transverse 

as well as longitudinal direction from bars Nos. 3. and 5 are alio= in 

Table'802. and'typical autographic plots are shown in Fig 8.3. The 

results indicate that there is no difference in yield and ultimate strength 

between the transverse and longitudinal directions, but that there is a 

marked difference in the redaction of area figure. This lower ductility 

in the case of transverse specimens is also manifested in the autographic 

plot by the reduced displacement at which the transverse specimen fails, 

Two of the four transverse specimens fractured in a 450  plane across the 

section instead of the classic cup and cone fracture obtained with all 

longitudinal:specimens. 

8.3 'Torsion Tests.  
The results' of torsion tests on two large ,and two small 

speciMens taken from bar No.5. are plotted on the basis of TmAlsgsinst 

shear strain in jigs. 8.4 and. 8.5- Fig 8.4 is'drawn'to a large shear.' 

strain scale to show in detail the elastic and elastics-plastid regions' 

of shear strains appropriate to the expansion of moderately thick walled cylinders 
ciaeor-46 	• • 

up to the collapse point. The experimental peints in Fig 8.4. are largely 
from strain gauge readings.- Tiz.,84.-shows the shear stress/strain curve' 

at large plastic shear strains Up to fraotUre, and in thi6 caselheexperimental 
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nointa were derived from angular torsiometer measurements. 

In rig. 0.4. the difference between the results of the 

four tests are very small although as would be expeoted the large 

apecimens taken from the core or the teat bar are slightly softer 

than the small specimens away fro!i the core. The shear stress 

curves beyond yield were derived rrom the experimental curves by 

Naaai ( 62) construction, and exhibit virtually no hardening up 

to a shear strain of 0.015 or so. This behaviour is typioai of 

n.25 ateel and agrees well with results from a careful aeries 

of experiments on both solid and tubular torsion specimens by 7ranklin.  

and 7.orriaon (53). In Fig. 80. the Nadai oenstruction has again 

been used to derive the, shear stress/strain curve. The average 

properties of the materialin torsion are given in Table 3.3., and 

these agree well with data on En.25 given by Morrison of al (21-  ) 

Austin,and Crossland (2:7), and Crossland and Burns ( 5-), 
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CHAPTER 9.  

PRESSURE TESTS ON STRAIN GAUGED CYLINDERS.  

Tests were oarried out an two plain cylinder specimens to establish 

the pressure expansion'and contraction curves under internal and external 

pressure conditions. In the case of the internally pressurised cylinder 

the effect of cycling beyond. the yield. pressure was investigated.. 

9.2 Test Procedure.  

9.2.1. Internally Pressurised Cylinder.  
A plain cylinder of 1.75 K. ratio ,was carefully markoa out with 

guide-lines an the outside surface so that three axial and three 

circumferential resistance strain gauges could be accurately positioned. 

The gauges were installed alternately in the axial and circumferential 

directions as can be seen in the photograph Pig. 9.1. The gauges used 

were of 0.5 in (12.7 mm) gauge length and negligible transverse sensitivity. 

The strain gauged specimen was installed in the test rig using 

static support rig comionents with the exception of the outer vessefi. This 

was replaced by a large diameter thin walled tube with a hole in the wall 

through which the strain gauge leads oould emerge. The leads from each 

strain gauge were individually-connected to the terminals of a multi-way 

selector box, which itself was connected to a Budd Strain Indicating Bridge. 

In this wa  each of the six gauges could be selected in turn, the bridge 

balanced, and the strain recorded. 

The internal pressure was generated with the usual sealed 

plunger arrangement, but in order to increase the pressure incrementally 

and to hold the pressure constant for each increment special measures were 

taken. The leads from the pressure switch to the electrical control 

cabinet of the press were disconnected so that the press oould be used in 

'Auto' without the ram reversing once the maximum, pressure had been built up. 
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Pio. 9.1. Strain ',lodged Cylinder. 



Theo for .w y settins of the main relief valve a conotant plunger pressure 

could be maintained, and by adjusting the relief valve the pressure could 

be gradually raised or lowered. 

Initially, a numbsr of for pressure excursions wore 

made to check and stabilise the performance or the strain au ea. The 

pressure was then raised to 25.4 Tonein2  (392 T: /n2) incrementally' and back 

to zero, a full record being tell:an of all strain gauge reading°. A Lo more 

such pressure excursions were made before restoring the nresaure switch in 

the control circuit so that the press could be cycled normally. An X . T 

plotter wee connected up to the strain gauges at this stage in the hope of 

monitoring the pressure.etrain Characteristic as the test proceeded. &mover, 

the response of the plotter was insurrioiently fast and the pen tended to 

overshoot making it difficult to got sensible results. A record was,  

therefore kept of the strain gauge reading  s from the Budd bridge at 

nininun pressure at intervals throughoat the teat' A second stage of 

the test involved inereasing the pressure cycles to a higher maximum 

pressure.  27.3 Tong/3n2 (422 	2) ebile still keeping a check an the 

strain geuge readinp. The number of cycles achieved at this stage was 

ughly half the anticipated life, and the specimen wee finally etatically 

9.2.2t  	1. 	ed Cylinder.  

Two axial and two circumferential strain gaugee 

ire 	 stalled in the bore of .a plain cylinder specimen of 1.75 K ratio. 
(0.25 in (6.4 mm) 

It was necessary to umbgauges in the oircumferential direction although 

().5 in (1247 mm) gauges were used axially. -'The 0.25 in (64 mm) Sages 

have a °rola sensitivity factor of. 	, but es the axial strains are only 

roughly 0428 times the hoop strains the cross-sensitivity.effect could be 

ignored. Bach gauge'with _ends attached carefully was mounted fade down 

on a long strip of aellotapo, and .̀_astman 910 adhesive applied to the back 

of the gauge. The strip was then introduced in the bore of the specimen 
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and when Aligned with pairs oto de4ines on the and fame pressed 

down to fix the;ao, in potation. The leado were soldered to a 

terminal otrip and t onnections made to the oelaotor box and bridge 

unit as before. 

The swam= was installed in the static support 

rig but with modified and cloeures co that no component entered the bore 

of the speoimeno adorned pressure was provided in the usual ma/ frog 

the static pumping rig and the p%ograph Fig. 9.2. °hews a general view 

of the exporimantal set up. Strain gauge readings were made at increments 

of pressure up to a maximum of 29.2 tonf/in2  (451 1011m2) and during the 

reduction of pressure to sere. 

9A340.'1.nto;nsaly ProssunOed cylinder.  

The summariced strain gauge readings are given in 

Table 9.1. ring the elastic portion of the first preesnxiAation the 

• variation between the oircumferontial strain readings is within 1.V. 

.The first tea cycles of pressure are plotted on the basis of hoop strain 

in Fig 9041  and it can. be  seen that after the first-application of 

pressure the departure from linear elastic, behaviour is quite emall.-

The elastic axial strains are plotted in kig 9.4. f©r the first application 

of pressure and from this graph and Pig 9.3. the elastic constants were 

calculated and are &an given in 'Table 9.3. The values of the elastic 

constants are within about Z!,-or the anticipated values from static tests. 

The results of pressure cycling on the meaoured 

strains are pl.c tted. in Fig 9.5 on the basis -of a funetion ( E-0  -1-1)Ez ) 

which is.proportional to the- shear strain at the outside of the specimen. 

This method of plotting in lawful when using the 2reahlin and iflormieon ( 

method of prediotim the preeaure-expansion curve. 3uoh a curve predicted - 

from,etatio Shear data i.s 'showil en the graph for .c 	on. It can be 
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TABLE 9.1 (et)  

Summarised Strain Gauge Results for Cylinder Sub4ected to  
25.4 Tonf/in2  _092 MN/m2  ReRented Interpal Pressure 

	

[Cycle No Pressure ., 	 

	

F 	Strain (microstrain) 

J (Tonf/in : Mean Reap (€e) I Mean Axial (Ez) I Co+ v ez  

1 
3.57 	250 -66 231 

7.87 	556 -148 

10.1 	724 -196 

12.4 	895 -248 

.307 	1039

865261695 

15.6 	1125 

17.95 1298 -355 	1199 

19.3 41 -386 

20.4 	1512 -400 350033  1 9  1400 3 

21.5 	1627 -441 

22.7 1773 -478 

23.8 1928 -513 

25.4 2184 -576 	211077825734  

21.5 1905 ..528 

16.5 1522 -418 

12.2 1194 -320 

7.45 835 

:6n:5  

-214 

5.25 662 -163 

2451654  0 255 -34 

25* 4 2224 -577 2062 

0 294 -38 283 

25.4 2222 -574 2061 

0 308 -41 297 

172 

1 	 I 1 	0 0 
1 
i 0 	0 , 



TABLE 9.1 (a) cant 'd 

,Cycle No Pressure 
(Tonf/in2) 

Strain (miorostrain) 
. 

Mean Hoop (e-e ) Mean Axial (Ea) 60  +y61  

4 25.4 2232 -575 2071 

0 319 -41 308 

5 25.4 2236 -577 2074 

o 326 -43 314 

25 0 348 —46 335 

575 0 387 —55 372 

1,225 0 409 —35 399 

a 
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TABLE 9.1 (b)  

Summarised Strain Gauge Results Sax Cylinder1  Subjected to 

27.3 Tonf/in2  (422 MN m) pepeated Internal Pressure  

. 

Cycle No. 

. 
Ptessure 

(Tonf/in2) 
Go  + 9 6-z. 

(microetrain) 
V 

1 27.3 2288 

o 466 

1000 27.3 2590  

0 763 

2000 27.3 2649 

0 840 

3000 27.3 2685 

0 873 

4000 27.3 2712 

0 893 

. 	. 
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' seen from P 	9.5. that the effect of pressuro cycling is quite marked 

in the early stays of to  teat but that as the number of cycles increases 

less softening takes place. The static yield pressure from pig* 9.5. 

is given in Table 9.3.alon with the final burst pressure. 

,90.2.11tternql/r.PAssur4;01  

The otrain gauge readings are given in Table 9.2. 

and it can be scan that up to yisid approximately le Tonf/in2  (2(30121/m2) 

the variation. in 	axial or oireumforential'readings is within 1.5. 

The elastic portion of the pressurination to plotted in Fig. 9.6 for 

both axial and oireumrerantial strains and 'f 	this information the 

elastic constants given in Table 9.3. were ualculatod. Beyond yield 

the arveement between the gauges WS3 very poor as can be seen in Pig 9.7. 

This oay have bean due to leen/ non uniform deformation but it in more 

likely due to poor adhesion and strain gauge performance at very large 

strains* Poe yield strain gauge s.  were not used in this test. 



TABLE 9.2  

St n Ca 	giant rEte 1 	8 rk924gaiadM. 

yre a sure Strain (tniFostrain) 

(Tont/i n2 ) 

. 
Hoop 

Gauge 
"f "ur 3Ga4  Hoop 

Gauge 
. 	I 

Axial 
i 

0 0 o 0 0 

8.9 1951 1946 564 557 

9.25 2043 2040 590 585 

10.5 2295 2290 662 657 

13.2 2896 2865 830 829 

16.1 3521 3460 1018 1007 

17.2 3803 3720 1096 1087 

19.5 4429 4288 1263 1241 

21.0 4961 4774 1394 1343 

23.1 6266 6109 1618 1521 

24.8 10988 .. - .. 

25.4 11975 11760 3862 3507 

26.5 17595 16072 5701 5493 

28.5 26055 22300 7830 7040 

29.2 32985 26506 8068 6737 

21.0 31145 25046 73136 6117 

12.5 29037 23450 6756 5533 

5.25 26868 21824 6148 4985 

0 24827 20296 5568 4467 

. . . . 
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TABLE 9.3  

Summarised Mechanical Properties from Strain Gauge Tests_ 

Internally Pressurised 
Cylinder 

Externally Pressurised 
Cylinder 

Young's Modulus 13,500 -r 	/t 1335oo TarkW 

Poisson's Ratio 0.276 0.288 

Yield Pressure 17.8 Taff lk:-  17.8 	10144:L  

Shear field Stress 26.4 	•• 26.4 	,• 

Burst Pressure 35.0  

k3? 



CHAPTER 10. 

sTREsg AND STRAIN At AL7SIS OF FATIGUE smarms.  

10.1 Introduction.. 

One,of the chief problems in the design of a fatigue apecithen 

is the choice of a shape which will ensure that fatigue failures occur 

consistently in a region of the specimen where the stress conditions 

are accurately known. In a cylinder this would hopefully be in a 

central region where Lame conditions were known to apply. Although 

the specimen designs adopted in the present Work are broadly similar 

to proven aeZiZ used by Morrison et al 011 and Austin and Crossland 

(27) the effects of entirely different sealing arrangements, external 

as well as internal pressurisation and open ended instead of closed 

ended conditions are unknown. It is particularly at seals where pressure 

disoontinuities give rise to stress discontinuities that the stress 

conditions could be sufficiently severe to cause failure at Lamdfstresses 

significantly less than the critical values. A detailed examination of 

elastic conditions is given in the following section, 10.2. For the 

analysis of fatigue behavioUr of thick walled cylinder/4 in the mortal 

region it is important to know the stress and strain conditions beyond 

yield. Elastic-plastio analysis is examined in section 10.3 for both 

static and dynamic pressurisation. 

10.2 Elastics AnaAysis.  

10.2.1. Previous Work and .Jethods of Analysis.  

An analysis of the stresses in the necked statics support specimen, 

Fig. 7.3 (a), could be achieved experimentally by strain gauge or photo 

elastic methods. The use of strain gauges could prove difficult in the 

seal region in a fluid pressure environment, and problems would certainly 

arise if through the wall stresses were needed. Three dimensional 



photo-elasticity using.either the stress-freezing or sandwich technique 

appears to be a better experimental technique although'only -very small 

model pressures would be needed, and under these conditions the viscoelastio 

behaviour-of the rubber Beal would notbe representative* .A theoretical 

analysis by Kilda and Mataxibara ( 54) revealed that.stress disqaatinujties 

in cold fprging dies are greatly influenced by Poisson's ratio, --This 

would: oast doubt on -the validity of the stress freezing photoelastie 

approach, in this application. 'HoWever, the sandwich technique has been 

successfully employed by El-Behery and Lemble ( 53) to determine the stress 

distribution in an extrustion container during extrusion* 

A variety of methods are Available for theoretical analysis of 

the discontinuity and steady stresses in a thick walled cylinder subjected 

to a band of pressure* One of the most exhaustive treatments of the 

subject is given in the'Thick Walled.Cylinder Handbook where the Fourier 

integral method is used to calculate the stress discontribution in plain 

semi-infinite cylinders with internal pressure, internalshear, external 

shearloading* Similarresulta are .,reproduced by Timoshenko abd GOodier 

(S7) from the paper by Barton ),I these analyses the pressure loading is 

assumed to reduce instantaneously to zero at the end of the pressure band,. 

which probably represents a more severe situation than in practice with a 

rubber seal. and mitre ring. The fact that analysis of semi-infinite . 

cylinders does not take account of end effects in short cylinders is 

a further.unrepresentative feature.' 

Kudo and Matsubara (S4) used the successive over-relaxation 

method due -to Southiell to calculate the stresses induced in'a cylindrical 

die.of finite length by a, band of uniform internal pressure* .The analysis 
, 	. 

shown that considerable constraint is provided by the pressure-free ends 

of the die so that hoop stresses'. less' 	the corresponding Leolvalues 

are present in the pressurised-portion of the die. The maximum constraint 

i9-0 
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is provided when the pressure-free length is greater than 0.5 to 

1e0 times the'bore in diameter, in the case of a pressurised length 

equal to the bore diameter. Lsmdrhoop stresses are only achieved 

when the pressurised length is greater than three times the bore 

diameter for ,the case of a 5.0 It ratio and a pressure free length 

,equal to the bore diameteri Although most of the analysis assumes 

a rectangular. or step pressure distribUtion an example is given of 

a trapezoidal:or ramp pressure.distributiOn. This has the effect 

of significantly reducing the amplitude or severity of the stress 

discontinuities. 

Thick shell analysis has been used byllohaupt et al (53 

to investigate stress distributions in a thick-walled vessel subject 

to equal internal and external pressure, The results of finite element 

analysis were also presented and provided a useful comparison. Two 

arrangements were considered, one an open' ended cylinder with a ram 

seal half Way down the bore, and the other an open ended cylinder 

with a rigidly constrained end and pressure over the whole length.' 

The analysis shove that significant tensile stresses are induced in the 

bore of the cylinder on the ram side of the seal and that the magnitude 

and distribution of, longitudinal stress is unaffected by the nature of 

the pressure drop at the seal be it a step function, or 'ramp function 

over 0.2 in (5.1 mm). The latter conclusion oontradicts the finding0 

of ICudo and Matsubara (gt) _ and seem intuitively unlikely. Furthermore, 

the finite-elementpredioted longitudinal stress distribution exhibits 

a sharper stress discontinuity than the thick-shell analysis although. 

the peak values are in agreement. Tensile longitudinal stresses in 

the bore are also predioted near the end of the constrained--cylinder. 

However, higher tensile stresses can be found,im-thii same region on 

the outside of the component., It was agreed in the discussion on 



this paper that the loading case of limo internal pressure with external 

pressure could give rise to significant discontinuity stresses and should 

hot'be ignored.,  

The numerical method of boundary-point-least-squares (6!) was 

used by Simonen et al (40) to examine discontinuity stresses in a plain 

cylinder of K 2. No end effects were considered and a ramp function 

pressure drop ever a length of 0.05 in (1.3 mm) was assumed. Internal 

and external pressure loadings were applied separately and the conclusion 

in both oases was that the mosteevexeshear stresses were to bejound in- 

thepressurised portion of the cylinder away from. the discontinuity., 

The examples quoted in the previous paragraphs serve to show the 

importance of detailed analysis of stress diemontinuities.at seals in 

high pressure cylinders., The most significant feature of such discontinuities 

is the possibility of longitudinal tensile stresses. Both the longitudinal 

and hoop stress conditions are greatly influenced by factors such as the 

relative pressurised and unpressarised lengths of the cylinder, the K 

ratio, and the pressure drop function. A further complication not dealt 

with in previous analyses is the precaution usually, taken with fatigue 

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

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

K = 1.75, for both internal and external pressure loadings* The finite 

element method seemed the best choice for •analysisp-and a programme was 

already available (CZ) for:axi-symmetrio solids of revolution. 

10.2.2 The Finite Element Method.  

,The finite element method of stress analysis is today the 

major computer orientated stress analysis technique, and is rapidly 

gaining acceptance as an,alternative to the traditional experimental 

techniques. The whole subject is treated at length by Zifinkiewicz 	), 

The method involves the division of a structure or continuum into a 

number of small (finite) elements, commonly triangular in cross-section, 

interconnected at their corners. These connecting points are known as 



nodes, and external loading is applied to the body vie the nodal points. 

In the case of plane stress or plain strain the elements are effectively 

triangular laminae, and in the axi -symmetric ease are rings of triangular 

Cross section. The first step in the analysis is to determine the 

stiffness matrix for each element, that is a matrix expressing the modal 

forces correspondleg to unit nodal displacements. The element stiffness 

matrix is built up using the equilibrium conditions, the stress strain 

relationship, and displacement conditions which ensure compatibility 

between adjacent elements. The stiffness of the whole structure is 

then obtained by summing the effects of each nodal' point of all the 

adjacent elements.. Using the overall stiffnese matrix the equations 

relating nodal forces and displacements for the whole structure can 

be defined and solved using the Gauss-3eidal iteration procedure. clement 

strains and stresses can then be evaluated from the calculated nodal point 

displacements. It is not particularly convenient to have element, stresses, 

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

are usually, of greatest interest for analysis. Aement stresses must 

'therefore be used either in numerical averaging techniques or in graphical 

extrapolation to predict nodal point stresses at boundaries. 

10.2.1. Finite Element Anal..JB of Test Specimens.  

Two specimen geometries were analysed using an Imperial College 

(Meoheninoal ingineering Department) axi-symmetrio finite element programme 

on the College IBM 7094 computer. The programme has the facility for 

elastic-plastic analysis although only elastic analysis was performed* 

The necked and plain versions of the static support specimen were ,selected 

for analysis although the information gained about stress discontinuities 

at seals and the specimen length required to develop Lame stress conditions 

would read across to other similar geometries such as the dynamic support 

specimen. 
ve0C,  

The finite elementAwas made as fine as possible within the limitations 

of the programme and the available computer core store. 

X13 



The mesh was defined uniformly along the length of the specimen. This 

was considered preferable to the alternative of a coarser mesh away from 

stress concentrations and a finer mesh around the stress concentrations 

themselves, as the stress gradients are too severe in a thick-walled 

'cylinder even inIsmiistress regions for a true representation of the 

total stiffness of the cylinder,  by a coarse mesh. The configaxatien 

Used in the analysis is shown in Fig. 10.1 and it will be noticed that 

the mesh coarsens, radially outwards from the bore. The radial heights 

of the elements were calculated to give the same hoOp stress gradient 

radiailYacross each element. ' The pitch of the elements axially is 

0.1 in (264 mm) 
	

BecauSe of geometrical -symmetry about the centre 

sections of both, the necked and plain specimens, it is sufficient to 

consider only half the total length of each specimen, as shown in Pig. 

10.1-which is an illustration of the final version of the input data 

as drawn by the Caloomp plotter, 

Two loading conditions wore analysed for each specimen geometry. 

The first condition was unit internal presdure applied uniformly to a 

fixed length of the bore, and then a linear deorease to zero over one 

element length, that'is 0,1 in (2.54 mm). The second condition was 

unit external pressure again decreasing linearly to zero over one element.' 

The positions of these ramp, function pressure drops correspond 'closely 

to the extreme positions of the mitre rings in the statio support rig. 

The internal and'external mitre rings wre,1/16 in and 3/64 in (1.2.mm) 

long respectively. Both upperandIower. 	external seals were `in diameter. 

The ram seal Wag 9/32 in (7.1 mm) long and the lower internal'seal was 

1/16,in (1.6 mm) diameter. Thus the assumption Made in the finite element

analysis loading was that the pressure drop obsurred mainly in the mitre: 

ring. and that the seals themselves transmitted pressure hydrOstatiCally 

for a good proportion of their length. This,assumption seems reasonable, 

although there is no direct evidence to support it., The loading conditions 

are shown diagramatically in Fig. 10.1. 
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The input of presnure loading to the finite element program 

involved the calculation of equivalent nodal point loads by the virtual 

displacement method. This method equates the work done by the applied 

measure in deflecting the boundary by a certain amount, to the Work , 

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

The only specified boundary oonditions were 

for the nodes at the very centre section of the specimens. As the 

specimens were cut in two for the analysis it was necessary to fix 

theOisplacement of these central nodes. 

10.2.4. Results of Analyses.  
sAP 

The results of finite elementon both the plain and. necked. 

static support specimen for internal and external pressure are summarised 

in rigs. 10.2 to 16.7. The vertical axes indicate stresses in any 

unit per unit pressure, if both stress and pressure are expressed in 

the same unit. Or, in other words, the stresses are given as a multiple 

of the pressure loading. The plots were obtained by first plotting the 

element stresses for elements closest to the inside and outside surfaces, 

which gave the general trend of, the distributions. Boundary stress 

conditions were then evaluated by taking radial oross-tlots at appropriate 

intervals and extrapolating to the boundaries. The somewhat laborious 

procedure is achieved numerically in more sophisticated finite element 

programmes* Nevertheless the cross-plots provide a useful check both 

on the accuracy of the finite element results, and on the degree of 

guesswork involved in extrapolation. rig 10.2 shows a few hoop stress 

cross-plots for the plain cylinder with internal pressure. It can be 

seen that in the central region of the specimen the element stresses 

lie very close to the true Lame stress distribution. In the seal region, 

however, the radial distributions are changing rapidly particularly near 

the bore. Extrapolation is more doubtful in this region and if greater 
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accuracy were required a much finer finite element mesh would. be  

essential. .The'hoop stress oross-plots for the necked specimen with 

internal"pressurel  and the external pressure oases exhibited similar 

characteristios to Fig. 10.2. The axial stress cross-plots were also 

clearly defined except in the region very near to the seal where 

extrapolation was more doubtful. These local inaccuracies however 

are of oil y minor importance in the overall longitudinal stress distribution 

plots presented in Figs. 10.3 to 10.7. 

10.2.4.1. Internal Pressure Loadinft:  
Figures 10.3 and 10.4 deal respectively with the plain and 

necked specimens under unit bore pressure. The concept of the necked 

design is of course to minimise any undesirable stress conditions in 

the seal region "and thereby ensure fatigue failures within the necked-

region only. The hoop stress distributions do show. that the reduction 

of stress takes place, more gradliAlly over_a longer distance in the 

necked, specimen, but that this also has the effect of reducing the . 

specimen length over whioh papid conditions 	In the plain 

specimen the hoop stress distribution is within le of the Lame'values 

for a total length of 2 x-a in = *in (63.5 mm) Out of the 4 in 

(102 mm) length Subjected to fluid pressure. The correspondinglength 

for the necked specimen is about 2 in (51 mm). The magnitude of the 

bore hoop stress (Cr)disOontinuity is 0.15 stress units per unit pressure, 

i.e. 15(g,  of the bore pressure in both oases, although the discontinuity 

takes place at a slightly higher stress level in the plain cylinder. 

For pressure p and. Poisson's ratio V the discontinuity range for a 

step function pressure drop is 2.91)(54), say 0.56 units in the case 

if p 1. The ramp function pressure drop over 0.1 in (2.54 Mm) applied 

in the finite element analysis is the reason for this difference. It 

has been shown(S1) that a ramp function over 0.031 in (0.79 mm) causes 
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the discontinuity range to tall to about 0.42 units., If in the same 

way the step function, discontinuity curve were terminated at points 

corresponding to a ramp function over 0.1 in (2.54 mm) the discontinuity 

range would fall to about'0.2'unitd Per'unit pressure. 

The axial stressk)distributions at the bores of both plain and 

necked cylihders-are very similar, slightly tosser 'peak stresses occurring 

in the necked. cylinder. At 'the Pressure free ends of the cylinders 

tensile axial stresses are predicted, bUt only of about 0.18 units 

magnitudes On the other hand the peak compressive axial stress in the 

pressurised region is aboat°0.5 units'giving a total discontinuity range 

of 0.68 units per unit pressure. The corresponding range for a step 

function . 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 

likely that the proxiMity of the seal to the end of the 4ylinder has 

reduced. the magnitude of the tensile axial stress. Larger tensile axial 

stresses are in feet predicted on the outside diameter of the specimen 

although,  these would not normally be significant. 

The shear stress( )vanishes over the bore surface and thus the 

so called ;fore'' stress distribution refers to material just below 

the bore surface. 

10 2 4 . External Pressure Loading.  
The stress distributions due to unit external pressure are 

shown in Pigs. 10.5 and 10.6. The necked cylinder again exhibits a 

more gradual decay of bore and outside diameter hoop stress (C); ) 

than the plain cylinder but, as before, this is associated with a 

smaller length of the cylinder for which Lamiconditions apply. The 
vs;ti,irt 

plain cylinder hoop stress, values, however, areAmith l'ifo of the Lamei 

values for some 2 x la 3 in (76 mm) of the total 5 in (127 mm) length 

(Si 
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of the cylinder. As the external,seal is very near to the end 

of the cylinder the hoop stresa discontinuity which would be expected 

on the outside diameter hae.no oppotunity to develop. 

Tensile axial stressestOare generated at the bore in the 

pressurised region of peak magnitude 0#38 units permit pressure in 

the plain cylinder, and 0.24 units in the necked cylinder. Corresponding 

compressive axial stresses can be observed on the outside diameter although 

the stresses inthe necked cylinder are increased considerably in the 

large diameter region because of the additional axial fluid pressure 

loading* 

The shear stress 	just below the outside surface, and 

referred to as 'ND. 04 exhibits the characteristic peak in the region 

of the seal, and in the necked cylinder a second peak can be observed 

in the transition begion between the radiused and parallel portions of 

the specimen. 

Conolue,ions from Elastic Finite Element Analysis,. 

a. The difference between the stress distributions in necked 

and plain eylindershis so small that there is little advantage in using 

a necked specimen design. In fact, apart from manufadturing simplicity, 

the plain cylinder is more attractive because of the greater uniformity 

of stress conditions in the central region of the specimen. 

b. The tenaile axial stresses at the pressure free end of the 

bore of a cylinder with internal pressure are considerably less than the 

tensile hoop stresses in the same area, therefore, their effect is 

Probably negligible in fatigue. The same argument applies to the tensile 

axial stresses predicted on the outside diameter in the pressurised region 

of the specimen. As the nominal bore hoop stress at the seal is about 

half of the taavalue, fatigue failures due to repeated pressure should 



should not occur at the seal unless fretting damage at the mitre ring. 

becomes significant. - 

o. The case of external pressure loading is apPlicable to the 

situation in a static support fatigue test when the internal pressure is 

reduced to zero. - In this case. the axial tensile stress at the bore could 

be important particularly in a brittle material with low tensile strength. 

.However, in a material such as EU25 the very large compressive hoop stresses 

would considerably retard if not prevemtthe development of a fatigue crack. 

d.. most important °addition is when both internal and external 

pressure loadings  are present, such as in a static support or dynamic support' 

fatigue test. In Pig, 10,7 the staluee - distributions have been plotted 

from-Fiat 10.3 and 10.5 for the case of a plain cylinder, when the 

external pressure is half the internal pressure and the latter has the value 

of unity. It-can be seen that although a tensile Lamdhoop 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 bore hoop stress is entirely compressive. 

However, the tensile - axial stressat the bore in the seal region is augmented .  

by the external pressure loading, achieving a peak of almost 0.4 units. 

This would not normally be serious in fatigue-for a ductile material such 

as EI25, owing to the small range of the axial stress and the presence of 

local compressive -hoop stresses. If the internal and external seals were 

opposite one another, rather than displaced as in the present case, then 

the axial stresses due to internal and external pressure loading would tend 

to cancel out and this would help to minimise tensile axial stresses. However, 

the displacement of the seals is an essential design feature of the necked 

specimen, and it was a matter of convenience to use-the same arrangement for 

. the plain specimen. An additional axial compressive stress would need to 

be provided-even with opposite seals, if it,were important to eliminate 

tensile stresses altogether. , 
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e. The accuracy of the analysis of stress discontinuities 

at the seal is dependent not only on the fineness of the finite element 

mesh but also on the gross assumptions made about the normal and shear 

loadings at the seal. Knowledge of these loading conditions is needed 

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

10.3. Elastic ,- Plastic -Analkrsis,  
Methods of Analysis.: 

The analysis of the speciMens Could be carried out moat exactly 

perhaps by application of elastic-plastic finite element analysis on the 

particular specimen geometries. However iimjlestablished from elastic 

finite element analysis the feet that Lame conditions held good over 

a large proportion of the specimeni.ength, and that the stress conditions 

at the seal were less severe than elsewhere then the elastic-plastic analysis 

could be made general rather than specific' to a particular specimen geometry. 

Blastic-plastic finite element analysis' ham the disadvantage of requiring 

large scale computing facilities and computing times an order of magnitude 

greater than the elastic case, and thUs cannot be regarded as an economic 

design procedure if simpler alternatives exist. Fully plastic analysis 

of cylinders -is not of interest in the present work because in fatigue 

fatly plastic behaviour implies an unstable situation giving riselo 

ratohetin3 failures, which Could not be regarded as a satisfactory design 

concept. 

Theoretical analysies of the expansion of thick-walled cylinders 

under internal pressure are numerous. The various solutions differ in 

their basic assumptions'with respect to plastic and elastic stress-strain 

relations, yield criterion, and axial end conditions. Useful summaries 

of previous work are given by Allen and ,Sopwith (#0, Steele CIO) and 

Crosaland and Bones (66). The most rigorous solutions from a theoretical 



(.4:t1;61.,„ 
point of view are those which use both the Von Vises yield interior and the 

Prandtl Reuss stress-strain relations, but the approach involves the numerical 

solution of a system of non-linear partial differential equations. A 

numeristal solution is also required if the Prandtl Reuse relations are used 

in conjunction with the Treece yield criterion. Simplification is achieved 

when the Prandtl Reuss relations are replaced by Barsky total deformation 

relations, and although this approach is not as rigorous it appears that the 

results ate not seriously in error, Closed form solutions are possible but 

are again somewhat complex. A solution which hat, the virtues of both 

simplicity and. rigour is that of Koiter (0), who obtained closed form 

solutions for all the important. axial end conditions. The method involves, 

the use of-the Tresoayteld criterion and the assooiated incremental stress- 

strain relatidne. It is assumed that the axial stress 	is the intermediate 

principal stress and then using the associated relations it follows that the 

plastic axial strain in zero. The total axial strain is therefore equal to 

the elastic axial strain, and by applying the particular and conditions the 

axial strain can be calculated. One of the points in Koiterts analysis is 

an examination of the validity of the assumption that the axial stress is 

always the intermediate stress for conditions of plane strain, open and closed 

ends. He concluded that for open ended cylinders with internal pressure 

the axial stress is intermediate for Kratins < 6.19. Koiters solution 

like many of the theoretical solutions assumes no work hardening of the 

cylinder material. However an analysis by Bland (66) which also uses the 

Treeca yield criterion with its associated flow rule does introduce work 
of 

hardening and also includes the effeotxexternal pressure. 

An alternative approach advocated by authors with as Henning (62) 

Franklin and Morrison (1.T3), and Crossland (70) involves the use of practical 

stress/strain data-rather than matheniaticai models of the stress/strain. curve. 

Franklin and, nerrison in,particelar have carried out careful experimental 

work amply confirming the method, and it was decided to employ this approach 

.to the present work. 



10.1.2. Prediction of Pressure Expansion Curve.  

The former material datarecommended by Franklin and. Morrison 

is shear stress/shear strain from torsion tests. The reason being 

thit -the stress system in a closed ended cylinder. at yield maybe reduced 

to a uniform volumetric tensile stress plUs a simple shear stress. By 

assuming that volumettic'tension has the same insignificant effect as 

volumetrid compression on the yield behaviour- of a ductile material then 

,it can be concluded that yield in a thiok-walled cylinder is solely a 

function of the shear stress. If the shear -yield stress is derived from 

torsion data then a criterion of yield does not enter the analysis. The 

analogy with a torsion test is continued in the elastic-plastic expansion 

of a cylinder by assmitg that the behaviour of the cylinder material is 

exactly described by the shear stress-strain properties of the material 

in pure torsion.. In addition it is assumed that the shear strain 

distribution across the wall of the cylinder is iniversely proportional 

to the square of the cylinder radius. -By employing these two basin • 

assumptions Franklin and. Morrison were able to make extremely accurate 

predictions of'the pressure expansion curves under both increasing 

pressure, and pressure release conditions. An outline of the theoretical 

basistoFranklin and Morrison method is given in Appendix 1 

The Franklin and Morrison method was used in conjunction with 

the experimental results from torsion tests reported in Section 8.3 to 

'predict the pressure expansion curve drawn in Fig. 9.5 for comparison with 

experimental, rillts. It was found that over the, range of strains 

corresponding to expansion of the 1.75,K .ratio cylinder to just short 

of collapse the shear yield stress of J.,, -.25 . was virtually constant. 

As may be seen from the teats on small- torsion specimens in Fig 8.4 

the shear yield stress varies from an initial value of 26.4 Tonf/in2  

(468  IN/62) to a value of 26.8 Tonf/in2  (414 M1Nfm2) at a shear strain 



of 0.017 which is the, bore strain just short of oollapse. This means 

that very little differenee can by detected in the pressure expansion 

curve whether real shear stress values corresponding to particular strains 

are used in the,  evaluation of JI7by a numerical method, or alternatively 

if the definite integral 'c- kiF  at - Tjtvvf- 	is used with an initial 

or average value of 	, The former approach is of course essential 

if accurate resirbial  stress oonditimns are required with due allowance for 

the Bauschinger,effect, but the strain gauge tests reported in Chapter 9 

established that after a few dyelesthe cyclic behaviour is purely elastic. 

It is apparent from Fig 9.5 that although the static pressure 

expansion curve can be predicted accurately it is necessary in addition 

to investigate the steady state cyclic pressure expansion curl/es For 

a particular repeated pressure the cylinder strains will increase and 

eventually settle down to an identical pattern every Cycle. It is these 

steady state strain conditions which need to, be known in order to define 

the'mean strain for fatigue analysis. As the cyclic expansion of a 

ejlinder in the early stages of life is the result of cyolio softening 

of the n.25 material it is possible that the oyclic shear stress/shear 

strain curve forEn.25 could be used as basic data in the Franklin and 

Merrison method rather than static, stress/strain,datao Cyclic shear stress/ 

shear strain information from reversed torsion tests, byriackenzie, Burns 

and Benham (ii  ) on 125 in a Similar condition to the present test'material -

was used with the Franklin and Morrison method to produce the cyclic pressure 

expansion curve in Fig. 10.8. It can be seen that the use of cyclic shear 

stress/shear strain data considerably overestimates the amount of cyclic' 

expansion when compared with the experimental strain gauge results, 

In fact the static pressure expansion curve is much 0168er:to the 

experimental curve. The main reason for the poor prediction from. cyclic 

shear stress/shear strain data must lie in the fact that reversed din 

Cycling is not reprentative of the cyclic conditions. at any part'of the 

wall of a thick-walled cylinder, 

160 



SO- 

-400 

uJ 

_ 
ce 20 

z 
w 
z 

15 

- 300 

MNlmI• 

Tortflit?' 

10 

-200 

100 

0.0006" 0.0010 Goots 	o•oozo 
(eel- v E. a) 

0. 002.S 0.0030 

ICI 

FIG. 10.8 STATIC AND CYCLIC PRESSURE EXPANSION CURVES 



So far discussion has centred on the case of repeated internal 

pressure only, but in the present work the case of combinedinternaland 

external pressure is equally important. Under these cirtumstances the 

mean strain conditions will be different and the cyclic pressure expansion 

behaviour will change. Experimental,strain gauge data would be difficult 

to acquire under conditions of both internal and external pressure and it, 

is proposed to accept the static pressure expansion curve in spite of the 

inaccuracy in the mean strain prediction. The cyclic strain range is of 

course known from elastic considerations. 

The pressure expansion information presented in Fig. 10,8 refers 

to conditions on the outside diameter of- the cylinder but for fatigue 

analysis of thick-walled cylinders at the bore are needed. The Franklin 

and Morrison approach involves the assumption that the shear strain at any 

radius in the, cylinder is in inverse proportion to the square of that radius. 

That this assumption is in error is unimportant for the purposes of defining 

the pressure expansion curve as the shear [stress is almost independent of 

shear strain in the region of interest. Bowever if the calculation of bore 

shear strains is the purpose then the assumption may be unacceptable. There 

is the further problem ,f the cylinder is subjected to external pressure that 

the axial strese may no longer remain the intermediate principal stress. These 

points were investigated in the present work by the application of the Treece 

yield criterion with its associated _flow rule to the general case of a cylinder 

with internal and external pressure. 

It was shown earlier that for cylinders of moderate K ratio in 125 

material the assumption of no work hardening is completely valid. The general 

equation for the internal pressure which corresponds to a particular position 

of the elastic-plastic interface radius can be stated as (A 	w 

= 2-1:1 + I.) — (ti 1  Pet 

By the application of the associated flow rule it can be shown 

hat in the plastic region: 

162  



	

ttI.= .1-'%)  ir: I' [Linir 	1 ((c  r. 	p 1 	E 	1.-%) #t e (104)* - 	3 	__ + .... 	_ 1 _ 0 	v , + 
G- 	c 	2. 	b 	;E 	

.C. 	worr.o. 	‘.......... 

G 4  r i 

The shear strain in the plastic region is given by 

x.e e 	r -e . a: 	(10.3). - e-57. 
Substituting (10.2) in (10.3) Sivos 

X 	Z 	v) L s 	(1--2v) bL 	(104)0 
Cr 

L'quations (10.1) and (10.4) can now be oombined, graphically to produce 

a pressure expansion, curve in terms of bore shear °train. This curve is 

plotted ,for the case of 1.75 K ratio in Fig. 10.9. The curve predicted 

by the Franklin and Morrison is shown for oamparison and it can be seen 

that this method significantly underestimatest the magnitude of the bore shear 

strain. 	The validity of the assumption that the axial stress is always 

the intermediate principal stress is examined in Appendix 1.3.4, and depends 

upon the cylinder K ratio and the ratio external pressure / shear yteld stress. 

It is shown that the validity criterion is not violated anywherein the 

application of Koiter's approach to the analysis of the present work. 
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CHAPTER 11. 

FATIGUE TEST RESULTS.  

11.1 Introduction.  

The basic quantitative results of the fatigue test prgramme 

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. Tests wth Pulsating Internal Pressure.  

Two series of tests were conducted, one with an internal b-abe/ 

pressure equal to the 250 tbf/in2  (1.7 ratilm2% ) replenishing supply 

pressure, and the other with a much higher base pressure provided 

by the static pumping rig. 

In the first series with nominally zero base pressure 

specimens with K ratios of 1.4, 1.8 and 1.75 were tested. The 1.4 

and 1:8 K ratio specimens were manufactUred to the dynamic support 

specimen geometry, Fis. 7.2, and were fatigued early in the experimental 

program on a small subpress during commissioning of the fatigue press. 

The later 1.75 IC specimens were manufactured to either the necked or 

plain static support specimen geometries, Fig. 7.3, and were tested 

in the static support rig, Fig. 5.4. A simple thin walled spacing 

tube which also- 	As a safety screen replaced the outer vessel. 

The results of the zero base pressuLe tests are summarised in Table 11.1. 

and are plotted on the graphs Fig. 11.1 and Fig. 11.5. 

The elevated base pressure tests were also performed in 

the static supprig by using an adaptor to connect the static 

.pumping rig to the replenishing supply tapping. The specimens were 

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

16S- 



TABLE 11.1  

Results of Tests for Pulsating.  Internal  

Pressure with a Zero Base Pressure  

K ratio f  Test No. Specimen No. Maximum Cyclic Pressure Life 

(cycles) (Tonffin2) (MN/m2) 

3 2 	27.3 422 	14,092 

30 33P 23.6 364 	19,038 

37 37P 21.7 335 32,279 

29 32P 21.3 329 56,792 
1.75 

28 25 18.4 284 	59,778 

27 29P 18.0 278 	129,620 

31 30P 14.9 230 	94,000 

32 31P 13.5 208 	j160,000 

11' 13D 15.3 236 	33,200 
1.4 

6'  8D 15.3 236 	33,651 

7'  5D 23.5 363 26,678 
1.8 

9' 7D 23.6 364 26,964 

id6 
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base pressure level of 5.5 Tonfiin2  (85 1IN/m2) was used in all 

the elevated base pressure tests. This is a convenient working 

pressure for the puOping rig when operating without intensification. 

The results of the elevated base pressure tests are summarised in 

Table 11.2 and plotted in Fig 11.2. 

The point of failure, determined by the first leakage 

of fluid through the specimen wan, was easy to detect in the tests 

without external fluid support.. On the occasions when failure 

occurred in the author's presence there was often at higher pressures 

a sharp cracking sound but normally the only indication of failure 

was anatomised 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 every tesWailuxe. This means that the test room is 

not likely to fill with oil mist before the press switches off creating 

considerable risk of fire* 

Although a few tests proved irksome because of check valve 

leakage or accidental manganin gauge damage the majority were trouble-free. 

The performance of the fatigue press was if anything improved during the 

elevated base pressure tests. This was due to the feet that the minimum 

hydraulic system pressure in the cycle, about 275 lbf 
	

(1.9/q/m2), 

was higher than the unrestricted decompression pressure in the main 

control valve. Thus the occasional irregular travel of the ram'at 

the end of its upstroke mentioned in Section 2.6 was avoided. An 

ultra-violet trace from a high babe pressUre test, No.44, is shown in 

Fig 1103. It can be seen that the internal pressure redUces steadily 

from the peak value. This is in contrast to the sudden release of 

pressure which can be seen at the end of'the pressure reduction in 

Fig.11.4. This is a trade from a static,support test where the base 

pressure was nominally zero. 



TABLE 11.2  

Results of Tests for Pulsating Internal Pressure  

with a Base Pressure = 5.5 Tonf/in? (85 TAN/m2)  

K ratio Test No. Specimen No. Maximum Cyclic Pressure Life 

(cycles) (Tonf/in2) (MN/m2) 

46 47P 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 

-__ 

►69 
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Virtually no demands were made of the static pumping 

rig as the amount-of replenishment was so small, ad; or so per 

hour. Consequently the base pressure-was maintained to-within- ZA 

eflhe nominal melue. The'high pressure Budenberg gauge was used 

to switch off the.pumping rig at failure. 

11.3. Tests with,Pulskting Internal Pressure - and Static External Pressure.  

Experimental Results.  

- The static supported tests were (myriad out on 1.75 K'ratio 
, - 

specimen0 with four different le*els'of external pressure 6. 12, 17 and 

21.25 Tonfiin2  (93,185,263 and 3281111/m2). Usually eight' specimens were 

• testeriat eaoh pressure level. The result's are presented in Table 11.3 

and it. can be seen from the test identification numbers that at any one 

external presSure the tests were generally performedsequentially. The 

occasional high test number refers - to a test which was performed later 

in the test programme to confirm a trene or fill, a'esp in the data. The 

specimen geometries are mixed to a limited extent between the plain and 

`thenecked dOsigns as can be seen from the table. The results are plotted 

in ri-4. lia. 

The teat series was performed using the oomilete static support 

rig as described in Chapter 5. In the case-of 6.0 Tonffin2  (93 TN/ m2) 

tests the intensifier was bypassed and the system Was fed directly from 

the Olinairs. drive pmp. The detection of the point of failure in the 

static supported tests was not always reliable. As in all the fatigue -

tents on Pressurised cylinders the point of failure is defined be that 

moment when the' fatigue crack finally penetrates the outside surface 

of the specimen. If the specimen is surrounded by a pressurised fluid 

then clearly leakage from inside to outside will be retarded particularly 

if -the pressure difference is Small. Naw.in order, to stop the test at 

failure one, or bOth'of two control featUrea must be tripped. Either the 

static pressure gauge pointer must rise sharply by at least 1.0 ToWin2  
/11 ,  (15 Tal/m to operate the reed switch control, or the'pressUrising plunger 



TABLE 11.3 

Results of Tests for Pulsating Internal Pressure with a Zero  

Base Pressure and Static External Pressure  

K AD, ratio = 1.75 throughout  

Test No. Specimen No. Maximum Cyclic Pressure Static External Pressure Life 

(cycles) (Tonf/in2) (MN/m2) (Tonf/in2) (MN/m2) 	j 

42 43P 34.6 534 3,684 

33 34P 28.0 432 13,954 

36 38P 25.1 388 6.0 	93 	32,276 

35 36P 22.25 343 f 	66,073 

34 35P 17.9 276 104,000 

22 26P 45.2 698 650 

26 28P 40.5 625 2,468 

21 21 37.0 571 10,771 

41 42P 36.6 565 6,612 
12.0 	185 	i. 

25 24 30.3 468 21,117 

20 20 26.6 411 45,163 

23 22 25.0 386 159,336  

24 23 22.7 351 265978  , 
Cont'd overleaf 



TABLE 11.3 cont'd 

Test No. Specimen No. Maximum Cyclic Pressure Static External Pressure Life 

(Tonf/ in2) (0/m2) (TonOn2) (MN/m2) (cycles) 

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 

6 13 29.85 461 26,819 

8 8 28.0 432 73,200 

1 1 27.3 422 82,000 

7 14 24.1 372 514,00o 

17 18 49.9 771 86o 

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 7 31.7 490 39,950 
13 9 28.5 440 117,300 
16 17 26.2 405 206,000 



must overstroke by at leastiel  (6.4 mm). In the majority of static 

external pressure tests these conditions were met And the preis was 

halted immediately, but in tests where the difference between the 

static external and maximum internal pressures was less than about 

10 Tonf/in2  ( (154 TMin12%  ) the precise point of failure was often missed. 

Fortunately the ultra-violet trace always provided a true record of what 

had happened. The pulsating internal pressure trace shows no hint of 

failure but the external pressure trace rises steadily from the point 

of failure to a point where the pressure gauge contacts eventually switch 

the press off. 	During this period the fatigue crack acts as a check 

valve permitting a small leakage of internal pressure on the downstroke 

of the plunger, and preventing leakage of the external pressure on the 

upstroke* The effects pf the small leakage of internal pressure are 

twofold.' Firstly the plunger stroke is increased only slightly so 

that the overetroke limit switch does not detect this fact and the 

replenishing supply is well able to make up the loss of fluid, and 

secondly the Volume of external fluid is very large in comparison with 

the leakage volume per stroke so that the external pressure is increased 

quite slowly. It is possible for the maximum pulsating internal pressure 

to be maintained under these conditions only because a significant pressure 

drop exists radially outwards along, the fatigue crack due to the very 

small orifice which it presents. Evidence for this effect was provided 

by one of the unsupported tests, Ro.28, when it was possible to gradually 

increase the internal pressure of the failed specimen to about 9 Tong/in2 

(139 MI/m2), the maximum fatigue test pressure was 18.4Vonfiin2  (284 11111m2), 

before oil mist issued from the crack. In another test No.33 with 

6.0 Tong/in 2  (93 MN/M2)'statio external pressure it was possible to hold 

,aboUt.10 Tong/in 2  (154 1211m2) internal pressure after failure of the 

17t 



specimen before an:increase in the static external pressure could be 

detected. 

An extreme example of a teat in which the press continued' 

to cycle after failure is that of Test ITo.16 where 34,000 cycles were 

'executed with stalled specimen. A slight leakage in pumping rig system 

Was just counterbalanced by the leakage of internal pressure from the 

speoimen so that instead of the external pressure increasing after, failure 

it merely Stabilised the previous rise and fall about the nominal pressure. 

Other tests have continued for muoh shorter periods, but the evidence points 

to the inherent safety of the static support system, and at the same time 

the necessity for reliable pressure monitoring for fatigue works Without 

the complete ultra violet trace record it would have been impossible to 

determine the true life of the specimen. 

Another area where instrumentation has proved important in 

the assessing of the performance of.the static pumping rig in maintaining 

a constant pressure within close liMits. .There are two chief factors which 

limit' this performance. Firstly there is seal leakage particularly at 

the specimen itself, but also within the static pumping rig. The 

.latter was.usually negligible tut specimen seal leakage was never entirely 

cured which meant that the static pumping rig had to make good the lost 

fluid. The effect was a slow loss of pressure between strokes of the 

Olinair Drive Pump. , Normally this pressure loss would not exceed 5% 

of the nominal static pressure and the Drive Pump Would stroke every 

30 minutes or so. Under these. circumstances the intensifier pisttom 

would reach the'end of its stroke and the system would recharge itself 

every 3 or 4 hours. Occasionally and for no observable reason the 

'external, specimen seal leakage increased .with the result that the 

pumping rig stroked more frequently and, the pressure loss rose to,  

between 5 and 10% of the nominal value., 



A second faotor which influences the accuracy of the static 

pressure is a pressure ripple at the test frequency due to the elastic 
displacement of the specimen under fluctuating internal pressure. In 

fact the persistent leakage from the external specimen seals could be 

partly attributed to this -cyclic movement of the specimen as no leakage 
ever occurred when internal pressurisation of the specimen was stopped. 

At a typical test frequency of 50 or 60 cycles per minute the high pressure 

.Budenberg gauge pointer was unable to respond accurately to the pressure 

ripple and thereby the misleading impression of a steady pressure.was 

given. The true situation is Shown on the ultra-violet trace from 

Test 7 in Fig. 11.4. The amplitude of the pressure fluctuation is 

about 2.5%)  which is a figure typical of the variation obtained after 

the installation of the high pressure reservoir in the pumping system. 

The reservoir more than doubled the working volume of high pressure 

fluid from about 3.6 in3  (59 ml) to 8.0 in3  (130 ml) and roughly halved 

the amplitude of the pressure ripple. 

The accuracy with which the manganin gauge signal indicates 

the static pressure variations is very dependent upon the high pressure 

fluid. The fluid used for the trace in Fig, 11.4 was Univis P.38, but 
.with exactly the same experimental conditions and Tellus 27 as fluid the 

'pressure ripple lagged the internal pressure cycle and the amplitude was 

0. $. The remote position of the manganin cell from the test 

rig had resulted in the damping of the pressure fluctuations by the 

more viscous Tellus 27 although the compreSsibilities of Tellus and 

Univis are very similar. 

The figures quoted for the static pressure levels in Table 

11.3 represent the mean of the combined long term variations due to 
leakage and short term variations due to specimen displacement. It 
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Fig. 11.3. Ultra-ATiolot Trace of High Base Pressure Test. 

Fig. 11.41,  Ultra-Violet Trace of Statics Support Test. 



is not possible to put a single percentage variation figure about the 

mean value as the pressure ripple contribution was chiefly dependent 

upon the, magnitude of the internal pressure range, but in general 

the total variation about the nominal static pressure was between 

- 3 and - 

11.3.2. Prediotiong of Static Pressure Fluctuation.  

In a hydrostatic extrusion system the pressures would be 

higher than in the present work and it might be impracticable to provide 

a large enough high pressure reservoir with the result that the fluctuations 

In static external pressure caused by elastic displacements could be a 

significant factor. For example the outer vessel could no longer be 

designed from purely static considerations. It is therefore important 

to be able to predict the fluctuations in static pressure which arise from 

the cyclic displacements of the liner wall. 

For accurate prediction it is necessary to know the pressure / 

compressibility oharaoteristio for the working fluid. Two different 

characteristics are usually presented , the isothermal and the isentropic, 

becauee the compressibility is temperature dependent. In the case of the 

pumping rig the true situation lies somewhere between the two oases, 

probably nearer to the isothermal. However compressibility data of any 

sort at high pressures is relatively scarce and particularly for oils 

such as Tenths 27 and Univis. Some room temperature (20°C) isothermal 

compressibility 'curves from different sources are presented in Pig. A.1-1 
Evaluation of the volume of working fluid is also difficult and although 

the elasticity of containing vessels can be approximated doubt 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 amplitude of the fluctuat05external pressure AN. 

Using the compressibility oharacterietio)reduction in fluid volume, d V,  

corresponding to an increase in external pressure also can be found. 

rig 



The correct Apo  gives the same compressibility from both 

considerations and must be found by trial and error. However, 

for simplicity the elastic distortion due to the extra external 

pressure may be neglected and the dV‘found. solely from the maximum 

internal pressure and the K ratio. This is quite reasonable in 

view of the lack of precision in the compressibility characteristic 

and the large external fluid volume. It. also gives an upper limit 

to the fluctuation figure. The analysis is detailed in Appendix 9' 

It can be seen that for Test 7 the predicted variation in static 

pressure is 17.0 t 0*5 Tonffin 2  (263 t 8 MA12) whereas the actual, 

variation shown in Pig. 11.4 is 17.0 t 0.4 Tonf/in2  (263 t 6121/m2) 

11.4 Tests, with Pulsating Intern _Pressure and Simultaneous Pulsating  

,External Pressure'  

•The dynanio supported tents were carried out on five specimens 

of different K ratios as listed in Table 11.4. The results are also 

given in Table 11.4.and are plotted. in Pig. 11.5. The 1.4f 1.8, and 

. 2.0 Xratio specimens were manufactured to the design shown in rig 7.2. 

these K ratios having been chosen for comparison with the results of 

other workers. The 1.75 K ratio specimen was chosen for comparison 

with the static supported specimens. Although the number of specimens 

tested successfully is limited, other specimens'were in fact cycled 

during the development of the technique. 

/law of the problems with the rig have been detailed 

already and it is more appropriate here to describe the-practical 

results of the tests. The detection of the point of failure in 

dynamic support tests was always immediate. This is not surprising 

as the,. pressure differential between inside and outside pressures 



TABLE 11.4 

Results of Tests for Pulsating Internal Pressure with  

Simultaneous Pulsating External Pressure  

It ratio Test No. Specimen No. 

._ 

Maximum Internal 
Cyclic Pressure 

Maximum External 
Cyclic Pressure 

Life 

(Tonf/in2) (LIN/m2)(Tonf/in2) (MN/m2) (cycles) 

1.4 2' 2D 20.55 317 6.8 105 64,200 

1.75 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 9.7 150 102,800 
2.0 1  

5'  6D 30.8 476 10.2 158 65,400 
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was large, and as soon as inside pressure was able to leak the 

specimen assembly could no longer operate dynamically* However on 

some occasions the press had stopped automatically and one was unsure 

whether the specimen had failed. If the press were then restarted, 

the outer chamber became pressurised via the crack 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 valve, but with 

an important difference that in the dynamic( support rig there is no 

provision for letting down this external pressure* This led on two 

occasions to extreme difficulty in dismantling the rig* With the 

extra load on the end plates it was not possible to pressurise the 

hydraulic tie rod, nuts sufficiently to remove the shims. It was then 

necessary to use a testing machine to pre-compress the end plates while 

unfastening the nuts. It would of course be possible to incorporate a 

high pressure let down valve in the external pressure end closure but this 

would complicate the component and could give rise to fatigue problems. 

The specimens were all tested at one external pressure/ 

internal- pressure ratio although 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 that obtained in practice.Fig. 11.6 shown the external 

pressure plotted against internal pressure. The static curve was 

obtained by gradually increasing the internal pressure without cycling 

the pressure* The second ourve shove the dynamic pressure ratios achieved 

in the tests. It can be seen that the measure of disagreement between 

these curves and the ideal frictionlegis curve is significant. There are 

two main reasons for this difference, firstlythe effect of rig seal 

friction, and secondly geometric 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 Tonfiin2  (463MH/m2) .and an external 

pressure of 10,7 Tonffin2  (165 1$H/m2) the pressure ratio taking 

into account elastic distortion and manufacturing tolerances is. 

about 0.358 as,against 0.356 ideally. i:-.11.1„ :1- 	The 

difference is neglioj.ble, but if the modified pressure ratio were 

used it Would give rise to higher not lower external pressures for a 

given internal pressure. - Thus seal friction losses met account 

entirely for the reduced performance exhibited'in Vig.11.6. 
It is assumed that the total frictional resistance of 

the three 'moving' Seals acting on the snecimen assembly is giVen 

by frictional loss factor, k,-oaloulated from the,expression 

Ri  

where R and Rim  refer respectively to the ideal and measured pressure 

ratios. Referring to Fig. 11.6 the gradient of the dynamic line is 

Rill  /ft 0.332, and 	 #tie 	line Ri  =.0.356 thus using the above 

formula k- = 0.067, Or 6.7r0. -  The gradient of the quasi-static line 

R
M 
 - 0.318 and It - 0..07 or 10.7/, for the three Beale. However if 

the quasi-static line-were extrapolated it would not pass through the 

origin, which would suggest a small static component of friction should 

be included. The frictional losses Alioh this simplified analysis 

predicts are low and:.would indicate that the seal behaviour must be - 

partially hydrodynamic. This perhaps explains 'ally under such arduous 

high pressure conditions, Compared with normal hydraulic practices, 

satisfactory seal lives have been obtained with commercial hydraulic 

seals in both static and dynamic support test rigs. 

( 51- 



11.5 Ftatigue Fractures,  

11.5.1 Introduction,  

The 'classic.' fatigue failure of a thick-walled cylinder 

subjeoted to repeated internal pressure starts at the bore and promotes 

radially through the wall until the outside surface is reached. Typically 

there is only one crack about twice the wall thickness in length situated 

axially in the bore. At the outside surface the only evidence of the 

crack is two faint surface markings similar' to thumbnail impressions. If 

the cylinder were split open longitudinally in the plane of the crack a fraOtara 
0)) 5Lsurn 

surface roughly semi circular in shape would be revealed Almost all the 

fatigue tests in the present series were taken to failure so .that a large 

collection of fraotures over a wide range of conditions were obtained« 

In relatively few oases did the cracks exhibit all the features described 

above. Inspection of both internal and external cracks was by eye with 

the help of magnetic crack detection techniques* where necessary, and 

thus only macroscopic or'engineeringioracks will be discussed. 

3.1.5.2._ External Cracks.  

The symmetric thumb nail crack is illustrated in rig. lliCa). 

Only the central region is actually fractured and this type of crack is 

typieal of specimens tested without support pressure, or with low levels 

of static or dynamic support pressure. The axial extent of the thumb nail 

impression is roughly proportional to the:maximum repeated internal pressure 

so that for long lives at low pressures the length is roughly 3/16 in 

(4.8 mm) and for short lives at higher pressures in (19 mm) or more long, 

At pressures close to the collapse pressure the crack also tends to open 

out and to exhibit irregularities ,typical of a burst fracture. The 

external cracks observed on specimens subjected to higher level of support 

pressure showed considerable variety in appearance. It was noticeable 
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Fig. 11.7. Typical Fracture in Plain Specimen. 
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that the. type (a) crack of Fig.. 114 could be found in spedimens, 

with high repeated internal pressures and substantial support 

pressure rather than the open burst like fractures mentioned 

earlier. At lower.prossures a crack of the type illustrated. 

in Pig. 114 (b) was typical. The whole of one of the thumb nail 

impressiona'had become fractured* An extension of this type is 

shown in Fig.-11.$ (a) where the crack has-propogated axially 

beyond. ,the thumb nail boundary. However thetype (c) craok 

appeared to be.characteristicia. tests at high support pressurea,  

which had continued to cycle after failure, and this may account 

for the extensions. Fig. 11.9 shows two views -of specimen No.16. 

The characteristic thumb nail fracture can be seen in view (a), 

',but in addition a more widely spaced thumb nail impression can be' 

seen nearby. When the specimen was sectioned a fatigue Crack. 

was revealed which had grown to about 1/16 in (1.6 mm) short of 

the outside surface. In View (b) of Pig. 11.9 a third faint 

thumb nail impression can be seen. If two cracks propogate in Close 

proximity as in Fig. 11.9 (a) they may well merge, at the outside 

surface as shown in Fig. 11.$ (d) and.the resulting racture is 

skew with respect to the axis of the specimen.- This type fracture 

.maslavfaot.observed on a number of specimens. 

1l.5.1. Bore. Cracks.  

The classical single axial bore crack Was found on almost 

all OpecimenS with endurances over 100,000 cycles. At somewhat 

higher leading conditions the, failure crack was still a straight 

axial creak although a number of shorter cracks could be seen in 

addition 	Perhaps the most common type-of crack found in the 

static support specimens was a chain of axial cracks which had linked up 

to form an exceptionally long irregular but basically axial fracture. 

(g 



Fig. 1;..9. (a) External Cracks on One Side of Specimen No.16. 

gig. 11.9. (b) External Cracks on the Opposite Side or 
Specimen No.16. 



This is shown' in Fig. 41.9, for specimen No.16 where floaresoent 

magnetic ink has been:used to emphasise the cracks. -It is interesting 

to note the complete absence of cracks outside the parallel gauge 

length of the speCimen.; - The main creak was not the failure crack 

in spite of its length. In fact it appears that the linking up 

of a number of cracks retards the radial growth of the main crack- 

in preference to axial growth. .The failure crack (not shown) in 

specimen.No.16 was fairly short with only ane link up. The multiplicity - 

Of short cranks sometimes as many as 30, always accompanied this type 

of failure. 

1145.4. Crack PraCaeation.  

Information was gained on two aspects of crack growth in 

a thick walled cylinder during the teat programme. The two aspects 

Are, the stage in the lifeof the specimen when a bore creek can -first 

'be observed, and the direction in which the crack propagates through 

the cylinder wall. 

During the teat programme a number Of tests were interrupted 

prematurely through some failure 'of the rig or instrumentation. Usually 

the rig was stripped down to repair the fault, and the opportunity was taken 

to inspect the specimen. A record was kept on these occasions of whether 

bore cracks could be detected by eye with or without the help of magnetic 

'crack detection. The 'results of these intermediate inspections are, 

summarised in Table 11.5. It can be seen from the Table that no cracks 

could be detected as late as 71(;,  of the life of one specimen, and that 

,the earliest cracks were detected at 810 of the 'life of another specimen. 

The results cover a range of endurances from about 2,000 cycles to - over 

100,000 cycles, and in spite of the unsystematic way in which results 
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TABLE 11.5  

Tests with Intermediate Inspection for Cracks 

Test No. 

. 

. 
Total life Life when 

inspected 
Ni 
17% 

Comments 

(Nt cycles) (Ni cycles) 

7 514,000 227,741 44% No cracks 

13 117,300 51,572 40 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 -.1- in. 	(6.4 mm) 
long - same crack at failure 
about -2- in. 	(19 mm) long. 

30 19,038 11,130 58% No cracks 

13,521 71% No cracks 

36 32,276 18,117 56A No cracks 

37 32,279 15,000 46% No cracks 

40 1,897 1,532 81% Large number of short bore 
cracks longest about 3; in. 
(6.4 mm) 

46 8,919 5,506 62% No cracks 

19( 
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Fig. 11.10. (a) Bore Cracks in Specimen No.16. 

Pig. 11.10 (b) Radial Slice showing Crack 
Propogation in Specimen No.16. 



were acquired it does appear that as little as the last 207) of life 

is spent in macro-crack propagation. 

An inspection procedure was'oarried out on all failed 

speciMens to establish whether the bore failure crack was radially 

in line with the external crack.. Only, a ,few specimens departed 

from the purely'radial propagation, and two of these were sectioned for 

_detaileclexamination. The, photograph Pig. 11.10%-hows a typical 

example from specimen No.16. The deviation from a radial line 

is about 12°. 

11.6. Experience with Seals during the Fatigue Tests.  

11.6.1. Plunger;3eals.  

Throughout the test programme only one type of plunger 

seal was used, in x 1 in x9/32 in (16 mm x 25 mm x 7 mm) Haliprene 

seal. The Hallprene hydraulic seal is basically a combination of an 'Otr.6%44 

'Wring. The #01  ring consists of multi-ply cotton weave impregnated 

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

rubber (70 - 75°  Shore hardness), and the•two are bonded together to 

form the standard Hallprene seal. The soft header ring ensures that 

the 'U' ring sealing lips are constantly loaded even though the seal 

may be worn. It wasxpraotice to use a new seal in each test and this 

seal invariably lasted out the test. For example a plunger seal 

endured 266,000 cycles at a repeated pressure of 22.7 Tonf/in2  (351 MN/m2) 

and at the other end of the scale another seal withstood a repeated 

internal pressure of 49.9 Tonf/in2  (771MR/M2) for 860 cycles. The 

seal in the latter case certainly looked good for another 1,000 

cycles at the same maximum pressure. Theiseal used in the -former 

case is shown alongside a virgin Hallprene seal in Fig. 11.11 and 

the worn inner mitre ring is also shown for.00mparison with an unused 
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Fig. 11.11.Hall,p2_-ene Seal and Mitre Ring. 

(a) After Use. 

(b) Before Use. 



one, The wear of the phosphor bronze mitre ring after 266,000 

. cycles is very much more severe than of the seal itself. The seal, 

-which is shown pressure side down, in fact has worn at the.heel-so 

that the fabric of the.r0 ring has become exposed but the sealing 

lip and soft header ring are Still, in good condition. Severe 

wear'of the mitre ring wasa feature of.long,life (i.00,000,,' cycles) 

tests and appeared to be unrelated to the magnitude,of the repeated 

pressure. - The mitre ring is self centering and so wear is usually 

even as in Fig. 11.11. The material which is removed from the mitre 

• ring during normal wear becomes deposited in the bore of the seal and 

in the oeurse of a long test builds up into thin slivers which possibly 

give-the sealadded,proteetion. Very fine particles of phosphor 

bronze also sink to the bottom of the specimen or get drawn out with 

the plunger on the Upstroke. . The accumulation of fine particles 

at the bottom of the specimen gave rise to short circuiting of the 

• manganin coil terminal on occasion. It was thought that the wear 

or pick-upl'between the plunger and the mitre ring could be minimised 

by hard. plating, and polishing the plunger. However within a short 

time the plated plunger pioked up and became as scored as the original 

one. • 

Pick-up between the outer mitre ring of the plunger seal and 

the bore'of the'test.specimen took place in every test. The outer 

mitre ring was never seriously worn and could be used. for a number of 

tests. -However the axial scoring and pick-up on the specimen bore 

Was disturbing and it can only be due to the favourable stress conditions 

at the seal that fatigue cracks were not initiated in this region.-  The 
11.1%0 

-.extent of the damage can be seen in .Fig. ii,.09-at both ends of the specimen, 

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

tame way as the one at the top. In the dy0apio support test the specimen 



slides'relative to the outer mitre ring and the piok.-up damage , 

is consequently spread over a much longer axial length about in 

(9.5 mm) but fatigueoracks have never been initiated, in this region. 

In view of 'the Weir process between the plunger and the seal 

,it is of interest to examine the frictional losses occurring. A. redord 

was kept 'during the test programme of both the maximum repeated internal 

pressure in the specimen as measured by the manganin gauge, and the 

maximum pressure in the fatigue press hydraulic circuit ,measured by the 

pressure gauge on'the'control panel. A graph of these pressures for 

fourteen representative teats is shown in Fig. 11.12 and this gave rise 

to a useful but fortuitous rule of thumb. If the hydraulic pressure 

is divided by 50 the quotient gives the internal pressure generated in 

the specimen. An overall frictional loss factor, k, maybe calculated 

from the equation' 

A 
k 	i  

.t2.4  A 

where /5  i  and t'A are the internal specimen pressure, and the hydraUlic 

pressure. Ai  and Afi  are the plunger and annular piston areas. • Using 

the information from Fig. 11.12 the overall loss factor is 6.Vo. Ad 

the frictional loss at a conventional hydraulic piston seal could not 

be less than about 3% then the plunger seal loss also can only be about 

35/0. This low value agrees with the figures obtained in Section 11.4 for 

the dynamic suvort rig. 

11.64. Seals in the Dynamic) Sumport Rim.  

-The dynamic support rig involves two seals against which 

the specimen assembly reciprocates. The, top seal is merely a sealed 

up version of the plunger seal arrangement and Hallprene seals were 

again Used. An attempt was made to use a pair of 001  rings for the 

bottom seal around the assembly end extension but within a few cycles 
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'these were twisted and knotted beyond recognitian, and from then on 

Hallprene seals were uSed. 

11,6.3. Statics Seals.  

'0' rings were used exclusively for static seals and with the 

exceptian'of one specific case were absolutely reliable and trouble-free, 

The '01 .rings could generally be used for test after test, although 

eventually a wear mark could be detected on the outside circumference. 

This wear was presumably due to the small repeated elastic displaoementel' 

of.the specimen bore during the fatigue test. '0! ring sealing :problems 

were encountered in - sealing the outside pressure daiing the static support 

tests. In feet while static pressure alone was applied the sealing was 

entirely satisfactory but as soon as-the insider pressure was cycled then 

leakage 000urred. The leakage was never very severe and the static 

pumping rig could always maintain the required pressure, but nevertheless 

it was an irritating defect. Various remedies were tried, larger and 

°mailer mitre Angst  two seals instead of one, but without success. A 

particular feature of these external pressure seals is that two independent, 

. mitre rings are involved in sealing two independent surfaces, whereas in 

-otheritatic-seals only one mitre ring is wedged against both surfaces. 

A design modifiaation,on'these lines could pe 	solVwthe-problem. 

11./ Temperature Rise due to 0,7clic Pressure.  

The indications are that.plunger seal life is largely,  

dependent upon mitre ring wear within the range of conditions- encountered 

in the test-programme.: i4OweVer'it feetOr'which could affect seal life St 

higher Oyolio pressures is the -temperature rise in pressurisation. The 

temperature rise is (We to the work done onlhe fluid in raising its 

pres6Ure from a lower to a higher level and.  is therefore dependent largely 

on the compressibility of the fluid. Thetemperature rises from 23 static 

)9g 
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support fatigue tests are plotted in Fig. 11.13. ' The scatter of 

resalUi is due to the different. cycle speeds, fluid volumes, and -

heat transfer condition in each test. A linear relationship between 

Pre:Sante and temperature rise would not normally be expected because 

of the non linear pressure dependence or factors such as compressibility 

and specific heat, but a'rough rimier of 0.7°0 per Tonf/in2  (0.045°C per 

PSG/  ) can be extracted from the graph. Thus for a repeated pressure 

of 50 Tonf/in2'(7721M/m2) the temperature range would' be 35°C. At the 

start of a fatigue test the temperature could be 23°0 soy and thud a peak 

of 68°0 would be reached at a maximum pressure of 50:Tonf/in2  (7721T/m2).  

As the teat proceeded the base temperature would rise until a stable 

thermal equilibrium condition was reached, and with a repeated test 

pressure of 50 Tonf/in2  (772 MT/m2)_  this base temperature could be as 

much as 60 or 70°C.  Thns the resulting temperatures are in the 130°C' 

region. 

The normal maximum operating temperature for hydraulic seals 

is 120°0, and this can be extended by the use of materials sUCh'as 

Du Pont Viten rubber. However, if repeated pressures of 100 Tonf/in2 

(1547161/m2) and- More are envisaged at-the present cycle rate in the 

fatigue tests, then clearly excessive temperatures will be involved 

which oould limit seal life.. The problem may be minimised by-using 

fluid'of low compressibility, or cycling the pressure at a Slower rate, 

or by cooling the pressure vessel. 

One benefit in the-present work derived from the temperature 

rise was the ability to use Tellus 27 as a working fluid, which'under-

static conditions would freeze at well below the applied maximum pressure. 



mom 12.  

DISCUSSION OF RESULTS.- 

A20,1 Introductien.  

The basic fatigue results are plotted on the basis of pressure 

against life in Figs 11.1, 11.2 arfl 11.5 of the previous chapter. 

A number of general observations can be made of these graphs 'before 

undertaking .more detailed analysis.—  The static support and monobloo 

test 'results presented. in Fig. 11.1.wereall tarried out on cylinders 

of 1.75 K ratio and straight lines have been drawn to fit the experimental 

points for each external pressure condition. The graph °leerily shows 

how the application of static external pressure enables a higher cyfilic 

—internal pressure to be resisted. The maxima benefit occurs at,longer 

endurances. At low endurances the fatigue curves are bounded by the 

estimated collapse pressures calculated from the following formula (see 

.Appendix 11-  ) 
21- 1nIC+ 	 (12.1). p collapse 	y 	-o 

The curves are terminated in the long life region by andurance 

pressures predicted by a method, discussed in Section 12.3.1 of this 

chapter. 

The high base pressure tests in Fig.J1.2'have been shown for comparison 

against the simple monobloe fatigue curve from Fig. 11.1. In view of the 

scatter of tie results a rather doubtful straight line has been drawn to 

represent the high base pressure results. The results show that a 

higher maximum cyclic pressure can be withstood when the pressure does not 

return to zero. Rowever'at - low 'endurances the. fatigue curve must be 

bounded by' the collapse pressure for a monobloo cylinder. The curve 

is terminated in the long life region -by an enhranse pressure predicted. 

by the method discussed later in Section 12.3.3. 



2.02. 

The dynamic support test results are presented in Fig. 11.5 along 

with monobloc fatigue curves for 1.4,145, 1.8, and 2.0 K ratio; 

cylinders. The 1.4 and. 1.8 K ratio curves were taken from Austin and. 

SroselandO ( 2:7 ) work and the few monobloo tests which were carried out 
with these K ratios are in good e,wreement with their curves. The 1.75 K 

ratio fatigue curve was taken from Fig. 11.1 and again is in good 

agreement with Austin and Crossland. This agreement is reassuring 

as the Dn.25 Steel came from different sources with different histories, 

and the end conditions of the test cylinders were different in the two 

oases. Austin and Croaslandht cylinders were closed-ended as against 

open-ended in the present work. The dynamic support results plotted 

in Fig. 11.5 demonstrate clearly the benefits of external dynamic support 

pressure. The maximum  cyclic internal pressures sustained are typically 

higher than those sustained by monobloc cylinders for the same 

fatigue life. 

It is important in assessing the results of the tests to seek a 

satisfactory criterion of failure which will link the fatigue behaviour' 

of cylinders under a wide variety of conditions, and at the same time 

relate to basic fatigue data for the material. One of the moat 

favoured criteria in Previous work has been bore shear stress range 

with mean bare shear stress as a secondary parameter. It is therefore 

appropriate to examine these factors in the, light of the presentleorkW. 

12.,2 The Significance of shear Stress Range and itean $1 	Stress.  

The results of the monoblec,statio supported and high base pressure 

tests have been plotted on the basis of shear stress ran3e, 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 coalitions indicated for 

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

Fig. 11.1• The diagram is bounded by the static _yield lines which has 

meant the exclusion of a considerable amount of information. If these 
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data were plotted the pointsveould fail along the static yield lines 

and be meaningless. The ourves show-thegreat importance of mean 

shear stress in pulsating pressure fatigue. The results of other' 

work on autofrettagedycompoundv andmonobloc cylinders'due to norriSon 

et AL,(Ref. 241- ), Austin and Crossland( 27 ),- and Burns and. Parry 

( 6 ) have been included for comparisolvWith the present work. The 

trend set by the.107 endurance line,is reproduced by the present 

results for endurances from 105 to 3.104 and the results from other 

sources are in good agreement with the 105  endurance line. The 

asreement is particularly significant as a wide range of K ratios from 

1.2 to 2.0 were involved. One of the anomalies of the 107  endurance 

line is the autofrettage test results which lie well be/ow the line. 

Ti wts noted by BUrns and Parry ( 6 ) who suggested that the 

:residual stresses in autaftettaged cylinders are signifidantly altered 

by eyelidloading. However it can be seen that at 105eyeles the 

autofiettage cylinder results agree well with the static support results. 

- The compound cylinder results for 145-  cycles involved assumptions about 

the mean shear stresses. It was assumed that the cylinders which were 

designed to exhibit zero mean shear'stress in.fact gave airman shear 

stress of -I.() Tongfin2, and that the cylinders designed for 4 Tonffin2  

gave 2 Tonf/in
2is These fides have been deduced from the values published 

by Burns and Parry ( 6 ) for the few cylinders which were strain 

gauged, and cannot be regarded as exact* Nevertheless the points lie 

close to the 105  endurance line. The monobloo results from Austin 

and Crossland ( 2.7 ) emphasize the point that at lives less than 107  

cycles significant differences are obtained in the shear stress conditions 

for cylinders'of different K ratio. The elevated base pressure tests 

exhibit a similar difference between the '2.0 K ratio and 1.4 .K ratio 

results. 'However the flattening out of the 107  life curve, as it 
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.approaches the statio yield line is not reproduced on-the curves for 

shorter lives. The behaviour of the lo7 life curve was attributeito 

cyclic softening of the cylinder material. Cyclic softening must 

certainly have taken place in the results at shorter lives but the 

effeot may have been masked by the general trend of the curves. 

Previous attempts to relate the fatigue behaviour of thick walled 

cylinders to the results of standard fatigue tests have considered plots 

of the maximum range of shear stress against the mean shear stress, or 

against the maximum tensile stress, or against the maximum normal stress 

acting on planes of. maximum shear stress (31 ). The maximum range 

of shear stress was found to be particularly successful in correlating 

the fatigue limit results of mcnobloo cylinder tests of various K ratios 

( 21-) and has therefore always been regarded as an important parameter. 

It also proved to be reasonably good in the mortal region, whereas a 

maximum tensile stress criterion places the smaller K ratio cylinders at 

longer lives than the higher K ratio cylinders (27 ). Criteria 

involving the maximum tensile stress or the maximum normal stress on 

planes of maximum shear stress in conjunction with the shear stress 

range suffer from the problem that monobloc cylinder results of different 

K ratios give a series of separate points at virtually constant shear 

stress range• The mean shear stress/shear stress range plot however, 

is perfectly acceptable in this respect. Burns and Parry ( 6 ) have 

shown already that basic fatigue data from push-pull or torsion tests 

can not be related in any simple way to the fatigue results from 

pressurised cylinders, and Pig. 12.1 does not clarify the situation 

any further. The graph does however provide constant life fatigue 

curves over .a very wide range of both shear stress range and mean shear 

stress which may be used as basic design information for Dn.25. 

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

relation to either shear stress range or mean shear stress performance. 



The dynamic support results have been 'plotted on the basis of bore shear 

stress range in Pig. 12.2.  along with-a band of results for monobloa cylinders 

of K ratios from 1.4 to 2.0 ( 24- ). The experimental dynamic support 

results lie within or very close to this band indicating the .importance 

of bore shear strr,-za range as a fatigue parameter. There is no gain 

plotting the :dynamic support results on the mean shear stress / shear 

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

shear stress as in a monobloo cylinder. 	Thus dynamio support results 

should be exactly comparable with monobloc results on a shear stress 

basis. However one of the important effects of external support pressure 

is the reduction in maximum tensile hoop stress. It appearstherefore 

that either the maximum tensile hoop stress ham no influence in cylinder 

fatigue,'or that the benefits of reduced hoop stress are cancelled out by 

the effects of higher cyclic internal pressures. These two alternatives 

are both somewhat unlikely but further' conclusions Can hardly be drawn from 

the limited experimental evidence. Whatever the explanation it appears 

that the best method of predicting the lives of.dynamic support cylinders 

is on the basis of bore shear stress range data from monobloccylinder tests, 

Per a given K ratio and fatigue life this simply means that a dynamic support 

cylinder will withstand a (wails internal pressure equal to the sum of the 

cyclic pressure withstood by a monobloo cylinder at the given life, and 

the maximum cyclic external pressure applied. 	That is for, 

206 

dynamio support 

monobloc. 

K2 

K . 1 / 2 	‘Pi may 

i MAX. m 4. PO max.& 

Vren 	tran 

then K2  
K2 1 

- where d.cs 

Po max. d 

(12.2) 

(12.3) 

if proseure'ratio 

THF2 p max d 



1075 • 

IS4.4. • 	M.8 
Ic2.0 	KZO 

ISAND OF MONOBLOC. (VANDER 
RESULTS FOR. K 1.4 SH

E
AR

  S
TR

ES
S

 RA
NG

E  
-♦

- 

25 

Tod (Ina  

20 

-500 

30- 

-400 

MNIfiez  

3   
104 	 6 	1104- 	 6 	to°  

CYC LES 

FIG.12.2. BORE SHEAR STRESS RANGE AGAINST UFE FOR 6YNAMIC SUPPORT RESULTS  



1243.1 The 'Oil Effect' and Prediction of Fats. ae Limit for Ilealobloc ev Indere. 

The chief difficulty in predicting thick cylinder results lies not 

so much in reproducing or assessing the effect of the stress conditions 

in the cylinder but in reproducing and assessing the effect of the 

pressurised oil on the stress conditions. It is well known that a 

cylinder whose bore is protected 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 cylinder 

to the value predicated by the torsional fatigue strength. Tests have 

bean carried out by Frost and Burns ( 3 ) on thick cylinders with 

statics and dynamic shear stresses in a pressure vessel. The results 

showed that the'fatigue strength was unaffected by either Tellus 15 oil 

or mercury at high pressures and that there was still no correlation 

with thick cylinder results. It was saglested that the discrepancy 

might be attributed to some mechanical effect due to the repeated 

penetration of oil into the bore suface. 

The complete lack of success of previous workers to relate thick 

cylinder results to other fatigue tests has resulted in more attentiaa 

being given to the quantifying of the oil effect. • Frost ( 7/2- ) 

first eaggested that if fluid pressure penetrated microcracka in the 

bore of a cylinder then the Lame hoop stress would be augmented by 

the fluid pressure resulting in a nominal crack opening stress.. . of 

2 times the bore shear stress. Similar reasoning was put forlard 

by Jones and Tomkins ( 	) in explanation of the effect of hydrostatic 

pressure on both the fatigue limit in torsion and think cylinder fatigue. 

The effect of oil penetration was assessed for both the maximum shear 

stress and the stress normal to the maximum shear stress plane. 



For an unprotected cylinder, 
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omitting the oil effect • dr 0 
K2 	

and' = K
2
12  

1 K - 1 

when -the effect is included. cr = 	+ 	and Z.. 	P n K2 1 2. K2 - 1 2 

(12.4). 

(124). 

 

Jones end Tomkins showed that using the pressure modified stress 

expressions that cylinder and other fatigue results plotted on the basis 

of maximum range of shear stress against maximum normal stress on the plane 

of maximum shear stress were more consistent..' 	An additional refinement 

of presenting the mean shear stress as a third parameter was suggested by 

Frost and BurnsVand served as a partial explanation of the scatter band.. 

Thus the inclusion, of an oil effect had helped- to rationalise the Mass 

of fatigue data but no simple relationship between cylinder fatigue 

and conventional tests had yet emerged. 

Haslam( 	) considered the problem as one of combined stress 

fatigue. It Was known that cylinder fatigue results were independent 

-of the intermediate principal Stress 14V) and thus a biaxial fatigue 

oriterion would suffixes  GoUbles ( IS ) elliptical equation was 

expressed in principal stress form and further Simplification made by 

eliminating the'torsional fatigue. limit term. The simplified criterion 

isy oi2 + 632 I. b2 

- Where ,  = o- ia 	p, and b = uniaxial repeated traneverse limit 	(12.6). 
e 3 

By substituting Lame values in the equation we obtain 

(12.7) 

Haslam found that the fatigue limit of - protected bore cylinders was 

accurately.predioted by the equation, but that unprotected specimens had a 

much" lonerfatigue limit pressure. The oil offset was included as a tern 

p) added to the Lam‘ hoop-stress, and the value of n evalUated by the 

analysis of a wide range' of cylinder:fatigue data. Haslam found that the 
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oil effect 
	

cti n could be defined by the empirical equation,. 

n 	 (12.8)• 
K + 1 

and thus the effective hoop stress including the oil effect is given 

by, 

eeffective 	mama 	+ I 	
[ K2 +  

k+ 1 
-4-  p (124)* 

cr 	0 e., 	+ 	9  

Substituting in equation (12.6) we obtain the fatigue limit of a cylinder 

subjected to repeated internal pressure as, 

2 1 + 5 2 
+1 (12.10) 

K2  

    

  

K + .1 

  

Although the equation is purely empirical and has no direct physical 

explanation in terms of the oil pressure effectit'neverthelesa.works 

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

123.1LPi'laicstion of I7  gtt,,tie Limit for Statp'Su'Aport Cylinders,  

In the context of the present work on fluid suvorted cylinders it 10 

necessary to evaluate the usefulness of Haslamt o approach. The effect 

of oil pressure on the bore Lame hoop stress should be the same whether 

or not the cylinder has external pressure. Thus using equation (12.9) 

We have, 

2 cr eoffectivemax• 	
[K + 

   

Po (12.11) 

    

When the internal presoure is reduced to zero the oil pressure effect 

does not exist and the bore hoop stress is compressive* It is assumed 

that the .compressive part of the cycle has no influence on the fatigue 



behaviour and may therefore be ignored. If the conventional maximum 

TAme hoop stress itself is zero or compressive then the pressure effect alone 

will contribute to the effective tensile hoop stress value.' 

Substituting (12.11) in Goughts simplified principal stress criterion 

given in equation (12.6) we obtain, 
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2 L( 	\ 	. 1. 	
p  2  

K2-1 K+1 

K2t1_ + 

K 	K+1 

2K2  PO 
K2.1 

Pi 

Po  
) 2  

b2 (12.12) 

The solution to this equation may be expressed as, 

 

, AB 	po + 	b2  kA2  +1) - B2po2  

A
2
+1 ' 	A2+1 

(12.13) 

where 

(ELL + 	) and 	2K2  

K2-1 K+1 	K2-1 

The endurance pressure in the bore of a cylinder of given K ratio, 

material, and static external support pressure can now be calculated. Three 

K ratios have been selected to test the method, two extremes K = 1.2 and 

K .. 3.0, and the 1.75 K ratio used in the static support tests. The values 

of po  used for the 1.75 K ratio case correspond to the experimental values 

used in the present work, whereas the po  values used for the other K ratios 

were chosen merely for convenience. The value of b was calculated as 

46.2  tonf/in2  (714 NN/m2) from the transverse 



247 

rotating bending fatigue limit using the Gerber relationship. The 

predicted fatigue limit pressures are given in Table 12.1. The shear 

stress range ('Grange) and the mean shear stress (7inean)  have also been 

calculated and are plotted in Fig. 12.3 for comparison with Burns and 

Parry's= experimental curve. 

Fig 12.3 shows the predicted endurance lines for static support conditions 

above the repeated stress line, and for high baSe pressure conditions 

below the repeated stress line. It can be seen that the K s  1.75 curve 

for static support conditions follows the experimental curve closely, 

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

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

view of the qUadratic form of equation (12.13), and arises because 

B2  fo,,, is usually much smaller than b2 (A2 + 1). Thus equation (12.13) 

maybe simplified to a linear form 

P 	A B  

A2 + 1 	(A2  + 1) 
(12.14)• 

The b 
(62 4. 1)  

cylinder without external pressure as given by equation (12.10). The 

A B gradient of equation (12.14) dL= 	is dependant upon the cylinder 
A, + 1 

K ratio as Maybe seen in Pig. 12.4. To assess the effect of the , 

gradient variation on the shear stress range mean shear stress plot it 

is necessary to express equation (12.14) in terms of shear stress and 

mean shear stress. 

term is simply- the endurance pressure of a monobloc 



TABLE 12.1  

Predicted Fatigue Limit Pressures for Static Support Cylinders  

K ratio 

Static External 
Pressure 

Predicted Cyclic y  
Internal Pressure 

Shear Stress 
Range 

Mean Shear 
Stress 

Tonf/in2  MN/m2  Tonf/in2  MN/m2  Tonf/in2  MN/m2  Tonf/in2  MN/m2  

0 0 11.8 182 17.5 270 8.75 135 

6 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 

-413 
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Prom (12.14), 

Pi 	r a Po 4.  Pe 

range 	K2  1) K2  

K2-1 	K2-1 	
a  PO 

mean 	( 	)0 	K2 	2) po+pe  

2 	K2-1 	2 

Eliminating pc)  from equations (12.16) and (12.17). 

1E - range =
/.-- 

- 2a I mean I.  - 2- . 
	K2 

Pe 

2-a 	2-a 	X2-1 

(12.18) 

line is still a function of Thus the gradient of the range/Imean 

and the divergence of the K 0 1.2 line on Fig. 12.3 is explained by the high 

value indicated in Fig. 12.4. It should be remembered that equation (12.18) 

has been derived from the simplified  form of equation (12.13) and the reason:  

that the K 0 3.0 'curve is not more divergent is that the B2 po
2 term is not 

negligible at the top end of the curve. A significant feature of Fig.12.4 

is the wide range of practical K ratios, from about K * 1.4 ,to K 0 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 K2 pe  is the bore ehear'stress at the fatigue 

limit, which is known to be virtually independent of K ratio. Thus equation 
r-L-1 

(12.18) predicts a u 	/ L 	relationship substantially independent range mean 
of K ratio and of ,constant slope, which is confirmed by the limited 

experimental evidence available. 

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' Prediction of ratigue Limit for Cylinders with High Base Pressure 

When a cylinder is subjected to cyclic internal pressures varying from 

a non zero minimum to a meximum the mean shear stress is raised, and the 

permissible range of shearstress.is reduced. The 107  curve in Fig. 12.1 

suggests that the linear lc 
	

mean relationship is continued until the 

onset of cyclic yielding+ In the same way it could be argued that the curves 

obtained for static support conditions in Fig. 12.3 could be extrapolated 

beyond the repeated stress condition. However doing this would ignore the 

fact that when the base pressure is not zero the maximum hoop stress no 

longer reflects the range of stress. It is therefore necessary to introduce 

the minimum conditions of the fatigue cycle. The following analysis attempts 

to do this by an extension of Haslam's method for monobloo cylinders. Starting 

with the simplified Cough criterion in terms of principal stresses equation 

(12.6) it is proposed that the maximum conditions of the fatigue cycle are 

given by 

a
3 -
2 

max 	
b2 al2 max max 

and the minimum conditions by, 

(12.19) 

22 
C;r7  

j  min 
b
2 
mitt (12.20) 

where 

that is 

cr 	m a.(3 
1 max 	effective 

when p = pi 	; 

0-1 	 )Max \ R*2-1 	K41 	max 

similarly 

min t\ 2 

	

L.C.2,±1 	p 
X -1 . 	X4-1 	min 

-pi 	and 0-1 	e 
max 	max 	'min 	min 

Substituting in (12.19 and (12.20) gives 

borax p 
+ 
	) 2 4- 1 (1221) 



(12.22) 

(12.23) 

(12.24) 

2 

burin sp pi t j( K2+1 	+ 	) 
min 	K2-1 	X+1 

The fatigue conditions for b can now be defined as 

Pi 	Pi 	( K2,1  
b 	+ 	max 	min w 	 "r 	"1"'• 

2 

+ 1 alternating 
2 	K2-1 	K+1 

Pi
max 	

+ 	Pimin 	+ 	5  bmean 
f\i( 	::+1 

+ 1 

2 	X+1 

The expressions may now be linked to the transverse alternating fatigue 

limit ba by the Gerber relationship, 
o 

 

0- 
am 	cras 	

\ 'Yu 
	 (12.25) 

where 

aalternating stress at mean stress orl'n  am 

alternating stress at zero mean stress, 
ao 

cr 	. ultimate tensile stress. 

SubstitUting from equations (12.23)and (12.24) in (12.25) gives, 

Pimax Pimin 

2 

b
ao 	- p 	

,)(A2+1
3 

(12.26) 
imax 	Pimin 

2 

where 

Equatiom (12.26) has been used to predict the maximum internal pressures 

at the fatigue limit for K ratios of 1.2, 1.75, and 3.0, and for various 

base pressure conditions. The pressures and corresponding shear stresses 

are listed in Table 12.2 and plotted in Fig. 12.3. 



TABLE 12.2  

Predicted Fatigue Limit Conditions with  

Elevated Base Pressure  

X 
ratio 

Base Pressure Predicted Max 
Cyclic Pressure 

Shear Stress 
Range 

r 
Mean Shear 
Stress 

T nf/in2  MDT/m2  Tonf/in2  1111/m2  Tonf/in2  Ed/n7 Tonf/in2  MIT/m2  

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 1 101 	14.9 I 	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 



Fig. 12.3 shows that up to the point of cyolic yield the predicted 

curies follow the trend of the experimental curve faithfully. The . 

agreement is better than that whioh would result from extrapolation of the 

static support curves. Beyond a mean shear stress of about 16 Tonrfin2  

(247 LN/m2) the predictions should be ignored. 

12.3.4 Prediction of Fatigue Limit for Pinamic Support Cylinders.  

It was shown in Section 12.2 that in the mortal region the lives 

Of dynamics support cylinders con be correlated' simply on the basis of 

shear stress range. If in the absence of experimental results we assume 

that bore shear stress range is also the governing'factor at the fatigue 

limit then the opportunity arises to assess the oil effect factor directly. 

The effective hoop stress in a dynamic support cylinder may be expressed as. 

co  effective 

irhere'n to,  oil effeot 

Similarly in a monobloc 

V.  
eeffective 

e + 1 2K2  
Pi d 	K2 

pi'm 

1. 	Pod 	(12.27). 

(12.28) 

I 

factor. 

cylinder, 

+, + n 

Substituting frem.(12.2) and equating.(12.27) and (12.28) gives 

2 
K + 1 + n it +  

1E2 . 1 + Pi a.  d  Pod  

22-0 

hence n 

This.is the.  oil effect factor suggested first by Frost 
	

) end 

subsequently by Jones and Tompkins ( 34-  ) to account in a simple may 

for the effect of pressure in microoracks 	However haler ( 37 ) has  

shown that in order to predict the fatigue behaviour of monobloo cylinders 

using  Goughts combined stress criterion it is necessary to, employ an oil 



effect factor of ' K + 	-I 	pi. If Haslam's factor were used to =5   

predict the endurance conditions of a dynamic support cylinder then 

the analysis would be identical to that detailed in Section 12.3.2 on 

static support cylinders. There would be no difference in the 

predicted cyclic internal pressure at the fatigue limit between a 

cylinder with static external pressure, and a cylinder with cyclic 

external pressure having the same maximum cyclic external pressure 

as the static external pressure. However the experimental evidence 

indicates that certainly in the mortal range dynamite support cylinders 

have greater fatigue resistance than corresponding static support 

cylinders. For example a 1.75 IC ratio cylinder with 9 Ton4/in2  

(139 MN/m2) static external pressure can withstand a cyclic internal 

pressure of about 25 Tonf/in2  (386 1 N/m2) for 42,000 oyclesvcompared 

with 29 Tonf/in2  (448  MN/m2) when the external pressure cycles between 

o and 9 Tonf/in 2 (139 
 1'41022). 

The fatigue limit of dynamic support cylinders is probably best 

estimated on a shear stress range basis by using equation (12.2) in 

conjunction with the monombloc fatigue limit pressure-for identical 

material and K ratio. The monobloc fatigue limit may of course be 

predicted by Haslamts approach described in Section 12.3.1. However, 

the estimation of dynamic support fatigue limit conditions is essentially 

speculative until experimental results becomate available for this regime. 

12.4 Fate Behaviour in the Mortal Region., 

12044. Introduction.  

The work so far in this chapter has been cancerned with the fatigue 

behaviour of cylinders at high endurances over a wide range of loading 

conditions. The analysis of fatigue limits has provided a datum from 

which the prediction of fatigue lives in the mortal, region can now be 

built. The =cows of the predictions in the mortal region can be 

judged against the experimental data gained from the present work. 

ZZ 1 



The analysis may be approach©d either by relating the elastic-plastic 

conditiona in a cylinder to low endurance fatigue data by the Coffin-

Manson Law, or by employing fracture meohanios to relate the cylinder 

conditions to crack propogation in simple speoimenip The fracture 

mechanics analysis will be examined first. 

12.4.8. Fracture Tlechanioe Analysis of Fatime Behaviour.  

The fracture mechanics approach makes use of the concept, of the 

stress intensity factor Ill, which represents the stress -field at a 

crack tip. It has been shown ( I')- ) that in fatigue the rate of 

fatigue growth is related to the renge of stress intensity factor by 

,.the expression, 

dN 
	B. (6,10171 (12.29). 

where a m crack length (for an edge crack), 

N a number of cycles,. 

B a  material constant. 

LVK a range of stress intensity factor, 

and 	m ft  materialconstant. 

Equation (12.29) applies onlY to an elastic situation. However it 

has already been demonstrated that the fatigue behaviour of a thick-walled 

cylinder beyond yield is essentially elastic after a few cycles, and 

thus the use of linear elastic fracture mechanics is justified. The 

attraction of linear elastic fracture mechanics in fatigue lies in- the 

fact that once a master curve for a particular material relating fatigue 

crack growth rate and range of stress intensity factor is available, 

then the growth rate in any cracked body configuration can be predicted. 



but as the initial crack length is very much smaller than the cylinder wall 

thickness the above equation reduces to 

N 
110 	1 	. lab Luctiv, 

63' 	
J

ae 
(12.32). 

Streak, intensity factors are nosy known for a wide range of cracked 

configurations, and often more complex geometries oan be successfully 

represented by simpler known solutions. 

Haslan ( 38 ) has applied fracture mechanics to the analysis of 

a monobloc cylinder by using a compromise stress intensity factor Ki 

given by, 

Ki  = 0-(Tra)2- 
	

(12.30) 

This expression lies between the respective standard equations for 

a atraight-.fronted, and a semicircular fronted edge crack in a semi- 

infinite plate subjected to a gross stress, Or. 

Substituting (12.30) in (12.29) and integrating .over the whole fatigue 

life span from an initial orack length (a0) to a final (track length (a(t) 

equal to the cylinder wall thickness gives, 

223 

a0 
cycles. 	(12.31) 
no 

Values for the constants in the above equation may be obtained from the 

work of Frost, rook and Denton ( 20 ) and equation (12.29). Substitution 

of the appropriate constants for steel in (12,31) gives 

110 
N ([ 

    

06 cycles. 

% 	ja0 

 

  

This equation is in Imperial Units and 6 must be expressed as Tonf/in2, 

and ao  *n inches. 



The initial crack length is taken as the length of crack which 

will just fail to propegate at the fatigue limit*  and may be calculated 

from*  
0 

o 
( A 

	

	 3  effective)  (12.33). 

where c is a material constant given for a range of conditions by Prost 

and Greenan ( -73 )* and or 	is the effective hoop stress at the ef fective  
fatigue limit of the cylinder. 	K2  + 1 

2 	+ 	
)2 

Prom (12.10) endurance pressure p.= 	K . 1 	K + 1 

Substituting in (12,9) 

or 	at endurance ist 
effective 

b 

  

   

i 	 N$2.  
" (1 2.34) K2  + 1  +  5  

IC2  - 1 	K+ 1/ 

The o-term in equation (12.32) i3 the local effective repeated tensile 

hoop stress as given by (12.9) that is )  

K2  + 1  
K2 . 1 	K + 1 	

Pi 

Thus by substituting for ao  and Tin equation (12.32) Haslam was able 

to obtain relationships between N and pi  for particular materials and K 

ratios. The agreement between the predicted ourves,and experimental 

results was - quite satisfactory for ferrous materials. 

It is now appropriate to examineli*,the fracture mechanics approach 

may be employed to predict the exoerimental results obtained in the 
. 

present work. Considering first the static support condition along 

with the simple unsupported case* the endurance pressures have already 

been calculated and are listed in Table 12.1. It is reasonable (71- ) 

to calculate the range of intensity factor K on the assumption that the 

crack is completely closed on the compressive part of the-cycle*  and 

that the effective cycle is from zero to the maximum tensile condition. 



2.2s- 

frhus the value ofcrin equation (12.32) may be taken from equation (12.11) 

0.7 	 Po  
0 	Xt1 	k.1 

Similarly equation (12.11) may be ueed to ealculateCreffective by substituting 

the endurance pressure from Table 12.1 along with the corresponding external 

pressure value. For repeated stress conditions in steels the value of c in 

equation (12.33) is 0.7 (Tonf/in2)3  in ( -73 ). 

For a K ratio of 1.75 in En 25 steel and taking b R 46.2.Tonflin the  

following equations are predicted from equation (12.32),for particular 

external pressures. 

po * 0, N 0 2.54. . 	106  cycles. 

Pi
3 

p 0 6 Tonf/in2 N = 	131 	. 10o cycles. 

(3.79pi  -17.8)3  

1)0 	12 Tonf/in2, N 	124 	. 108 cycles. 
(3.79Pi - 35.6) 

po m 17 Tonf/in2, N 0 

po  . 21.25 Tonillj  

114 	. 108  cyclee. 

(3.79Pi  - 50.5)3  

g N = 	106 	ioe cycles. 
(3•79Pi  - 63.1)3  

ir (12.35). 

The curves for equations (12.35) have been plotted individually against 

the experimental data in Figs. 12.5 to 12.9. The curves have been terminated 

at high pressures by the collapse pressures given in Appendix IA' and at 

low pressures by the endurance pressures listed in Table 12.1. The 

predicted curve for the unsupported case Fig. 12.5 is in good agreement with 

the experimental results and gives a slightly conservative prediction. 
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mean cr eeffective 

alternating o " 
"effective. ) 

5 	pi  
• : IC, + 1 

42.37 2 

5 
K + 1 

The same effect occurred in Hanlam's ( 39 ) prediction of 1.8 K ratio 

cylinder behaviour. The predicted curves for static external pressures 

of 6 and. 12 Tour/in2  (93 and 105 T111/m2) Figs. 12.6 and 12.7 are in very 

good agreanent with the experimental results, although in the region of the 

collapse pressure it ie clearly unrealistic to ougLest as the curve does 

that the transition between fatigue and collapse to cudden In the ease 

of Fite2--±e9 the 17 and '21.25 Tonf/in2  (263 and 328 rN/ra2) 
lz 

external pressure results Athe  predicted curves lie en the optimistic 

or dangerous side of the experimental results, The reason for this 

discrepancy may probably be attributed to the high external pressures 

giving rise to plasticity effects at the crack tip which are no longer 

dealt with by oimple linear elastic fracture mechanics. The predicted 

curves have been summarised for comparison in Fig. 12.10. 

The analysis of the high base pressure results anezagain requires 

opecial consideration because of the non zero n mum conditions of the 

fatigue cycle. The first task is to calculate ao  in equation (12.33). 

The experimental results were obtained for a constant minimum pressure 

of 5.5 2  (85 M/m2) and for an En25 cylinder of 1.75 K ratio 

the MR7iMUM internal pressure at the fatigue limit has bean calculated 

as 13.5 Tonf/in2  (208 MN/m4). The effective hoop stress at the fatigue 

limit may be expressed in terms of moan and alternating components as 

follows: 

and the ratio mean 
'effective'  

alternating or eeffective pi 	min 	(12.38). 

-221? 

Pi min 
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cr a 
Substitution for c and cra  gives ao 0.94. 10 in.  (2•411,14, 

The ratio in equation (12.38) is necessary for the selection of,the 

appropriate value of the constant o in equation(12.33) from the work of 

Prost and Greenan ( 73 ). In the case of pi mar = 13.5 Tonf/in2  and 

p . = 5.5 Toni/32, c is given as 0.33 (Tong/in2)3in.- As equation 
(12.37) gives the alternating component.(ad equation (12,33) becomes 

simply 

The tensile hoop stress range 0 which determines the range of stress 

intensity factor is given by - 
/

1  ass 	2 	+ 	Pi 	" Pi min IC 4. 1 	
(12.30 

In spite of the higher mean stress conditions present in higher base 

pressure tests'it is legitimate to use the same material 'constants D and 

m in equation (12.29) so that the governing equation (12.32) may still be 

used. The justification for this statement lies in the work of Nrost. 

Pock and Denton ( 20 ). It was found that for steel, the range of 

stress intensity factor / crack growth rate data fall into a narrow band 

irrespective of the value of /4 the ratio minimum stress / maximum stress. 

This implies that the material is insensitive to mean stress. 

It is now possible to substitute the various conditions in equation 

(12.32) and obtain the following_ganeral fatigue equation for the 

case of p' 	5.5 Tonf/In21  

	

113.5 ' 	2 
	o8  

(3;79 (Pi Mar. 56) 
	 .(12.40, 

The cum:fie plotted for comparison against the experimental results 

in rig. 11.2, Although the experi*ental results are rather scattered 

the curve is in good agreement with the general trend. 
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If the fracture mechanics approach were employed to analyse the 

fatigue behaviour of dynamic support cylinders in the mortal region 

then-the analysis would duplicate the static support analysis. The 

duplication arises because having neglected the part of the static 

support cycle where the effective hoop stress is compressive the 

static and dynamic cycles are identical. The fracture mechanics 

approach may however be used to establish the basilvmonobloc fatigue 

Curve in the mortal region end then.dynamiesupportbehavicur can be predicted 

on the basis, of shear stress - range by egUation (12.2) 

12.4.1. Fracture echanics Analysis of Crack Propelation.  

The fracture mechanic:3 approach may be used to predict the propagations 

of a crack throughout the life 'of a component, or at least until the 

.onset of. fast fracture. In view of the experithental evidence for the, 

presence or absence of cracks at various stages'of cylinder life presented 

in Section 11.5.4 of the previous chapter it is interesting to predict 

the stage at which a visible crack should appear. From equations (12.29) 

and (12.31) and after substituting the appropriate constants for steel 

the -following general equation may be derived, 

g* 110 	
ao 	

J 
ar 
	

) 406 

where ar  is the crack length , afterNr  cycles have elapsed. 

The total life 66 failure (Nt) is given by equation (12 

is 

`,110 	 106 

so  

Tf equation (12.41) is divided by equation (12.32) then 

aa  
IT
t  

(12.41) 

(12.42) 

2) that 
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This expression is plotted in Fig. 12.11 and it can be seen that 

roughly 70g of the total life is spent in propagating an initial crack 

to ten times its original length. Ad an example consider an rya 25 

monobloo cylinder of 1.75 E ratio. The initial crack length (a0) 

can be calculated from equations (12.33) and (12.34) as approximately 

0.6.106.4in (1.51 m). If we assume that an axial. crack about 3.10-3in 

(0.076 mm) is the minimum length which could be detected by eye then 

ar 	3.10
-3
in = 1.5.10

,m3
in assuming a semi-circular crack surface. 

Thus ar 

From ;ig  12.11 it can be seen that this condition is satisfied only 

when 80 of the total life has been spent. The analysis does therefore 

confirm the experimental observation that cracks can be- detected only 

very late is the specimen life. 

124. Lour Cycle Fatigue Analysis.  

The previous section has shown that the technique of fracture mechanics 

can be successfully applied to the fatigue behaviour of thick-walled cylinders. 

It is proposed in this section to examine whether lowcy010 fatigue analysis, 

often referred to as the Manson 4- Coffin a2proaoh - can more easily or 

successfully be applied to thick-walled cylinder fatigue behaviour. The 

objective is to relate the cylinder fatigue results to basic low cycle 

fatigue information which is generally available, or can be easily deduced, 
, 	- 

for a wide range of materials. In this way the results of the test 

programme become more widely applicable and are not restricted to the 

cylinder geometry and material used. 

Low cycle fatigue analysis is generally related to fatigue data from 

push-pull strain cycling although reversed toraion data is also used. 

4' 
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Pueh-pull testing is relatively simple end the nature of the test 

avoids the complicz./..tionr3 which would be introduced by the presence 

of a mean :train. 	ince the stress strain characteristics of most 

materials are altered by progressive cyclic strreixiing the cyclic stress range 

may either increase or decrease depending on whether the material cycioally 

strain hardens or strait softens. •It was recorded in :3ection 10.3.2 that 

Te41 25 falls into the latter category. After relatively few cycles, the.  

stress range settles do:m to' a fairly constant value Imown as the 

asymptotic stress ranges Normally 	tandardised asymptotic stress 

range is assumed to occur at half the life to.  failure. The asymptotic 

cyclic stress strain characteristic is defined as a result of a number 

Of tests at different strain ranges. 

Noncom ( 	) found that the plastic strain per cycle ( E) was 
itto) 

relatOd to the cyclic life (N f) by a porte9of the form, 

e 	= p
p 
	r_ 	

where r,T and. I are constants, 
	(12•43)• 

Coffin ( 	) sugeested that E = 	was universally applicable to 03.1 

materials, and equation ( 12.43 ) is normally Imo= as the 1,1anson - Coffin 

Law. 

If the asymptotic strew range (AG) is divided. by the elastic 

modulus (E) the quotient can be regarded. as -  the elastic strain range 

(Ea) associated with the cyclic life of (IT f .0 It was found for 

materials a power law was also justified of the form, 

610' 	del 	
SE N.  
E 	 (12.44 

where CJ and. are constants.. 

Fig. 12.13_ sham the asymptotic stress range curve for En 25. in the same 

condition as the present test material frosi the 	;,:aokenzie and. 

Benham (7c ) end r:Taito et al ( `77  ). 
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The total strain range (6E;) is obtained by combining the plastic 

and elastic components from equations 12.43 and (12.44) to give, 

6e. 	IIf
. 

 3 4.  
I 
	 (12.45). 

A major attraction of the Mansen.. Coffin approach lies in a number.  

of empirioal relationships by which the constants in equations (12.43) and 

(12.44) may be calculated quite accurately from static strength data. .Two 

examples of these relationships are given in Fig. 12.12. 

Relating the fatigue behaviour of a thiok walled cylinder to basic 

low cycle fatigue data raises a number of problems. The main difficulties 

may be listed as follows, 

(i) thick.aralled cylinders with cyclic internal pressure are 

subjected to a load cycle not a strain cycle. 

(ii) the strain conditions are multiaxial nobuniaxial. 

(iii), the mean °train components are non zero and are again multiaxial. 

(iv) the fatigue conditions are modified by the pressurised oil in contact 

with the bore. 

All these factors must be considered and if significant included in 

the analysis, 

The difference between load and strain cycling behaviour is not great 

in low cycle fatigue an far as the cyclic life is concerned. Coffin and 

Tavernelli ( -ig ) have shown that the cyclic stress-strain relation 

developed after a large number of cycles is substantially constant 

irrespective of prior strain history. Thus it is reasonable to assume 

that the, strain range changeswhich take place during the early cycles 

of load or stress cycling'have relatively little effect on the final 

cyclic stress - strain relation. Experimental evidence for the good 

agreement between load and strain cycling fatigue curves for En 25 is 

given by Mackenzie and Benham ( -g ) 
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Multiaxial stresses and strains must be reduced to single equivalent 
values in order to apply the Manson - Coffin approach. The expressions 

used are analogous to the von Mises equivalent stress and strain relations, 

Equivalent stress range, 

Ace  * 1 [ q 	 2. ( 0-2' 0-3) j 2  

 

(12.46) 

 

Equivalent strain range, 

Ae 	we 112i ett 
_ E2) 2 	

A (E2-E3) 
:)2 

[A (E3 E1)] 	 (12.47) 

An alternative approach which eliminates the, need for an equivalent 

stress or strain is to employ shear stress - strain analysis in conjunction 

with shear fatigue data from a torsion test say. From past experience this 

approaoh should be very Suitable. For example the endurance limits of a 

wide range of cylinder X ratios have been shown to Correlate well on the 

basis of shear stress, and the elastic plastic expansion of a thick-walled 

cylinder can be accurately predicted from shear stress strain information 

from a torsion test. 

,The effect of a mean stress or strain in loW cycle fatigue may give 

rise to continually changing stresses and strains with every cycle. However 

,unstable conditions such as these will only occur in a,Pressure vessel.very 

near to collapse which is not-An aspect of vessel behavioUr of,interest for 

normal safe working. ,Of more practical importance is the case where after 

a few cycles.the stress and strain behaviour settles down to an asymptotic 

repetitive Condition. Manson ( 11 ) suggests that a cyclically loaded 
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(1248) 

part -either settles dawn to a repetitive plastic:flow per cya1e in  

which case it cannot supportt -a mean load, or it .settles doWh to a 

repetitive. elastic straining with zero plastic strain ta which case 

a mean load can be'supported. In practice conditions may arise 

somewhere between these two extremes. The strain gauge tests 

described in Chapter ,9 showed that. a thick-walled cylinder of 

moderate It ratio with repeated internal pressure -settles down to a 

repetitive elastic cycle with- negligible cyclic plasticity. Thus 

the stress and strain ranges associated with a particular repeated 

pressure may be calculated purely from elastic considerations, whether 

or not the static or cyclic yield condition has been exceeded* 

Furthermore in relating the cylinder behaviour to basic_fatigue data 

only the elastic strain range or asympotic stress range component 

given by equation (12.44) need be condidered. The equivalent stress 

range nay be calculated front equation (12.46) and it may be assumed 

that conditions at the bore dictate the fatigue life. This is 

reasonable in view of the experimental and theoretical evidence 

presented in sections 11.5.4 and 12.4.3 for the fast that crack 

propagation through cylinder wall'occapies a- relatively small. fraction 

of the total life. Per an open ended cylinder with or without static 

external pressure the elaatic stress ranges are as follows;. 

K2 + 1 
4(0i 	) me 1' 

Pi'  46  
46(0

2 
0' 	 ) m Pi, /(07-3 	" 

and subs titian in eeuattdn (12.46) gives, 

06 	1;4  + 1  pi  
eq 	2 

for lK' .75 .6 cr 	2.62 pi  

The corresponding equation for a closed ended cylinder is given by 
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which 	 virtually identical to equation (12.48). Thus,the equivalent 

stresss -relation does not oontradiot the experimental observation that 

the fatigue lives of open and closed ended. cylinders are the same. 

The fatigue_reeulte from the present work on- 1.75 K ratio cylinders, 

Which - were presented earlier in Fig. 11.1, haVe been converted to 

eqUivalent Stress ranges andare plotted in Fig. 12.12 for comparison 

with -the basic asymptotic) stress range / life curve. It is 

interesting that the curve for a monobloc cylinder without external 

support pressure approaches the basic fatigue-curve at the short life 

end. This could point to the fact that at low,endurances the oil 

effect is insignificant in comparison with the stress range. However 

as the fluid pressure is highest at low endurances it is difficult to 

imagine how the oil effect is reduced. The static supported fatigue 

curves generally lie above the basic fatigue line and thuo the inclusion 

of an -oil effect would produce even wider divergence from the basic 

fatigue line. To a certain extent the discrepancy may be explained 

by the influence of the mean load in the fatigue cycle. 

There are two main problems in including the effect of mean conditions. 

One is to convert basic fatigue infornation obtained with zero mean strain 

to corresponding fatigue strain ranges for non zero mean strains. The 

second is to predict the steady state mean strain conditions in a cylinder 

after cyclic softening has taken place. The first problem may be dealt 

with simply by the use of a modified Goodman diagram as the Cyclic 

conditions are predominantly elastics. The problem of accurately 

predicting the steady state conditions was illustrated in Chapter 10. 

It was found that the °yen° stress - strain information overestimated 

the steady state expansion of the dylinder, and that although a static 

approach underestimated the expansion it came nearer to tho measured 

strain gauge values. Thus the mean components could be defined 

approximately by elastic-plastic analysis. It is suggested by Manson 
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that these multiaxial components may be resolved into a single 

equivalent value by expressions of the form given in equations 

(12.46) and. (12.47). However the sign of the individual components 

then becomes lost as a result of squaring and the mean component 

itself can have no meaningful sign. It does appear from these 

problems and the lack of agreement exhibited in Fig. 12.12 that 

the fatigue behaviour of thick-walled cylinders can net satisfactorily 

be explained by the use of equivalent stresses or strains and low cycle 

fatigue data from 	teats. It was mentioned earlier than a 

shear stress - strain approach has certain advantages in connection 

with cylinder behaviour and this aspect will now be given further 

consideration. 

The shear strain range (A ) can' be calculated simply from 

elastio considerations as 

= -1- 	[ K2 	Pi  
. 

(12.50). 

whether or not static external pressure is present. It is more 

convenient in this case to deal throughout in shear strains rather 

than shear stresses. 

The pressure / bore shear strain curve Fig. 10.9 can be used to 

determine the maximum bore shear strain which would occur.under a 

particular combination of internal and external pressures. Tinder 

cyclic conditions the steady state maximum shear strain would be 

larger and the value obtained can only be regarded as approximate. 

The mean shear strain can be obtained by subtracting half the strain 

range from the maximum. These calculations have been performed for 

all the tests on 1.75 K ratio specimens and are presented in the form 

of shear strain range against mean shear strain in Pig. 12.13. Inoluded 

on the graph are also the results of other workers at high endurances. 

The trend of the constant life curves is generally what would be 

expected say of torsional fatigue tests but with the important feature 
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that higher strain ranges can be tolerated even when the mean shear 

strain changes Sign, 'A series of strain ranges for zero mean strain 

can be extracted from the graph for comparison with basic fatigue data. 

Fig. 12.14 shows the total, plastic, and elastic shear strain range 

curves from the work of Mackenzie et al ( 	for En25 in a similar 

condition to the present teat material. The Curves were obtained 

from reversed torsion tests on thin walledetubes with zero mean shear 

strain. Also potted on Fig. 12.14 are the basic cylinder fatigue 

curves of Fig. 11.1 expressed simply in terms of shear strain range 

wiehout regard to mean shear strain values. Points whioh have been 

extracted from Fig. 12.13 for zero mean shear strain are also plotted. 

and a straight line dram between them. 

There are a number of points which are highlighted, in Fig. 12.14. 

At the high endurance end of the graph the well known discrepancy between 

cylinder fatigue results and reversed shear results is exhibited. The 

zero mean strain line however goes about half-may to accounting for the 

discrepancy at 10
6 

cycles and at fatigue lives around 105 
cycles actually 

coincides with the basic elastic line. At lives less than 105  cycles 

the divergehce of the zero mean strain line from the basic elastic line 

again increases althoush now the cylinders are able to withstand a 

higher shear strain ranee for a given life. This divergence must be 

due to the combination of other stress or strain components whose 

beneficial influence is irlatlecillatay represented by the shear components 

and the oil pressure effect. 'However as the basin fatigue information 

in rig. 12,14 was not obtained with the cylinder material itself it is 

important to remember that some portion of the discrepancy may have 

arisen as a result of this. The cylinder fatigue curves' which have 

been expressed in terms of char strain range shoe= bettor agreement 

with the basic fatigue curves than the corresponding cylinder reeults 

in Pig. 12.12, and no meaningful conclUsions can be ,dram. 
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12.6  summary at Design Aperoachetl an 1' or  

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 design of more traditional vessels. Howtver no single design approach 

has emerged from the proceeding discussion and the best method has bean 

shown to depend on the fatigue regime of interest and the availability of 

cylinder fatigue data. It is therefore appropriate to summarise which 

approach should be taken in any particular situation. 

If the vessel is elastic and of En25 steel then the fatigue behaviour 

is characterised in Fig.I2,1by means of the range of shear stress and the 

mean shear stress. Conditions at the fatigue limit are also included in 

Fig.1Z-1 from Burns and Parrys' (6) work, although this area was outside the 

scope of the present teat programme. 

If the vessel is to be designed in a material for which there are 

limited if 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 augment the conventional Lam6 hoop stress. 

If the vessel is of En25 steel and yields on application of the 

working pressure the fatigue behaviour is characterised in fig.I.I3'by means 

of the range of shear strain and the mean shear strain. The shear strains 

must be calculated by elastic plastic analysis based on the static properties 

of the cylinder material and the application of the Trescayield criterion 

and associated flow rule as proposed by Koiter (67). 

If the vessel is to be designed for the mortal range in a material 

other than En25 steel a simplified fracture mechanics approach can be used. 

The method is an extension of Haslamle work (38) on monobloc cylinders and 

requires only a limited amount of data already available for a wide range of 

materials. 
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12.6.1 Worked Example 

As an example of fatigue analysis consider the case of an En25 steel 

static support vessel with en inner K 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 Tonf/in2 can conveniently be provided. We wish to 

know what life can be expected of the vessel. The following material 

properties are assumed, 

Shear yield stress,qTy 	26.4 Tonf/in2  

= 5,230 Tonf/in2  Shear modulus, G 

The yield 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 Tonfolin2  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 strains from elastic.plastic 

analysis 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 approarCh. In this example both methods are demonstrated. 

i) 	Shear,strain analysis  

Substituting the maximum internal and external pressure conditions in 

equation (A1.13) the elastic-plastic radius ratio may be calculated as 1.15. 

This value may be substituted in equation (A1.25) to give the maximum bore 

shear strain, 

74.10*4  
max 

The range of bore shear strain is purely elastic and therefore calculable 

from the bore shear stress range that is, 

Pi 	* 89.10-4  range 	K2-1 max] 

The mean bore shear strain is given by 

'25 
mean Amax range * 29.5.10-4 



we have now defined the fatigue cycle and can refer to the constant 

life curves in Fig. 12.13 to estimate the fatigue life. On this basis a 

fatigue life of 12,000 cycles is predicted. 

ii) 	Fracture mechanics anahsie  

It is necessary first to calculate the repeated internal pressure at 

the fatigue limit for a cylinder having a K ratio of 2 and with 10 Tonf/in2  

external pressure. This. in given by equation (12.13) as 20.4 Tonf/in2. 

Substituting this figure in equation (12.11) gives an effective tensile 

hoop stress of 41.3 Tonf/in2. ►"e can now calculate the initial crack 

length a©  from equation (12.33) as 7.95.1075  in. Finally equation (12.32) 

gives the following relation between life and the maximum repeated internal 

pressure. 

N 	123 	.10 cycles 

(3.33pi  - 26.7)3  
For a repeated internal pressure of 35 Tonf/in2  a fatigue life of 17,000 
cyoles is predicted. 

Thus we have life estimates of 12,000 and 17,000 cycles from the 

respective approaches of shear strain analysis and fracture mechanics. In 

the present example the shear strain approach is backed by experimental 

cylinder fatigue data and must therefore be considered the more reliable 

method. However the example shows that in the absence of such information 

that the fracture mechanics approach would give a reasonable estimate of 

life within the order of accuracy usually associated with fatigue. 

To conclude the example it remains to define the geometry of the outer 

vessel subject to a static internal pressure of 10 Tonf/in2. For an 

economic design this cylinder should be as highly stressed as it is safe to 

do so even up to the collapse pressure it a ductile material were used. 

From equation (A1.32) an En25 steel cylinder of 1.25 K ratio has a collapse 

pressure of 11.8 Tonf/in2. If this cylinder were used the nominal overall 

K ratio of the static support vessel would be 2.5 although this figure 

ignores the additional space required for the interface fluid and seals, 
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CHAPTER 13.  

CONCLUSIONS., 

1. 	A hydraulically operated fatigue press has been constructed 

to generate repeated'fluid pressures within the bore of a test cylinder. 

/ 	/ . Pressures up to 50 Ton)in2  (772 VIN)m2  ) and frequencies up to 60 cycles 

per minute have been achieved in the present work. It was found that 

the variable decompression facilityin the main control valve was 

essential to overcome problems in controlling the pressure cycle 

arising from the stored energy in a compressed-volume of fluid. 

2, 	A dynamic fluid supportvessel system has been built 

to subject test cylinders to combined repeated internal and external 

pressure with the facility of changing the external pressure / internal 

pressure ratio. lk ratio Of about one third was employed in the present 

work and tests were Carried out at repeated internal pressures up to 

31- Tonffin2  (48012i/m2). Probl4ms were encountered in clamping the 

moving cylinder / end..closure assembly together reliably for the 

whole fatigue life. A self clamping arrangement using the external  

fluid pressure provided a satisfactory solution. It was found 

that excessively arge plunger displacements were necessary even 

at modest pressures and it is suggested that future work on dynamic 

support vessels would benefit from a less compressible pressure ,  

medium such as rubber. 

3. 	A vessel rig has been built in conjunction with a 200,000 lbf/in2  

(1.4 011/m2) static pressure supply system to subject test cylinders 

to combined repeated internal pressure and static external pressure. 

Fatigue tests have been carried out at repeated internal pressures up 

to 50 Tong/3n2  (772 MN/m2) with static external pressures up to 

21.25'Thnf/in2  (328 TIN/m2). Fluctuations in the static support 
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pressure due to the cyclic elastic displacement of the test cylinder 

were minimised by the incorporation of a large capacity high pressure 

reservoir in the supply line. The static eupport rig,eas aleteueed 

for fatigue testa,  an monobloo and high base pressure cylinders to 

supplement the results of the fluid supported tests, 

4. Manganin pressure gauges were found to be entirely satisfactory 

for static and dynamic pressure measurements over long periods. 

Dynamic temperature variations were recorded in addition for the 

purpose of applying a temperature correction to the manganin gauge 

pressure signal. An important feature of the recording system was 

a slew speed continuous ultra-violet trace of the whole fatigue 

test. In some oases this provided the only record of the exact 

point'of failure. 

5. The performance of the Hallerene hydraulic seal as the 

dynamic Plunger eeal proved entirely satiefaotory. Wear of the 

mitre ring was usually more savers thari that of the seal itself. 

In some tents the fluid temperature reached the upper recommended 

limit for hydraulic seals of 1200C 	Excessive temperatures are 

therefore likely to prove a serious limitation to sealing at 

substantially higher pressures if the present cycle conditions are 

reproduced. Seal friction at the plunger wan low indicating some 

measure of hydrodynamio lubrication. 

6. anti a finite element stress analysis of necked and plain 

static support specimen designs showed that there was little to be 

gained from a necked design in the reduction of strew discontinatiee 

at seals. Also true Lam; stresses were present for a greater proPdition 

of the spedimen length in the case of the plain design. If combined 
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internal and external pressure were applied the tensile axial discontinuity 

stresses could cause problems with high strength brittle materials used for 

very high pressure vessels. 

The cyclic behaviour of a cylinder beyond yield was found by strain 

gauge tests to be predominantly elastic. Prediction of the steady state 

strains could be approximated by elastic-plastic analysis using static 

material properties. 

, 7. 	The test material used throughout was En25 steel in the 56 Tonffin2  

(781 MA(m2) ultimate tensile strength condition. llonobloo fatigue tests 

carried out to supplement the tests on fluid supported cylinders agreed 

well with the results of earlier workers. The application of static 

external support pressure had the effect of increasing the maximum repeated 

internal pressure which a cylinder could withstand for a particular life. 
:<. 

The higher the external pressure the greater the improvement even when the 

static pressure exceeded the reverse yield pressure. Si ificaktly improved 

fatigue resistance also resulted from the application of dynamic support 

pressure. At first sight the performance of a dynamic support vessel 

appears better than an equivalent static support vessel with the same 

maximum external pressure say, but of course the outer vessel of a 

dynamic support system is itself subject to fatigue. The dynamic and static 

supported vessel tests showed that both were reliable practical systems of 

vessel design with good fatigue resistance meriting serious consideration 

for high pressure operation. 

S. 	One of the most important aspects of the work is in the application 

of the fatigue results 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 steel then the fatigue behaviour is 

characterised in the elastic range by the range of shear stress and mean 

shear stress and a series of constant life curves provide a convenient betide 

2.1-94  



for design. If the vessel is of En25 steel and operates beyond yield then 

elaatic..plastic analysis is necessary to characterise 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 a method which accounts empirically for the oil effect in thick-walled 

cylinder fatigue. In the mortal region for other vessel materials a 

simplified fracture mechanics approach has been successfully applied to 

predict the fatigue behaviour. 
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APPENDIk  

STRESS ArALYSIS OF THICK WALLED CYLINDERS 

1.1 	Elastic Thick-Walled qylindere  

The Lame equations for an open-ended cylinder are, 

(A1.3) 

(A1.4) 

1.2 	Yield Pyessure of a Thick-Walled Cylinder 

Yield occurs at the bore of a cylinder when the ehear stress at the 

bore reaches the yield etwees in ainple shear obtained from a torsion test. 

I t> 
0 	 (A1.5) 

1.3 	Elastic-Plastic  Thick galled Cylinder 

1.3.1 General  

The equilibrium equation for a cylinder gives, 

act. 
cif (A1.6) 

As 	Cr( 	2 
	

equation (A1.6) becomes 



z6o 

If the cylinder material strain hardens then f E. dr may berlivaluated 
a 

numerically providing the distribution of shear strain across the Cylinder 
wall is known. 

1+2 Franklin and MorOlson Approach  

The basic assumption of the Franklin and Morrison (S 3) method of 

analysis of elastic plastic cylinder behaviour is that shear strain is 

inverceley proportional to the square of the cylinder radius, • 

(A1.8) 

It can be shown that at the outer surface of a cylinder, 

o 

  

\.> Chu  (A1.9) 
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Combining (A1.8) and (A1.9) 

   

(A1.10) 

If a value of the function (,„ 	(:z 	is assumed then the shear 
vo 	0 

strain distribution through the cylinder wall is known. The shear stress 

distribution through the wall can then be found using shear stress-strain 

from a torsion test, and the integration of equation (A1.7) carried out to 

calculate the internal pressure corresponding to the initial assumed 

external strains. By taking a series of assumed strains it is possible to 

build up the complete pressure expansion curve. 



••••••• 

1)0  

t. 

1.3.1 Simplified Approach  

If strain-hardening can be ignored the use of a constant shear yield 

stress simplifies the analysis considerably. The following equations may be 

derived. 

In the plastic region, 

26( 

The bore pressure may be expressed in terms of the elastic-plastic interface 

radius from equation (A1.11). 

T1 	4- /1--j  
L 

1„ 	(A1.13) 

 

  

In the elastic region, 

(A1.14) 

    

0-- 

  

- 1` 	(A1.15) 

    

 

- F-11  
• r (A1.16) 

The simplified analysis 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. 



1.3.4 Loiter Ansro4h  

The following analysis treats the problem of elastic-plastic 

behaviour by the Tresca yield criterion and associated flow rule approach 

developed byi(oiter (G7) and Bland ( 6S ). 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 is assumed that the axial stress is always the intermediate 

principal stress then Treece yield criterion gives, 

0-  — 	= 2 T 	 (A1.17) 

Using equilibrium equation (A1.6) the same equations (A1.11), (A1.12), and 

(A1.13) are obtained in the plastic region. It was not necessary to invoke 

a yield criterion previously as it was assumed that a torsion test exactly 

described the shear stress-strain behaviour of a cylinder. The validity of 

the axial stress assumption is examined later. 

The stress-stain relations (g0 ) associated with Tresca's yield 

criterion require 

Ce 	— 	 , E 	IT- 0 
	 (A1.18) 

p 	 p 	P 

where C- G. 	r , and .7z are the principal plastic strain rates. It 
f 

follows from (A1.18) that 

 

(A1.19) 

6a  — (Cr  t-  0-e  ) 

 

   

26 



Z63 

Substituting from (A1.11) and (A1.12) 

7 
	+ 	173 	pc, + E 

	
(A1.20) 

The elastic dilatation is given by 

(A1,21) 

Hence 
6r r 

1— ? ‘;, (7?  6 (A1.22) 

Substituting in (A1.22) from (A1.11), (A1.12), and (A1.20) 

ItJ 

291'3  

The solution to this differential equation is finally 

4 T 	(I‘ r 
-C) 	 L 

1- \1 	r 
G- 

I/n.2: 	L l  (L)1_1 - i 4> — (A1•24) c 
& 1  r 

  

X -= 
	 Lk. 

rf 
Substituting from (A1.24) gives 

( 	
--174 	

(A1.25) 
G- 

To determine 	consider axial equilibrium for tube with open ends, 

 

2-TT 	I (7.-z  r (id * 	cr r (tf 
2 a 

 

0 (A1.26) 

   



Substituting for 	from (A1.20) gives 

-11  2.6\ 4. - (-C11 
61- N7-  L 	\  

2NT 	(A1.27) 

To determine validity of the aesumption that the axial stress is the 

. intermediate principal stress; consider first the situation at the elastic- 

plastic interface. 

From 	1.11) 

Prom (Al 2C) 
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The inequality, 0; ‹; C--7?, 	must be satisfied that is, 

( 	) ., 	- 	r• 	7. 

--- N.... ...... 1 -i- 1 	L + L7  
. 	J 

As 	c C 6 and ( Eck  )2-  LtA i-cr- 
k a 	

(") )7.  — i > ! the inequality is satisfied. 

In the plastic region (1 _ 70.4 >ro must be satisfied / 

considering conditions at the bore where (Ce  - 0) is minimum. 

From (A1.12), (A1.20) and (A1.27) inequality is, 

  

11) 	(Ai .29) 

  

  

   

'1 	1 1". 	V, 	i . 
For thick tubes having _ > TT:i.,)  , that is _ > 1 S for 

ti,- 	a. 
N.)  ::-. 0.2 b , then the minimum value of the left hand side of equation (A1.29) 

is given when c • b that is, 

     

(A1.30) 

  

-7. 
2 v  A. 	4_ 

_ct  7i  

    

which reduces to 

  

(A1.31) 
0-88K"- 

 



This inequality is expressed graphically in Pig AA.1 in terms of 

the ratio ?c ft and the corresponding permissible K ratios for which 

the axial stress is in fact intermediate. It can be seen that if no 

external support pressure is applied then the analysis is valid for K ratios 

up to 5.65 but if pi, =Tip_ then only K ratios up to 3.38 are permissible. 

In the present work the maximum rof; 	ratio occurred. with 
pa 
 .. 21.25 

Tonf/in2, that is rottj  . 21.25/26.4 m 0.805 and the limiting K ratio 
would be approximately 2.5. 

Collapse. Pressure of a Thick-Walled Cylinder 

The collapse pressure of a cylinder is defined as that pressure 

which will just cause the entire cylinder wall to yield. Depending on the 

cylinder X ratio and material properties further expansion of the 

cylinder may then take place without any increase in pressure. 

265" 

From equation (A1.13) 

ti 

11 	
21:4  K 

c; R.0„p‘sc 
(A1.32) 

In the case of K as 1.75 and En25 as cylinder material with an 

average U of 26.8 Tonf/in 

t"C uCki.) 
	= SO + 



FIG. AL1LimiTING K RATios FOR -THE vALibiTY OF TIE 
KoiTER APPRoActi To CYLINKRS WITH EXTERNAL PKESSuRE  



APPE Nbtx 2.  

INSPECTION cER_TiFicRTE or EN ZS" STEEL_ 

Specification 
SIZE 

2.P .96.B 
2.3/ 	dia 

Test No. 2099/ 2 

0.1% Proof 
Stress Tons 
per Sq. In. 

Maximum 
Stress Tons  
per Sq: In. 

ElongationReduction 
per cent. of Area 

per cent. 

Izod Impact Value 

Foot 	Lbs. 
Brinell 

• 

• 

49.2 58.8 	, 21.0 

. 

65.8 71 77 

, 

75 269 

HEAT TREATMENT to which Test Samples have been submitted. 

Hosted to 840oC., Cooled in Gil 
Heated to 660o0. •  Cooled in Air 

267 

ANALYSIS 
Ni. • Cr. 	Mo. CAST No. P. Mn. S. Si. C. 

4C9493 .33 .30  .55 .010 2.44  .64 .48 
Condition of Material as supplied 

Identification Marks 

Brinell Range 

BLACK. HARDENED & TEMPERED 

40.9493 2.463 • 

269/285 
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APPEIthW 3  

VACUUM STRESS RELILVIMG TREptimEwT CYCLE 

SaMple Nos. SS7, 589, SS11 

Samples were protected by molybdenum shields 

TIME 
MINS; 

PRESSURE. POWER. TEEPERATURE. REMARKS. 

BACKING CHAMBER I V• TT 
T
C TB 

11.0 

12.30 

2.00 

2.15 

3.00 

4.30 

9.00 a.m. 

	

.15 	9 x 10-6 

	

.17 	7.x 10-5 

	

.19 	6 x I05 

	

.18 	4 x 10 5 

	

.16 	5 x 10
-6 

Mhx. & min. temperature 

	

.16 	2 x 10
6 

January 4th 1969 

50 

45 

60 

55' 

45 

- 

10 

10 

15 

14 

10 

- 

during 

30 

360 

600 

595 

602 

4ontr•l 

440 

30 

perio. 

Power on - manual control 

Check 

Auto control 

Controlling 

Power off - cooling 

595°C & 610°C 

Cooling naturally 

Work removed from furnace 

• 
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APPENDIX  41- 

Fluctuation of Static Support Pressure  

1. Displacement of specimen  

When pi  - 0 and po  0 nominal static value, 

u 1 -- 1 + K2  At outer surface of specimen, 	r m  E 	K2 	Pe v Po 

When pi  0 pi 	and po  m Po  + Apo  

where Apo  m increase in po  due to elastic expansion 

At outer surface of specimen, ee m 	
+AO. 

_K2 - 1 	K2  - 1 

V(Po  4. AP :) l] 

Thus the net cyclic displacement u m 2Pi 
••••~1.1.0.1.• r 

 K2 1 
- 1 + 	°Po + v  APO] K2 ... 

and cyclic volume change dVe  12 2 urulo  

where 1e a specimen length subjected to pressure 

2 dVs  m 2yrs 8 
 --  2pL. - / 1..t.i...2  -v ..  

2. pisplacement of containing vessels  

The net displacement for a cyclic pressure change Po is given by,  

--,2 4  
" 	 Apo  + v Apo  

_K2  - 1  

and the cyclic volume change by, 

dig - 2urv  21v  ( K2 + 1 + v  
E 	K2 

where 1v is effective length of containing vessel subjected to pressure 



3. Substitution of rig geometry and elastic constants  

For specimen, K 1.75 rs  16 0.875 in is  es 4.5 in 

E 13,200 Tonf/in2  v = 0.28 

dVs  . (1.59 pi  - 2.77 Apo) 10-3  in3  

For static support outer vessel, K = 3.0 rir  m 1.0 in Iv  is 4.5 in 

dV11, . 3.28 40.10-3  in3  

For accumulator, K = 3.33 r7  . 0.375 in lir  . 10.0 in 

dVir  16 0.99 Lpo.10-3  in3  

Net reduction in volume, dV dVs  dVir  . (1.59 pi  - 7.04 Lpo  

Working volumes of fluid are, 

(a) between specimen and bore of outer vessel 	3.3 in3 

(b) in accumulator 	 4.4 

(c) in high pressure tubing, fittings etc. 	0. 

Total Ve a 8.0 in3 

10-3 in3 

4. 	Calculation of iressure fluctuation  

As an example consider conditions in Test No. 7, 

pimax  . 24.1 Tonf/in2 	po  16 17.0 Tonf/in2 

To a first approximation the Apo  term may be neglected in the calculation 

of dV, then dV 38.3.10-3  in3  and 

From the compressibility curve for Tellus 27 at p0  . 17.0 Tonf/in
2 

V Ve 

dV 	9.e, and as a result of elastic displacements this must rise to 
VC 

9.4 	0.91 x 0.48 v 9.8e. From the compressibility curve the corresponding 

pressure . 18.2 Tonf/in2. 

Thus Apo  . 18.2 - 17.0 = 1.2 Tonf/in2. 

2:70 
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We can now try a trial value for Apo  in the calculation of dV. The value 

must be less than 1.2 Tonf/in2, and 1.0 Tonf/in2  is suitable. 

Then 	dV = 31.3.10-3in3  and AIL 0.39% V 

Overall if- rises to 9.4 + 0.91 x 0.39 = 9.76% 

From compressibility curve corresponding pressure m 18.0 Tonf/in2 giving 

Apo  ffi  1.0 Tonf/in2 which was the trial value and is therefore correct. 

2.72 
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