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SynopsIs 

The aIm of the present InvestIgatIon was to establ Ish 

the Influence of the desIgn parameters on the performance of 

a proprIetary expandIng mandrel. For the mandrel system 

InvestIgated the parameters have been IdentIfIed as the dIameter 

and length of the mandrel sleeve and the number of slots con-

talned wIthIn the mandrel sleeve. 

To enable the actIon of the sleeve to be understood more 
\ 

s Impl y II near model s of the mandrel sleeve, have been manufact-

ured from steel and Araldlte, the latter beIng used In 

the load/ extensIon tests upon the steel lInear models enabled 

a mathematIcal model of the actIon 'of the mandrel sleeve In 

the free state to be establIshed. Close correlation between the 

predIcted and experImental radial expansIon of the mandrel 

sleeve has been obtained. The mathematical model allows the 

Influence of the design parameters on the free r~dlal expansion 

of the mandrel sleeves to be established at a design stage. 

The second phase of the Investigation was the performance 

of the mandrel in a simulated working environment. StIff rings 

have been manufactured to represent the workplece, transducer 

elements were embedded Into the rings which enabled the contact 

pressure at the Interface of mandrel/ workplece to be est-

abll shed. Variation of contact pressure down the axial length 

of the mandrel was found to exist for all the mandrel· sleeves 

tested, the varIation was found to reduce as the dIameter of 

sleeve Increased. SImIlarItIes In the actl.on of a 'shrInk-fit' 

of shaft and ring and the expansIon-fIt of a mandrel sleeve 
\ . 

and workplece have been establIshed. The effIciency of the 

mandrel system has been shown to be mainly a function of the 



diameter of the sleeve with the number of slots contained 

within the sleeve a secondary factor. From the data of the 

__ contact pressure/ applied load tests an empirical expression 

has been derived which relates the output of the mandrel 

sleeve to the diameter and applied load. 

! 
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1.1 INTRODUCTION 

It has been the tendancy In the United Kingdom to 

neglect the development and associated research of work -. 
holdIng devices for machine tools. Thornley & Wllson(l) 

have recently stated that, 'Only In the more recent years 

has chuck development awakened to the surge of progress, 

and Investigations on a scientific basis carried out in order 

to assess their capabilities and limitations'. Most of this 

work has been carried out In Germany (2),(3), very little 

\ , 

has been published In the United Kingdom. ,This British , 

complacency can be trac~d b~ck to before th~ 19J4-18 war (4), 

current practice, became Impossible. Several British machine 

tool 'makers were forced by the circumstances to design and 

manufacture their own chucks (5). This complacency again 

returned after the wa rand rema I ned unt 11' the more recent and 

notable Investigations (1),(6). 

If the Investigations on a scientific basis, of chucks, 

have been limited It can be said that the Investigations 

concerning mandrels are negligible. Indeed the analysis of the 

replies received from a survey of manufacturers showed that 

the present 'design methods' were based on empirfcal Inform-

atlon and experience In the field, obtained over many years. 

No scientific approach to the design was found to exist. 

It Is from this basis of 'What we did yesterday, scaled 

up or down, will do today', that this research project was 

Initiated. The research being part of a larger research 

programme, at Loughborough University of Technology, to 

Investigate work holding devices so that the performance of 

such work holding devices can be better designed to match the 

Improved accuracy, performance, tolerances and faster speeds, 
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whIch are expected from today's machIne tools. 

The aIm of thIs research Is to InvestIgate and establIsh 

relatIonshIps between, number of slots, dIameter, applIed 

load and correspondIng expansloh for a proprIetary ~pl It bush 

type expandIng mandrel, and further to establIsh the nature 

and magnItude of the Interface pressure betweenworkplece and 

mandrel. From the results obtaIned It Is planned to be able 

to better predIct the importance of the relevant desIgn par-

ameters and to so develop sImple desIgn crlterea for the fIrst 

tIme. ' . 
• 

Mandrels, or shafts for holdIng work to be machined, are 

posltlo~lng the component to be machl~ed and to maIntaIn this 

locatIon agaInst the cuttIng forces and reactIons. Mandrels 

are of two type~ plaIn and expandIng, the plaln·mandrel Is the 

sImplest workholder for round workpleces. The main character-

Istlc of the mandrel Isa slightly tapered chucklni surface 

with a taper of the order of .49mm per metre (.006 Inches per 

foot). The workplece dtameter must be smaller than the largest 

dIameter of the mandrel, and the workplece Is forcIbly pushed 

endwlse onto the mandrel. ThIs produces a grlpplng·force all 

around the hole In the workplece, decreasing axljlly In reI-

atlon to the Interference produced between the outer dIameter 

of the mandrel and the workplece (7). The drIving torque that' 

can be transmitted depends on the radial grippIng and the 

'tangentIal frIctIon forces produced. 

WIth plain mandrels It Is not always easy to obtain the 

.same drIvIng power or to position the workplece to a definIte 

stop when tryIng to control the resultIng Interference between 

workplece and madrel. Pressing the workplece onto the mandrel 

requIres an arbor press, Is slow, and may damage the finish of 



the workplece bore and score the mandrel and .If the bore Is 

not round and straight, the workplece and mandrel will 

mutually distort under the forces used to press on the workplece. 

-. Expanding mandrels overcome many of the problems assoc' 

lated with plain mandrels, It Is possible to mount and dismount 

the work with ease and without seizing or scoring of the work 

or mandrel. The workplece does not have to be pressed onto 

the mandrel to produce the gripping force. The force Is 

produced by some mechanism giving a mechanical advantage to 

the operator and can be applied completely remote from the 

expanding mandrel Itself as In the use of p'heumatlcally or 

.. ... -", ," - .. :, 
.n'lUraUllcdIIY UJ,Jt:(dt..t:U c::Jq.Jc:tIlUIII~ mdll\.lIC:,::'. 

Expanding mandrels also require a smaller number of 

operations to mount the workplece and they have Increased the 

·useful range of manufacturing tolerances (the functional lack 

of precision of the plain mandrel limits the useful range of 

manufacturing tolerances). Many designs of expanding mandrels 

are available ranging from the stationary collet type through 

to the hydraulically operated expanding mandrel with 'incomp' 

resslble ~lastlc mass'. The many types of expanding ~andrel 

available give rise to a wide application in Industry. All gn· 

ment and assembly of body and wings In the Aerospace Industry, 

Inspection and balancing In the Automotive Industry, and in 

the turnlng~ milling and grinding operations on machine tools, 

these are all typical of todays use of expanding mandrels. 

'-
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1.2 LITERATURE REVIEW 

1.2.1 Early History of Expanding Mandrels. 

During the early part of the 19th Century the fastening --
of boiler tubes to the smokebox and firebox tubeplates of 

locomotives was a constant source of trouble. There were at 

that early time two methods In common use, the tube could be 

riveted In position, with a protruding length hammered down 

over the surrounding metal. AlternativelY, a tapered steel 

ferule could be driven Into one end of the tube \~Ith the effect 

of expanding It and holding It firmly In pl,ace • 
• 

A third method (8) was Intrduced by a Or Church, an 

probably the first expanding mandrel, which enabled the end 

of the tube to be expanded,manually In situ In the tubeplate. 

Althpugh designed for a work-forming purpose and not a work-

holding the mandrel has' all the features of the stationary 

.collet type of expanding mandrel used today (9). 

T~e workformlng type of mandrel and other similar ones, 

which probably developed from Or Church's, became a common tool 

In a boiler makers tool kit and over the years became accepted 

as a standard piece of equipment, the rights and name of the 

original Inventor being forgotten. 

Some 2,7 years after Or Church's Invention a letter appeared 

In the Engineer (10) requesting Information about the origin of 

the Invention of an expanding mandrel for fixing brass tubes In 

boilers. -Royalties were now haylng to be paid by all. users of 

thls'type_cif expanding mandrel, to a single railway company who 
, 
claimed patent rights of the design. 

The letter provoked a lively correspondance (11)-(21) with 

claims and counterclaims as to the originator of the expanding 

mandrel. The matter was finally brought to a conclusion by 
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the editor of the Engineer after some 10 months (November 1860-

August 1861) when Illustrations of the original mandrels, made 

by Dr Church In 1833, were publl shed (10). 

-- During the 50 year period (1860 - 1910) that followed 

the letters"ln_the Engineer the expanding mandrel evolved from 

a workformlng tool Into a workholdlng device, very little 

evidence of how this took place Is available, Indeed the author 

was unable to find any references concerning expanding mandrels 

over this 50 year period, during his literature survey. 

We do know however, that by the 1914 - 18 war many forms 
" 

of expanding mandrels were available, (22),' (23), and from this 

time untli the present, numerous reterences concerning expano-

Ing mandrels are available all following the similar pattern 

of being either of a descriptive nature, rather than of a 

'technical nature, or being advertising literature. The details 

of t~e former being published In many Instances to enable 

similar mandrels to be manufactured by the readers of the 

Journals. 

\ '"--



1.2.2 StatIonary Collet Mandrels 

The statIonary collet mandrel can consIst In Its sImplest 

form of a body bvred Internally wIth a female conIcal taper 
--

and beIng slit In two or four places to permIt It to deflect 

In expandIng and collapsIng (28). Usually Into the Internal 

female taper fIts a male tapered plug whIch has eIther an 

Internal or external thread at one end. The mandrel Is expanded 

by tIghtenIng the taper plug. Many lath~ operators who have 

needed to locate off a turned bore for second operatIon work 

have made themselves a sImple expandIng mandrel of thIs type (24). 

By 1915 the collet type expandIng mandrels of thIs sImple 

revIewed the desIgn of an expandIng collet whIch could be held 

on the spIndle of a turret lathe. Chapman (25) desIgned a rather 

specIal collet type mandrel for long work. The arbor had two 

male tapers and the splIt collet sleeve havIng two Internal 

female tapers to match the arbor. The sleeve had three slots 

cut axIally from each end to a poInt 25mm (1 Inch) from the 

centre. The resul t was In fact two splIt collets back to back. 

Hall (26) conducted some work Into the optImum angle of 

the conIcal taper on the tapered plug. After experImentatIon 

he came out In favour of three desIgns. For the fIrst he 

recommended an angle of sI IghtlY less than that used regularly 

on sprIng collets, 15 degrees. On the second desIgn he chose 

a smaller angle to Increase the grIppIng power and to accomodate 

'smalle~ work. HIs thl~d desIgn, for very small work whrch 

precluded the use of a threaded plug, used a plaIn taper plug 

'to expand It. The taper recommended beIng Brown and Sharp or 

'Horse. Olxle (27) recommended an Included angle of 160 for the 

tapered plug. 
,- , 

An Included angle of 60 0 was suggested by Gltter (29), 



this was to enable a roller bearing centre, fixed Into a 

tallstock, to actuate the mandrel. The design being a simple 

mandrel split longitudinally two ways. Mulholland (30) used --
a similar large Included angle for his design of an expanding 

mandrel which tightens Into blind holes. Wevers (31) and 

CourtneY (32) suggested Included angles of IS' degrees and 24 

degrees respectively, In their designs. 

A variation on the split collet design was shown by Baule 

(H) • The mandrel consists of a round bar held In a normal 

three Jaw chuck. This bar has a hole drilled diametrically 

through the bar, a slot Is milled or sawed In the end of the 

.. . . 
i.o.) Loi, i:i i.": •• r.. ;, ;'" l. lit:' I 

.' 11') • I":' I" \1 r • I , t-,Ij 

and tapped diametrically on one finger of the mandrel only, a 

grub screw Is fitted In this tapped hole, the screw contacting 

the underside of the other finger. A third hole is drilled 

clearance In one finger and tapped In the'other for a bolt to 

pass through. When the grub screw Is tightened the mandrel Is 

expanded, sufficient pressure being exerted on the bore of the 

workplece. The bolt Is used to draw the split fingers together 

If they over-expand during use. 



o 

1.2.} Hydraulic and Solid Elastic Expanding Nandrels 

Hydraulic expanding mandrels do not seem to have been 

_pommon before the 1940's. During the Second World War (1939-

45) several proprietary mandrel~ were produced, no doubt to 

facilitate high precision grinding and turning required at 

this time. The hydraulic type of expanding mandrel Is expanded 

by a self-contained hydraulic system which creates true, 

accurate centerlng ~Ith an equalised gripping ~orce. By turning 

an actuating screw a piston Is moved forward and hydraulic 

fluld.ls forced from the piston chamber up ,through the parts 

and tnto a sp~ce between .the exp~nd!n~ sleeve and ~~~ ~~ndrcl 

body. A singie mandrel Cdn be designed to expdnd in several 

dlffer.nt sizes of bores of a workplece or different workpieces. 

Schroeder (34) reviewed the design of an hydraulically 

expanded mandrel which was used during the Second World War, 

It was developed to give accurate centerl~~ (37) Anon., shows 

a similar design. 

The relative Incompressible property of some rubber and 

plastic material has been utilised In the design of expanding 

mandrels. Alfred Herbert of Coventry (}5) produced an Inter-

estlng mandrel which Is very similar In design to the normal 

hydraulic expanding mandrel except that the expanding medium 

(normally hydraulic 011) Is replaced by a commercial rubber. 

The rubber changes Its shape under pressure but the volume 

remains constant. The -thrust therefore exerte-d on the rubber 

by the actuating screw system Is transmitted to the expanding 

portion of the tool, the degree of expansion being kept within 

the elastic limit of the material from which the mandrel body 

Is made. 

Herrlman (}6) designed a simple expanding mandrel which 

used the recovery prope~tles of rubber to hold the workplece. 



1.2.4 Mandrels with Sliding Elements or Inserts 

This type of expanding mandrel has been very popular 

since the First World War, many references are available --describing particular designs from Individuals. This popularity 

has culminated In the roller actuated expanding mandrels being 

produced In commercial quantities (37). 

Some Interesting early designs which Incorporated a 

sliding Jaw up an Incline plane are shown by Jon~s (38) and 

Wheeler (39). Fletcher (40) gives details of a proprietary 

mandrel of similar design manufactured In Belfast In 1918. 

Hohn (41) described a design of a mandrel to accomodate large. 

".. I •• _.. .. , • 
~'"'Iiu~. U ....... fI.I.~:;.. ...... ";,h.:.(jiuV'-ive.;J. 

a shaft, two spiders, two cone washers, two nuts and sixteen 

arms, (eight on each spider), bushes of different sizes are 

accomodated by using Interchangeable arms of different length 

(.for bushings ranging from 483 - 762mm (19 - 30in.). The ends 

of the arms are machined to the same angle as the conical 

washers. When the nuts are tightened the conical ends of the 

washers expand (force) the arms outward radlally so that they 

grip the bushing. The arms which fit Into radial ~lots milled 

In the face of the spiders are held In position by capscrews. 

Dick (42) designed an expanding mandrel for holding 

,bushings and pieces of tUbing of considerable length. The 

work Is held by six hardened gripping Inserts, three at each 

end of the mandrel. The Inserts are carried In slots 120 
, 
'degrees apart. The Inner ends o~-the Inserts are machined to 

,suit the male conical taper of the mandrel body, the outer ends 

are rounded. Relative movement of the conical tapers, actuated 

by a screwthread causes the Inserts to move out radlally and 

thereby grip the workplece. This design was claimed to have 

a big Improvement over the expanding mandrel which worked with 



10 

a tapered plug driven Into a spilt bushing. Whittle (43), 

Gerber (44) and Helse (45) proposed mandrels of similar designs. 

The cutting forces produced during the machining 

operation have been utilised In the Pin-Cam type of expanding 

mandrel (46). The mandrel of solid construction has ramp-type 

cams ground on It, and a series of rollers are positioned to 

ride axially across the cams. As the workplece Is turned 

relative to the mandrel, the pins are forced outwards Into 

contact with the bore and effect the gripping pressure. The 

ramp-type cam Is mide with a small angle which becomes a locking 

angle to secure the workplece. If the angle Is too steep, no 

erlenced In lo~senlng. A pin cage retains the rollers with a 

snap ring to prevent loss. It Is claimed that htgh concentr-

Icltles can be maintained of the order of 25.4um (.0001 in.) 

and the action of the pins causes an equat force around the 

bore. The Efflplency Tool Products Company (47) produced a 

'Self Gripping' mandrel of similar design In 1919. 

The use of rollers to expand tubular shell which are 

not split lengthwise Is described by Conn (46). These 

proprietary Roll-lock mandrels ex~and by the gradual rolling 

and wedging action of straight rollers between the conically 

tapered Inner diameter of the shell and the conically tapered 

plug which Is turned by a wrench. This type of mandrel which 

has a chucking area not weakened by axial slots generally 

'has a small range of expansion, or the order of .002mm peLmm 

of diameter (.002 Ins. per In. of diameter). Concentrlcltles 

of 5 - 10um (.0002 - .0004In.) total Indicated reading can be 

obtained. 
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1.2.5 The Split-Sleeve Expanding Mandrel 

This type of mandrel Is the most popular of the 

commercially produced mandrels, Erlckson (48) In the United 
---
States (Bristol Erlckson In the'U.K.), Tobler of Fr~nce (49) 

, 
being the market leaders In the field. Indeed these mandrels 

are In use on numerous machine tools In the most Important 

automobile manufacturers works In Europe for all types of 

machining operations I.e., turning, gear shaping, grinding, 

inspection etc. This design of mandrel has been fitted out 

to approximately 70% of the machine tools destined for 

To~llatlgrad in the U.S.S.R. 

bush type mandrel and commented on their wide use ,In industry, 

he suggested a method of correctly positioning the workpiece 

on this type of mandrel. Rowell (51) gave a complete review 

of the materials and processes required to manufacture a spl it 

bush type expanding mandrel and gave the angle of taper on the 

tapered arbor and on the inside of the bushings to be 31.24mm 

per metre (.375 Ins. per foot). Four slits (two from each end 

of the bushings) were suggested for small dl~meters and eight 

for larger diameters. 

Gergens (52) dealt with several designs of the split 

bush type expanding mandrel. He showed that the way In which 

the sleeve Is slotted and the taper of the arbor so designed 

"could affect the bperatlonal characteristics of the mandrel. 
--

A design was put forward so that uniform expansion of the sleeve 

could be obtained, an alternative design could effect the ends 

,of the bushing to expand and not the centre. Arrangements 

which overcame the tendancy of the bushings to lock were also 

proposed. 

Many patent designs of split bush type expanding mandrels 
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which utilize some special design feature have been reviewed. 

Holmes (53), Whittles (5~) and Hudson (55) are typical of these. 

Mason (56) reviewed the design of a spilt bush type 

expanding mandrel where the conical taper on the arbor part of 

the mandrel system Is not one continuous taper. The arbor has 

what Is termed a double angle, I.e., widely spaced precision 

ground male conical surfaces. The spacing of the conical 

surfaces causes uniform Increase In bush diameter when the bush 

Is moved ~p the taper. The result of this action Is to create 

a uniform gripping pressure along the entire length of the 
! 

workplece. 

.....1 .•• 
o.J J ... , ..... 

Corporation Anon. (57) shows the position of expanding mandrels 

In relation to workholdlng devices for modern machining methods, 

Anon. (58) and Anon. (59).polnt out the close relationship 

between precision expanding mandrels and Increased productivity • 

. ' 

\ 



CHAPTER 11 

DESIGN AND DESCRIPTION OF EXPERI~ENTAL EQUIPMENT 
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~. DesT"n nnd Descriotion of Exoerirnental Equipment 

2.1 The Spll t Bush Expand I ng Mandrel Sys'tem 

It was decided at the outset of the research project 

that the mandrel system to be Investigated would be a prop­

~rletary spll t bush expanding mandrel. 

To ascertain what expanding mandrel systems were. 

available In the United Kingdom a detailed survey of the 

manufacturers and suppliers was undertaken. The results of 

the survey Indicated that the most suitable system for this 

research project was the one manufactured by the Bristol 

Erlckson Company of Klngswood, Bristol 

This mandrel system offered outstanding features over 

otner expanding manarel systems. 

(a) Bristol Erlckson Is the largest British manufacturer of the 

split bush expanding mandrel and other associated wo'rk holding 

devices. 

(b) This type of mandrel has been supplied to many Industri~s 

In the United Kingdom and Europe. 

(c) The cost and delivery was competitive. 

(d) The mandrel system offered was typical of the spl it bush 

type expanding mandrel. 

(e) The range of mandrels available allowed more design 

parameters to be studied than any other comparable system. 

A comprehensive system was purchased from Bristol 

Erlckson, comprising In total eighteen split bush sleeves and 

the two associated arbors to complete the mandrel system. 

The eighteen split bush sleeves consisted of two basic lengths 

of sleeve 42.86 mm.(1.6875 In.) and 26.98 mm.(1.0625 In.), 

three different diameters 60.32 mm.(1.375 In.), 50.80 mm.(2.0 in.) 

and 41.27 mm.(1.625 In.), and three different angular spacings 

o 0 0 
of slots 45 ,36 and 30. P.late 1 shows the mandrel sleeves 

,arid :I':l·ate 2.'shows an as'sembl'y of arbor a'nd'mandrel sleeve. 
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Plate 1. Mandrel sleeves 
',< ----------_.- -
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Plate 2. Mandrel assembly 
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The Bristol Erlckson system has as one of Its main 

features the 'double parallel angle principle'. The arbors, 

shown In figure 2.1, display what Is meant by the 'double angle'. --

\, 

There are, on the arbor, two maTe conical tapered surfaces 

spaced a set distance apart, these tapered surfaces mate on the 

corresponding female conical tapered surfaces located at each 

end of the mandrel sleeves. The Included angle (36°) of the 

two tapered sections Is the same, hence the parallel angle. 

The use of this double parallel angle allows the system to 

utilize a large enough angle so that the tapers do not lock • 
• 

Also the ohvslcal size of the end sectlon~ of thp m~nd~pl 

" ":> ...... - ... "'. ...... --. _ ... ::~v·.t!": by t'"'" 

author to have a direct Influence on the expansion characterls-

tics of the mandrel sleeves. The use of a non-locking angle Is 

an Important feature in a production situation because this 

gives automatic removal of the gripping force between work-

piece and mandrel when the loading on the mandrel Is removed, 

giving easy workplece removal. 

The Interchangeable split bush sleeves, shown In figure 

2.2, are cylindrical In form, the outside diameter being 

parallel, with the Inside diameter havl~g two. female conical 

sections of 3~ Included angle located one at each end of the 

sleeve. The cylinder Is split axially from each end to within 

a short distance of the opposite end, the slots have equal 

angular spacing. 
-

Figure 2.3. shows a·typlcal assembly of a sleeve and 

arbor, It Is also useful to help to understand the action of 

. the mandrel system. I f a force Is appll ed to the top surface, 

designated X, of the sleeve (note, the actual way In which 

the force Is generated can be of many forms) the sleeve Is 

forced to move downward and by doing so further up the conical 



\ 

~ 
~ 

. ~ ,"'" .. 
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tapers on the arbor. Movement up the taper causes radial 

pressures to be generated on the mating surfaces between arbor 

and sleeve, this pressure causes the split sleeve to expand. -. 
Equilibrium Is reached when the circumferential tension In the 

sleeve balances the radial pressure. It Is the restriction 

of the radial expansion by a workplece which causes a pressure 

to be generated at the Interface of the sleeve outside 

diameter and the workplece Inside diameter. This pressure 

force generated correctly positions the component to be machined 

and maintains this location against cutting forces and reactions. 

2.1.1 Modification to the Arbor 

The 0.53mm. (.021 Inch) radial clearance, dimension A 

on figure 2.3, between the sleeve and the,arbor would have 

created Interference and trapping of the strain gauge wiring 

system to be Installed on the arbor. The use of 10/.10 gauge 

wire, the smallest gauge p.v.c. Insulated wire commercially 

available, required ~hat either the sleeves or the arbor 

would have to be machined. Small grooves were therefore 

machined in the arbor using the Wickman Electrical Discharge 

~Iachlne. The small grooves semicircular in cross-section 

enabled the wires to be set below the surface of the mandrel. 

The position of the grooves and the associated strain gauges 

\ are s h 0~1n_ 0 n p I ate 3. 

Four T.M.L. type FLE-1-11 strain gauges were installed 

'on the arbor between the two tapered sections. The wiring 

diagram Is shown In figure 2.4. 
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Experimental Rig fer Radial .Expanslon 

Ins~rument Data. 

Rank Taylor Hobson M1tronlc Mlcro·Comparator 
with axial transducer head. 

Full scale deflection ranges .1mm., .030mm., 
.010mm. and .003mm. 

Mean sensitivity on .003mm. F.S.D. = .OOOlmm. 

·-':lcicKhouse-provlng rlng type~OOO. number 1537. 

Dial gauge no. 74562. last calibrated October 1972. 

Mean sensitivity 5.93 Newtons per division. 

The experimental set up for the measurement of radial 

shown in plate 4. 

~he mandrel system Is mounted upon a baseplate~ also 

·mounted on the baseplate Is a brass supporting stand which holds 

the axial t~ansducer head for the Rank Taylor Hobson Mltronlc 

Micro-Comparator. A hardened steel collar Is positioned on top 

of the sleeve and a Clockhouse proving ring Is positioned on 

the collar, the whole arrangement being In axial alignment. 

The rig was designed to be used upon any device which 

could give uniform and controllable load application to the 

mandrel system. Tensile testing machines, small presses 

hydraulic or mechanical, or the movement of the table towards 

the spindle head on milling machines, were all possible methods 

considered to apply the load to .the mandrel. For convenience, 

,the rig was set up on an Adcock and Shlpley vertical milling 

. machine t~pe 18/32, the use of this as the loading medium 

ensured that 

. ( a 1 The. re <;lu I r ~ d a c cur a c y and rep eat a b I I I t y was 0 b t a I ne d 

throughout the loading range. 
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(bl The loading could be appl led easily and positively by the 

upward movement of the table towards the machine spindle head. 

(cl The slldeways locating the table ensured that the axial 

alignment of the rig was maintained. 

(dl With the machine not running there were no vlbrati'on 

problems. 

(el Easy and rapid manipulation and adjustment of the rig was 

obtained. 

The rig was positioned upon the loading apparatus (Adcock 

& Shlpley vertical milling machine l by placing the baseplate 

on the worktable, the free end of the Clockhouse proving ring 

. .' " ,. .. . . . , . .. ' . ....... ' ... ,.. ........... ............ ~. _ ... ~.Io_ ... ..................... r' ................................................... ... 
head. Loads were applied to the mandrel system by raising the 

worktable towa.rds the spindle head, therebY causing a deflection 

of the proving ring and thus creating a known load to be 

applied to the mandrel system. 

\ --. 
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2.3 Manufacture of Linear Models of Mandrel Sleeves for 

Photoelastic Studies 

Linear models of the mandrel sleeves are the physical 

representation of the cyllndrica·l sleeves in a straight line 

form. The linear models can be thought of as though one had 

cut through one side of the cylindrical sleeve and then opened 

It out Into a straight line. Fi gure 2.(5. shows the range of 

Araldite linear models manufactured. 

Araldlte CT 200, which is an epoxy resin suitable for 

photoelastlc studies, was purchased ready cured In 9.5mm.(.375In.) 

sheet form. From the sheet 6 strips were cut, two widths 'of 

. . 
,!:'::"I~c:. 1.1'F""~ f:'1I"': '!;':'~4'!.I . .L .. ql)/;'1II""! "1111,.' ~'"1I'1 11 .,V' .••• ,.] "",Ut:: 

which represented the two lengths of mandrel sleeves. Slots 

1.6mm(.0625In.) wide were then machined Into the Araldlte 

strips using a 1.6mm. slitting saw on a Clncinattl 2Ml hor-

Izontal milling machine, the machine set up Is shown In figure 

i.~. The cutting speed 15m/mln.(50ft/mln.) and feed rate 

20mm/mln.(.75In/mln.) were as recommended by MacDonald & 

Meek (60) , these were found to give excellent results, 

I.e., low Induced machining stresses, low thermal distortion. 

The spacing of the centre distance between the slots on the 

linear models represents the average circumferential distance 

between the slats on the mandrel sleeves, 3 different centre 

distances for 3 different angular spacings using a constant 

50mm.(2In.) diameter mandrel sleeve for reference. 

"--



2.3.1. The Photoelastlc Bench 

The comparative photoelastlc studies were undertaken 

"-upon a Jessop-Leech photoelastlc bench shown dlagramatlcally 

In figure 2.7. The bench consists of a mercury dlscha,ge 

lamp housed In a protective cover with a cooling fan. ~1ounted 

upon a slldeway, which enables movement for correct focusslng, 

are four lenses, a polarlzer, analyser and two quarter wave 

plates. The emitted light passes first through the polarizing 

lense and secondly, If required, through the quarter wave plate 

which Is mounted Immediately behind the polarizing lense, the 

." . .. . 
....... _ ............ 6 ....... I,.V - " I u ... I I • ... u ... ~ I C"IU It U. 

- . 
• I V'" I.. 11 C 

light path. A loading frame Is set In the middle of the bench 

Immediately after the ,first set of lenses, th"ls Is tOo enable 

the specimens to be subjected to a stress whilst In the light 

path. Finally, the light passes through the second set of . 

lenses which consist of the second quarter wave plate mounted 

In front of the analyser. The quarter wave plate Is again 

hinged to facilitate removal from the light path. The fringe 

pattern of the stressed specimen is finally projected via an 

angled mirror to a frosted glass screen to enable observation 

or photographs to be made. 

Figure 2.8. shows a simple fixture manufactured from 

mild steel which the encastr~ beam was held whilst under study 

In the photoelastlc bench. To fa~llltate the manufacture of 

. an accurate pair of clamp members, face A was ground first and -- " 

then the clamps were mounted upon face A whilst faces Band C 

were ground, this was accomplished without removal from the 

magnetic table. 
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.. -2~.4.-.l1anuf.acture of Llnear .. Model s of Man.drel SI eeves 

.LInear model s of .the mandrel sleeves are as def I ned In 

section 2.3, a physical representation of the cylindrical 

sleeves In a straight line form. Three linear models were 

manufactured from steel, see figure 2.9, the material chosen 

for the model s was En 3b steel in bright bar form. One model 

.- -was·-of ·rectangularcrosss·ection,·flgure 2.9. (a), and two were 

" 

machined with the mandrel sleeve cross section profile shown 

in figure 2.9.(b). The spacing of the slots on the models 

repre~ents the average circumferential distance between the 

.. . 
~IV"'~ un . . . ~.. ,'" .. 

.......... , ................... """ ...... 11.... ~ I ~I,.;.,c.;), 

diameter mandrel sleeve for reference. 

U~ I II~ Q 

. 
~VIIl .. I. \ ~ Ill. I 

The slots 1.6mm.(.0625In.) wide were machined in the 

-bar using a 1.6mm. slitting saw on a Cinclnattl 2Ml horizontal 

milling machine, the machine set up is shown in figure 2.6., 

and the set up for machining the cross section profile to 

represent the inside of the cylindrical mandrel sleeves Is shown 

I n fig u r e 2. -10. 

• 

\ 



2.4.1 Experimental set up for the determination of the 

Load-Extension characteristics of the Steel linear rlodels 

Instrument Data. 

Rank Taylor Hobson micro-comparator with axial 
transducer head. 

Full scale deflection ranges .1mm, .030mm, .010mm, 
and .003mm. 

Mean sensitivity on .003mm. F.S.D. = .0001mm. 

Houndsfleld tensile testing machine type 
with manual loading. 

The steel linear models were designed to enable a 

~~~~;~ _ ___ h; __ ~_ 

..... _ .. ···0 ... _-" . 

the application of load. An essential requirement for the 

load-expansion rig for the steel linear models was that the 

method of load application be such as to produce tensile 

loading only. One loading system which fulfllls this require-

ment Is a Houndsfield tensile testing machine, It also has 

simple load appl icatlon and accurate load verification over 

a wide range of loads. 

The experimental· set up for the load-extension :tests 

Is shown In fIgure 2.11., the set up consists of a standard 

Houndsfleld testing machine into which Is mo·unted the steel 

linear model. The axial transducer head Is mounted In a holder 

which Is fastened to the steel linear model. The transducer 

head being positioned in the holder so that the stylus Is 

under a deflection by being plac~d against the datum face of 

a precision ground steel block, the block also being fastened 

to the linear model, the datum face and the stylus are 

Inltla)ly set up at 90 0 to each other. Uponloadlnglthe 1 inear 

model extends thus moving apart the transducer head ( held in 

the holder) and the datum face on the steel block, the stylus 

thus moves outward and accurate measurement of the extension 

obtained. 
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2.5 Design and Manufacture of Interface Pressure Rigs 

Andreev and Shat'ko (6~) Investigated the contact pressures 

In Joints with Interference fits. The shaft deformations caused 

__ by radial forces produced by the Interference fl t of a wheel 

hub on a shaft, were measured by means of pins onto which were 

attached wire strain gauges. The cylindrical pins with flats 

for holding the strain gauges were pressed Into holes d~llled 

radlally In the shaft, the shaft was then machined to the 

required diameter. Axial holes were provided on the shaft to 

facilitate the electrical wire connections to the strain gauges. 

The shaft was then calibrated and the results were plotted, 

rc!at!~~ :he readin~s on .the strztn brtd~es tc the ~!~ pre~su~~: 

and s'train. 

-- -. 
The action of an expanding mandrel can be considered the 

reverse of a shrink fit •. In a shrink fit the bore In a wheel 

hUb. Is smaller than Its mating shaft •. To assemble the components. 

It Is necessary to either force the ~haft Into the hub or %0 

heat the hub unt 11 I t has expanded by an amount at I east as much 

as the Interference, the hub can then be easily placed In 

position on the shaft. It Is the shrinking of the hub when 

cooling whlch.glves the 'shrink fit' Its name, It Is also this 

shrinking which creates the radial pressures between .the hub and 

shaft. 

The diameter of the expanding mandrel In Its unloaded 

state Is smaller than the bore of the workplece which Is to be 

loaded onto It. When the workplece Is loaded onto the mandrel, 
\ "-~" 

the mandrel sleeve Is expanded by the application of a load, to 

meet the bore of the workplece.· It Is this expansion which 

causes the generation of the radial pressure at the Interface 

of sleeve and workplece. We can thus consider the action of an 

expanding mandrel to be the reverse of a shrink fit. 

It was from this basis that the design Idea for the 
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Interface pressure rigs was originated. I t was rea II sed that as 

Andreev and Shat'ko had placed transducer elements In the shaft 

to measure radial pressures, equally feasible was the placing of 

--transducer elements In the hub to measure these pressures. It 

\ 

was .declded then to build first a trial rig with o~e centraf 

strain gauge transducer element to Investigate whether the method 

gave usable results. 

The Bristol Erlckson expanding mandrel system Is manufacture 

so that the radius of curvature on the beam elements, making up 

the mandrel sleeve, exactly conform to the radius of curvature of 

a workplece bore that Is the same size as ~he quoted nominal 

50.ROmm. dIameter sle~ve 

To ensure that full contact was establ ished between the two 

element segments and the rig bore/pressure transducers, the Inter· 

face pressure rigs were manufactured to have a bore diameter 

within 1.27 ~m of the quoted nominal diameter. A further consid­

eration In the design of the Interface pressure rigs Is that as 

the mandrel system Is loaded the mandrel expands, the amount the 

mandrel sleeve expands depends upon the stiffness of the work­

piece (ratio of Incr~ase In bore diameter to Internal pressure 

applied). For a low stiffness value .the expansion of the bore 

becomes significant and the radius of curvature of the bore 

becomes greater than the radius of curvature of the mandrel 

sleeve segments, the contact between segment and bore therefore 

tending towards line contact. On the other ha~d, the use of 
'"--

workplec;s of high stiffness values restricts the expansion of 

the bore to amounts which can be neglected In terms of change 

In radius of curvature, contact between segment and bore are 

therefore kept to a maximum. The Interface pressure rigs were 

manufactured so as to be of high stiffness values with a bore/ 

0/0 ratio of 2.5. 



Figure 2.12. shows the first trial Interface pressure rig 

designed for use with the 60 .• 32mm.(2.375In.) diameter mandrel. 

The rig was manufactured from 152.4mm.(Gln.) diameter En3B steel. 

The 152.4mm. diameter billet was held In a three Jaw chuck on a --Dean Smith and Gr.ce centre lat~e, the bore was drilled and 

finished turned to .38mm.(.OI5In.) below the nominal 60.32mm. 

(2.375In.). Face 1 was faced square to the bore. The ring WB~ 

then marked out for the position of the 4.76mm.(.18In.) reamed 

hole and associated holes for electrical connections and for the 

fI x I ng gcrews to hot d the trBns'd·ucer element. The hol es were 

drilled, reamed and tapped on a Herbert 50. radial ,drill In!,: machine 
• 

A strain gauge transducer element was manufactured as described 

. .... -" -..... . -- . ,'. . .. .. . 
I" ". J • ".. ...." i.J ... ";:, I ~ l." c: ~. I Ii '" V L" to: ... I ,,,'111", , •• Cl I '0..' '''':'' ~ 11' ":! '..I n l' I t-: Cl" 

shown In figure 2.13, a small amount of element was left proud 

of the bore. T~e element was fastened In position by a set-screw 

as shown. 

The ring was then loaded Intb a fOUT Jaw chuck,on a Jones 

and Shlpm~n "Internal grinding machine, the bore being checked 

for concentrlclty with the machine spindle axis and Face 1. for 

squareness to this axis, by the use of a dl,al test Indicator. 

The bore was then finished ground to size, this consequently 

ground pai~ of the element left proud to the same slz~ as the 

bore-. After removal from the grinding machine the element was 

taken out of the ring and strain gauges were attached. The 

element was then placed back In the ring with the wires beIng 

receIved as shown In fIgure 2.14. The wIring diagram for the 
\ ' 

strain gauges Is shown In flgure'-2;21; 

The Initial trial rig showed that meanlttj1;fulmeasurements 

could be obtained (Experimental results see Table 8.52.). From 

this Information 3 Interface 'pressure rigs, figure 2;15, were 
" 

manufactured using the above techniques, f~rther transducer 

elements being added to enable pressure measurements to be made 
down the length of the mandrels. 
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2.5.1 
, 

DesIgn and Manufacture of Transducer Elements 

'The function of the transducer elements and the design 

of the Interface pressure rigs, into which the elements were to 

fl t, \~mposed on the elements the form which they had to take, 

figure 2.1Ei shows a typical transducer element. 

The loading action on the elements Is a column action due 

to axIal loading, because the load Is a compresslve load then 

an appropriate column equation has to be used In· the design. 

FrO' m H a I let. a 1. (63) 

The Euler equation fer the critical lead fer slender celumns 

of uniform cress sectIon Is 

F c r: = c. rr. EA. 

'" (L/k)2 

(1 ) 

The value ef C depends en the end cendltlens. The lewest 

value ef C, .25, Is given fer ene end fixed and the ether free 

of all restraint, altheugh the transducer elements have greater 

restraint than this, therefere higher value of C and ef Fcr:, 

the true fIxing condltlens are Indeterminate, therefore It was 

censldered prudent to' use .25. 

k=hJ3 = 
I -3 r::-

2.92 x 10 x{3 = • 8 ~ 

6 6 

x -rx 
9 -, 

from - ( 1) Fc r. = .25 206.9 x 10 x 9. 27 x 10 

C5
• ~ )2 

.8~ 

3 
= 5.2 x 10 N 
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The estImated maxImum load on the element Is 365N and the 

Euler crIpplIng load Is gIven by (1) as 5.2 x 10
3 

N. 

-ThIs gIves a factor of safety of 14. 

The transducer elements were manufactured from .4 •. 76:nm 

(.18 In.) dIameter SIlver Steel. Each element ~as cut orIgInally 

to a length of 51.'Onm(2 In.) as shown In fIgure .2.1G"·, thIs 

enabled the elements to be held In a fIxture, fIgure 2.D, 

whIlst the square sectIon was ground on the centre of the 

elements. The elements were ground on a Jones and Shlpman 

. .. - . . 
.......... 4 .. rn,. .......... .. , "" ... 

been ground the elements were unlocked In the fixture and then 
o . 

rotated through 90 and relocked In the fIxture, a further 

.flat surface was then ground. This serIes of operatIons were 

contInued untIl the square centre sectIon was obtaIned. The 

elements were then cut to length, the sectIons shown dotted 

In fIgure 2.1ff;' beIng removed and end des Ignated B ground 

flat and square to the element axIs. 

\ '-
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2.5.2 Design and Manufacture of Strain Gauge Proving Rings 

The function of the strain gauge proving rings was to 

-enable the calibration of the transducer elements whilst In 

\ 

position In the Interface pressure rigs. 

This constraint dictated the form which the proving 

rings had to take, figure 2.18. The design therefore was 

limited to one of strength and deformation. 

The maximum load on the proving ring Is assumed to'be 

the same as the estimated load on the transducer element, 
'. 

see section 2.5.1., 365N (82 lbf). . 
The generalized tormula tor oendlng moments In a thin ring 

subJ~cted to equal and diametrically opposite loads given 

In Roark (61) are, 

Maximum Bending Moment +ve at position designated 1 

Maximum Bending Moment -ve at position designated 2 

M+ = • 3 18 3 WoR. 

M_ = -. 181 7 W.R. 

and the generalized form M = W.R. (. 3183- '/z. Sin I:> ). 

• 

The proving rings are to be manufactured from En8 
. % 

steel which has a Yield Stress of the order of 432 MN/m 

(28 f/ln 
:I. 

) . ton 

'-
Now M+ = .3183 x 365 x 30.16 x 10 

= 3.5 N-m 

and M_ = .1817 x 365 x 30.16 x 10 

= 2.000 N-m 
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from the Simple Bending Equation Morley (62) 

1i = 1. = i. 
I y R -

\ 

M = II transposing f '= !i:i 
y I 

Second moment of a rea I = bl 
12 

for section at point designated 1 
-3 

from 

J = 7.94 x 10 x (3.57 x 
12 

(i) 

-1/ = 3.01 x 10 m~ 

f = 3.5 x 
'3.01 

-11 
1.78 x 10 

x 10·n 

--!I 3 
10 ) 

207 MN/m" Is well within the Yield Stress of 432 MN/mS. 

Bending moment at change of Section (designated 3) & = 3~ 
M = WR (.3183-~tSln9) 

-3 
= 365 x 30.16 x 10 x (.3183-( ~ x Sin 30» 

= .748 N"m 

This Is less than the M_ figure and can be neglected 

Bending moment at 2 

M_ = 2. 00 
. 3 

I = bd = 7.94 x 
12 

=. 8.93 x 

f = 2.00 x 

N-m 
-~ 

10 x (2.38 
12 

_12 

m4 10 

1.19 x 
-3 

10 
8.93 x 10-'" 

-3 3 
x 10 ) 

266.7 MN/m Is well within the Yield Stress of 432 MN/m 

From Roark the Increase In diameter of the ring, Ox., Is given by 

Ox. = .1'37 WR 
El 

E = 206. 9 x 10· N / mi. 

Ox = .137 x 365 x 
206.9 x 
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Ox = .743:.mm. 

Deflection Ox cannot be greater than 0, - D~ 

= 1.19·mm. 

The strain gauge proving rings were manufactured from 

EnS steel In black .bar form. The first operation, of the 

production method, was to turn the outside diameter 03 on one end 

of the bar using a centre lathe. The workplece ~as then turned 

around and held on diameter 03 In soft laws, the outside 

diameter of the ring ~ was turned and the 1nstde_dlameter O~ 

was drilled and bored to size • The workpl.ce was then set up 

. where the relieved diameter Dz was machined. Finally, the 

wo~kplece was reheld In the soft Jaws on the centre lathe and 

·the ring parted off to length. 

\ 

Two strain gauges were attached to the proving ring 

In the positions Indicated In figure 2.'li~ The strain gauges 

were TML type FLA-2, the wiring diagram Is shown In figure 

2.20. 
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2.5.3 Experimental set UP for Interface Pressure Measurement 

Instrument Data. 

Techequlpment Strain Bridge model 11 and ,66 way 
distribution box. 

'Manufactured by Techequlpment, Nottingham. 

Mean sensitivity at gain factor 1 = 1 re 

Clockhouse proving ring model 200. 

'Dial gauge number 1537. Last calibrated 1972. 

Mean sensitivity 5.9N (1.333Ibf) per division. 

Th~ experimental set up for the measurement of radial . 
pressure between the mandrel sleeve and Interface p~essure 

. 
, ':' .:> >HI~"¥1I "ll !ll~l~ .,,~ 

The mandrel system is mounted upon a baseplate, the 

interface pressure rig being positioned around the mandrel 

sleeve, on top of the mandrel sleeve Is piaced a hardened 

steel collar which supports the Clockhouse proving ring, the 

whole assembly being in axial alignment. 

\ 

Load application to the experimental set up is effected 

by subjecting the Clockhouse proving ring to a deflection, 

this was facilitated by placing the rig upon an Adcock and 

Shlpley type 18/32 vertical milling machine. The basep'l ate 

of the rig being positioned on the worktable, the free end of 

the proving ring being restrained by a brass thrust bar fitted 

under the machine spindle head, upward movement of the work-

table subjects the proving ring to a deflection and hence 

creates a lo~d of known magnitu~~~n the mandrel sleeve. 

The strain gauge transducer elements are wired to the 

Techequlpment strain bridge via the Techequipment 66 way 

distribution box, see figure 2.2(. The use of the 66 way 

distribution box enabled the strain gauge elements In all the 

interface pressure rigs to be wired to the strain bridge 
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using one channel only, thus enabling simple switching for 

measurement and maximum utilization of the strain brlgge. 

--The straln-gauges_ fltted to the arbor for the 42.86mm. long 

mandrel sleeves were wired Into a sep~rate channel on the 

strain bridge. 

' . 
.' 
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3. 

'3.1 

Experlmental ~ork 

Determination of the load-Expansion Characteristics of 

the Mandrel Sleeves. 

In this part of the research project the aim was to 

-.- .. determlne-experlmentall.y .t-he ,.·elationshl p between the load 

applied to the mandrel sleeve and the corresponding radial 

expansion of the sleeve. To enable large radial expansions 

to be obtained and to determine the load requirement to 

expand the mandrel sleeve from its collapsed diameter up to 

the nominal diameter of a component, this experimentation 

was conducted without workpieces~oaded onio the mandrel. 

\Under normal operating conditions tne expansion of the 

sleeve Is restricted by the positioned workplece). 

In order to establish the above relationships a series 

. of experiments were undertaken which enabled the radial 

expansion of the mandrel sleeve and load distribution between 

·,t-he-·-two-e-On-l-c-al-·ta pe r S to he-mea s-u<,-ed--a t--k nown va I ue s 0 f 

applied load. The experimentation was In three parts 

1. load-radial expansion measurement. 

2. Variation of radial expansion down the length of the mandrel 

sleeve. 

3. Measurement of the distribution of load between the two 

conical tapers on the arbor for the 42.86m.m(1.6875In.) 

long mandrel sleeves. 



--
3.1.1 Load-radial Expansion Measurement 

The load application apparatus and method, and 

experimental rig, designed for .thls experimental work Is 

described In Chapter 2. section 2, and Is shown on Plate ? 
Sixteen mandrel sleeves and the two associated arbors were 

subjected to Investigation, the experimental procedure 

followed In each case was to load the required Sleeve onto 

the arbor, ensuring that an adequate film of oil was present 

updn the conical taper surfaces on the arbor and on the mating 

female conical taper surfaces In the mandr~lsleeve. The oil 

used being .. Mobll Vactra 'recommended for·F'en.p.ral lubrication 

sltuat10ns. The hardened steel collar was then positioned on 

top of the mandrel sleeve and the Clockhouse proving ring 

positioned on top of the collar, the free end of the proving 

ring being positioned agilnst a thrust b~r which restrains 

movement In the upward direction. Loads are applied by moving 

the table .of the loading apparatus upward and toward the 

restrained thrust bar, this subjects the proving ring to a 

deflection and creates a load of known magnitude on the arbor. 

·An Initial load of 45N (10Ibf) was placed upon the sleeve, this 

, was done to give true contact between the mandrel sleeve and 

arbor and enabled a datum value of diameter to be established 

on the mandrel sleeve. With the datum value of diameter 

established the axial transducer head of the Mltronlc micro-

\ comparat~r was then placed In contact with the mandrel sleeve, 

I . 
~ the transducer head was positioned midway down the length of 

,the sleeve. With the .10mm.full scale deflection range sel-

ected on the micro-comparator the system was set to zero. 

The sleeve was now loaded In Increments which gave an 

'. Increase In radius of the order of 20 I' m.(.OOOsln.), loading 



, 

contInued untIl an Increase In radIus of the order of 127 um 

(.005In.) had been obtaIned, (thIs Is equIvalent to an 

~Increase In dIameter of 254 pm(.010In.) whIch Is of the order 

\ 

to that requIred In practIce. The Increase In radIus was re-

corded for every Increment In load. The procedure was 

repeated each tIme for the sIxteen sleeves InvestIgated. 

Tabl es .ll,.2.1 to 8.36- present the tabul ated resul ts and fIgures 

3.~to 3.18 show the results graphlcally~ 

--_L 
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3.1.2 Investigation Into the Variation of Radial Expansion 

~own the length of the Mandrel Sleeve 

The experimental rig and load application procedure 

li as described In Chapter 2. section 2. Six mandrel sleeves 

and two associated arbors were subjected to Investigation, 

the experimental procedure was similar to that described In 

3.1~1, with the exception being that the transd~cer head was 

raised and lowered to enable measurements of radial expansion 

to be taken down the length of the mandrel sleeve. The actual 

procedure consisted of applYing a 45N (J:Olbf) Initial preload 

~ v I i..:. e "" ..... ..:,' .... ! ..::,:;;...:..'; \;. _.-: -I .... ,~,..,... 
("I ...... _ •• ~ .. 

head ~f the micro-comparator against the mandrel sleeve at a 

height lm.m.(.040In.) below the top edge of the mandrel 

sleeve, the micro-comparator was then set to zero. A load 

was now applied to the mandrel until an expansion of 127 pm 

(i005In.) was obtained, the value of the load was recorded. 

The load was then removed from the mandrel and the axial trans-

ducer head was lowered by 5m.m.(.200In.), reloading of. the 

mandrel now took place until an expansion of 127 rm (.005In.) 

was again achieved, the value of the load to cause this 

expansion was recorded. The probe was progressively lowered 

by Sm.m.(.200In.) until the whole length of the mandrel 

.sleeve had been covered, the load to give a 127 pm (.OOSln.) 

radial expansion was recorded at each measuring position. 

Tables 8.37 to 8.42 present the results. 
< 



3.1.3 Measurement of the Load Distribution between the 

Two Con I cal Tapers 

The experimental set up used In this experimentation' 

was similar to, and the load application apparatus and method, 

the same as that described In Chapter 2. section 2. Six mandrel 

sleeves associated to the arbor for the 42.86m.m(1.6875In.) 

long mandrel sleeves were subjected to experimentation. 

Strain gauges had been mounted between the two tapers to 

facilitate the measurement of the load In ·thls section of the 

arbor, the gauges being wired to the Techequlpment strain 

.'0=- .... ,::1'1 .. nr ,h,.. <:I"r-=-=r. (.:, .... t". .... 
. ~ 

~ ... ~ ,~) n n '" n a 

arbor, the strain was Initially measured and recorded with 

no load applied to the arbor. 

The experimental procedure was carried out In the 

fo~lowlng manner, The mandrel sleeve to be Investigated was 

loaded onto the arbor, the wires to the strain gauges being 

positioned Into the slots In the arbor, thus ensuring that the 

wires were not trapped under the mandrel sleeves. A load was 
c 

then applied to the mandrel system and the corresponding strain 

In the arbor measured, the load was then Increased In 

Increments sUitable for the particular ma~drel sleeve until 

the load required to exp~nd the mandrel sleeve 127 pm.was 

reached (this was known from-the results taken In 3.1.1). 

The resulting strain In the arbor for each load was measured 

and recorded. The results are presented In Tables 8.43 to 
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3.2. Comparative Photoelastlc Studies 

The photoelastlc studies were undertaken to give a 

__ qualitative comparison of the stress pattern' to be found In 

an encastre beam, where one end deflects relative to t.he other, 

and the stress pattern to be found In the beam element of a 

linear model of the mandrel sleeve \~hen such a' model Is placed 

under load extension. No attempt was made to determine the 

magnltud~ of the stre~sjs p~esent. 

The photoelastlc studies were undertaken on the Jessop-

Leech photoelastlc bench as described in Chapter 2. section 3.1. 

to a load of approximately 45 N, the quarter-wave plates were 

set as shown In figure 3.1. to display the Isocromatic ( 1 I ne s 

of constant stress) on a black background. Photographs of the 

stress pattern were then taken for. later comparison. 

The arrangement 6f fixture and Araldlte beam as shown In 

figure 3.2. enabled the stress pattern of an encastre beam, 

where one end has been subjected to a deflection relative to 

the other, to be obtained. To subject the Araldlte beam to 

suth a deflection the following method was used. The distance 
" 

marked Y on flgure3.2. was known, the thickness of the Araldlte 

beam was also known, slip blocks of different thickness 

(approximately .25mm.) were ~laced under the beam and on top 

of face 0 on the fixture base, si Ip blocks to make up to the 

height Y + .025mm. were then placed on top of the beam, the 
\ 

fixing screws were then tightened and the face B on the clamp 

brought down to the face 0 on the base of the fixture. Wit h 

the beam now subjected to a deflection the fixture was mounted 

on the loading frame of the photoelastlc bench. Photographs 

were taken of the resulting stress pattern. Plates 6 and 7 

, 



Plate 6. Stress pattern for model 1. 

Plate 7. Stress pattern for model ~. 

Plate 8. Stress pattern for encastre beam 



wv 

show the stress pattern for a 43mm. and 27mm. wide linear 

model and plate 8 shows the stress pattern for the encastre 

--beam. Comparison of plates 6 and 7 with 8 show that there 

Is a similarity betwee~ the stress patterns of the encastr' 

beam and beam element section of the linear models • 

. 
! 

\, ~--.-
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3.3 Load-Extension tests on the Steel Linear Models 

The aim of this experimental work was to establish 

-the relationship between the applied load and the resulting 

extension of the linear model, the results obtaJned being 

used to test the validity of the hypothesis regarding the 

action of the mandrel sleeves (see Chapter ~) •. 

The experimental equipment and set up for,this 

experimentation Is as described In sectlo~ 2.~.1. and shown 

In figure 2.11. Three linear mod~ls (see figure 2.9.) were 

subjected to Investigation, the method of ~xperimentatlon 

•• . • • • I 

"'~'U6"',"lIoc,;; ... u,"~ .11 ... 101 .................. . 

• • _. .'O . • • • • • 
. 'l j ........ , , .. 11... I.;, \;;.; ..... ,' ,.1 ....... _. ., ..... 

placed under a 19.6N (~.~lbf) preload, the axial transducer 

head was then adjusted to.glve full scale deflection on the 

comparator. The preloadlng enabled the 'back·lash' of the 

system to be taken out and this gave more consistent readings. 

Further loads were now 'appll ed I n steps of ~9N (111 bf), the 

resulting extension dIsplayed by the comparator being 

recorded at each load, loading continued until an extension 

of the order of 250 pm was reached. The model was then 

unloaded and the above procedure repeated until 5 sets of 

readings were obtained. 

Tables 8.49., 8.50. and 8.51. present the curve of 

load against extension, the average of the 5 readings (for 

anyone load) being plotted for extension. 

"--



3.4 Measurement of Interface Pressure 

The measurement of Interface pressure was the final 

-part of the experimental work Involved In this project. The 

feasibility of measuring the Interface pressure between the 

mandrel sleeve and a workpl ece had been establl shed by the 

experimental work conducted with the Initial trial Interface 

pressure rig, the rig was later converted Into .interface 

pressure rig number 4 by the addition of ' further transducer 

elements. The results of this Initial work are presented in 

Table 8.52 This final experimental work Involved 12 of the 

~u ",ondrt::~ .;:JoICCVt;::J 'Cl''''~llcilJjc , ":IC .. nU ClI:"'VI.:J u;;'_~vl..iii';':"';:": ·~.'i:.~'; 

these sleeves were also used. 

The experimental set up for this work Is described in 

Chapter 2. section 5.2., and shown on plate5 The experimental 

method was as follows; The relevant mandrel sleeve was fitted 

,onto the arbor, the interface pressure rig was then placed in 

posl'tlon around the sleeve and held In that position until a 

small load was placed on the sleeve. This Initial load was 

sufficient to radlally expand the sleeve until contact with 

the I"lg was establ ished and the radial pressu're generated 

at the Interface just supported the rig. Alignment of the 

rig to the sleeve was effected by eye, the rig having a line 

parallel with the centre line of the transducer elements 

scrlbed on Its top surface, this line was positioned on the 

\ centre of the arc of curve of a_!egment of the mandrel sleeve. 

With the 'self-holding' position established the strain 

reading of all the transducer elements and the arbor strain 

gauges were measured and recorded, the magnitude of the 

applied load was al so recorded. 

The mandrel was now further loaded, the load being 



applIed In Increments whIch depended on the sIze of the 

mandrel beIng InvestIgated, the load Increments were 285N 

- (641 bf) or 569N (1281 bf) for the 41. 28, 50.8 and the 60.36mm·. 

dIameter mandrel sleeves respectIvely. The crIterion which 

'determined the maximum load was that the loading was con­

.t~nued until a value of load was reached which was of the 

order to that,whlch would be likely to be appll~d to the 

mandrel by a workman when using a wrench to tighten a nut on 

the arbor's. Iln. UNF screwthread (see Appendlx8~!.). The 

strain readlnts of the elements. and arbor were measured and 

j ',<- ,~ .~ - -, • - .... . ....... ........... ... . 
Upon attaining the maximum load, and after measurement 

and recording ~f the strain had takeh place, the mandrel was 

unloaded and the Interface pr~ssure rig and mandrel sleeve 

removed fron the assembly, repositioning of these was then 

carried out and the mandrel was again placed under an Initial 

load, the above procedure was repeated until 4 sets of 

readings at each load Increment for each of the twelve mandrel 

sleeves were obtained. The twelve mandrel sleeves subjected 

to Investigation and the Interface pressure rigs used are 

shown I n Ta b 1 e 3. 1 • . Tables 8.53. to 8.64; present the results 

and figures 3.2.2. to 3.26'. show the curves of applied load 

v~rsus Interface pressure. 

Mandrel Sleeve 
Diameter Length 

41.27. 
50.80 
60.32 
60.32 

26.98 
42.86 
26.98 
42.86 

Table 3.i "--. 

No. 

1 
2 
3 
4 

Interface Pressure Rig 
No. of Elements Element Nos. 

3 
5 
3 
5 

1,2,3 
4,5,6,7,8 
9,10,11 
12,13,14,15,16 
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FIGURE 3.10. INCREASE IN RADIUS/APPLIED LOAD 
CURVE FOR 66.32/42.86/8 SLEEVE 
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~. FormulatIon of MathematIcal Model of Sleeve .-
4.1 AnalysIs of the' actIon of the Mandrel Sleeves 

The mathematIcal model of the mandrel sleeve was 

--formulated out of an analysIs of the experlmental'work con-

\ 

, 

ducted. The load-radial expansion experimentation Ind,lcated 

that the relationship between the applied load and radial 

expansion was lInear In nature, this Initial experimentation 

and ,the qualitative photo-elasticity work gave rise to a first 

hypothesis defining the micro-deformation of certain elements 

within the mandrel sleeve. With the micro-deformation est-

abllshed the macro-deformation of the mandrel sleeve 

deformation of the beam elements. 

Further experimental work, the load-extension of the 

linear models, was Initiated to establish the validity of the 

fIrst hypothesis. This work defined the limitations of the 

first hypothesis and further analysis of the deformations 

taking place within the mandrel sleeves lead to a second 

hypothesis. This second hypothesis took ,Int~ account the 

micro-deformation of all elements making up the mandrel sleeve 

and enabled a mathematical model, which demonstrates the 

Influence the design parameters have on the radial expansion 

of a sleeve for a given applied load,.to,be.establlshed. 

"---.. -

,. 
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First hypothesis o. the de'ormatlon characteristics 

o. some elements within a Mandrel Sleeve 

The mandrel sleeve expends under load like a garter 

spring, and the de'ormatlons o. the beam· elements within the 

mandrel sleeve, taken In total, give rise to the clrcum'erentlal 

expansion o. the sleeve. The beam elements being considered, . . 
'or the purpose o. establishing their de.ormatlon 'or a given 

load, as a beam encastre at both ends and that .any de'ormatlon 
:, .. 

o. this beam Is by a de'lectlono' one end o' the be~m 

, 
slopi at the supports, as shown In 'Igure _.1. 

y=o y=6 

90 

Initial built In 
beam 

(a) 

ill.= 0 
da 

Figure 4.1 

'0 
90 

deflec.tJon mode 

(b) 

The resulting load W to e"ect the change 'rom situation (a) 

to (b) can ~e .ound thus 

Consider the beam as a cantilever with a load Wand a bending 

moment Mr at the 'ree end, 'Igure _.2. 

( 1 ) 
The 

Wend 

I. 'x 

Figure _.2. 

end conditions are; 
(l),x=O,y=O,ill.=O. 

dx . 
(2);x=1 ,y=t,£!x,= $ 

dx '. .,. 



~ 

\ 

9l 

from Mori ey (62), the lateral deflection due to bending only 

may be determined by solving the differential equation of 

the elastic curve of the neutral axis 

'El d2 ,. M (1 ) --y- x 
Jlx 

The' bending moment at any position x Is given by 

Mx = W(l-x) + Mr 

substituting forM x In (1) 

( 2 ) 

(3) , 

uSii'g dou'bLt:: ;iil.:c6fd,-Iun wli..h i'~:'51~ct i..o x, 

we get 

El II = WI1X-;2) + Mrx + A 
dx 

( 4 ) 

Ely = W b2 
- ~~ + Mli! r

2 
+ Ax + 8 ( 5 ) 

using the end conditions II = o at x = 0 and substituting 
dx 

I n ( 4 ) gives A= 0 

also y=O at x=O substituting In ( 5 ) gives 8=0 

( 5 ) becomes Ely = W (1 x 2 ~3) + M;x 2 (Sa) 
, 2 2 

using end condition II = 0 at x = I and substituting In 
dx 

(4) we ge t 

,. -Wl 
2 

substituting (6) Into (Sa) 

at x = 1 

Ely ,. Wx 3 
3 



\ 

• , 

EIV 

Ely 

V 

" 

= .!:!.1l WI3 
3 4 

= WI 3 
12 

= WI 3 
12E1 (7) 



4.1. 2 Second hypothesis of the deformation characteristics 

of the elements within a Mandrel Sleeve 

The circumferential exp~nslon of a sleeve under load 

Is made up of the beam element deflection (as stated In the 

first hypothesis) and of a deflection caused by the change 

In slope of the end sections Joining such beam elements. The 

end sections to be considered as a beam subject~d to a bending 

moment at each end, as shown In figure 4.3. 

T ! 

-'end section beam elements 

1 

end section beam elements 
.. " •. : 

\ 

" Dfagrairiatlc 
. - .- ~epresentatlon of the 

sleeve In the deformed stat 
F.lgure 4.3 

The end section under load Is subjected to a bending moment 

at each end. This bending moment Is the 'bu'llt In' moment 
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\ 
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caused by the beam elements. 
(1) (~) 

M, I 
" 

. , 

The end conditions are: 
. end (l),x=O ,Q.t.=o( 

, dx 
':( 2) ~ x=1 es'Q.t.= pt. 

dx 

Figure 4.3 (c):Deflectlon of end section. 

from Morley (62), the slope ~ue to bending oryly may be 
, , 

determined by solving the differential equ'atlon of the curve 

OT tne eiastic neutral axis. 

Integrating with respect to x .. 

El e s.4:i. 
dx 

= Mx + A 

Cl) (from page 91) 

(2) (from page 91) 

using the condition i:!. ='0 at x = les/2 and substituting 
dx 

In (2) we get 

0 = M,.1 e s, + 
-r-

A = -11c1 es -
2 

(2 ) becomes El e s,Q.t. 
dx 

also II 
dx 

=0(,. at x = 

El es '" = 

A 

(7) 

= Mx - M,.1 e s, (2a) 
--~ 

substituting In (2a) gives 



, , 
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(8) 

Now (6) gives Mr = i!l.= MK (bending moment at support of 
2 ecastre beam) 

substituting (6) Into (8) gives 

O(=W.l.l es 

./jE.les. 
( 9) 

The deflection caused by end section bendl~g Is equal to the 

slope at the end of the end section multiplied by the length 

of the beam element, for small deflections 

Yes. = 0<. L~ 

substituting (9) Into (10) 

Yes. .. L" W.l.l es. 

liE, le s. 

(10 ) 

(11 ) 

Using the theorem of superppsltl6n· the defl.ctlon 'Yn' 

of one beam element and one end section for a given load W Is 

Yn 
.. y + Yes (12) 

sub'stl tutl ng (7) and (11 ) I n (12 ) 
.. ---~ 

Yn .. Wl + W ~ C.l.l es. (12a) 

12E1 /j Ele s. 

"he .clrcumfe·re.[I~lal. eK'p.ansl.on of the sleeve Is the sl!m of all 

the .lndl~ldual deflections. 



, 
"", 

t:::.c 

--substItutIng 

/:.C = 

Ac 

.. N·Y n (13 ) 

(12a) In (13 ) 

N- I~ + Wl".".] (14' 

12El HIes. 
I I 

.. f:l,'W, I [ " + ~.".J Olla) 
liE 

31 les. 
, 

.'---._-
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4.1.3 Mathematical Model of Sleeve 

., 
! 

Figure 4.4 shows the forces acting on the mandrel when a 

load wii Is applied to the mandrel sleeve. The total radial 

force w~ can be found by considering the mandrel system 

as a wedge, as shown In figure 4.5 below: 

resolving the forces 

.. _-

Figure 4.s:Forces acting on a wedge 
r 

-I 
~=Tan f 
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98, 

(15 ) 

Now Wo I s the total outward load on the mandrel sleeve 
, i 

and the load per metr~of circumference I.(for unit length) 

.. Wo 
11'0 (16) 

Now.lf we consider a thin tube with Internal pressure p 

x ~----r 
C' 

I-
t • 

x 'cutting the tube on 
• I _ • I t • • U",' •• 

wJ~£l~ 
•• lIe ", .. ,.... CSllu lC!)V'VI1I5 

pO = 2WT(for unit length). (17) 

Now consider the expanding mandrel 

x _trl-D X 

= 2W(for unit length). 

substituting (16) Into (18) 

cutting the mandrel' slee 
on 11 ne X'X and resol v I n, 
forces 

(18) 

Wo .. 2W (18a) 
Tr 

\ substltlTtlng (15) Into (18a)~-

2W (19) 

rearrangIng 

(l9a) 
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We now ha~e an expression which relates the circumferential 

tension, W, In the mandrel sleeve with the applied axial 

load to the sleeve,WA. Now the,clrcumferentlal tension W 

Is the load which causes the circumferential expansion In 

the mandrel sleeve. 

from (Ha) (page 96) 

Ac =N.W.I 

G' 
+ 

- 4 E 31 

subs.t I tut I ng (19a) Into (l4a) 

• ·r •• ; u·:. W' .. " 
2 7TTan(&+ ~) 4E 

also 

substituting (21) Into (20) 

, 

L*" •. I es.j 
le s. 

r _ ., 
• .. 
i 31 

N. I 

4E 

i 

~, 
, 

T , • ~ C" • 

Ies"~J 

[~ 31 

. ~ -. 
'. ~u I 

(21) 

(20a) 

. equation (20a) now gives us a mathematical relatlo~shlp 

between the Increase In radius for a given •• pLled load In 

terms of the number of slots In the mandrel sleeve, the length 

of the mandrel sleeve and the Internal and external dimensions 

of the sleeve (these are represented In terms of the second 

moments of area of the beam elements and end sections of the 

mandrel sleeve). 
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ANALYSIS AND DISCUSSION OF RESULTS 
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5.1· Comparison of Experimental and Predicted Results 

5.1.1 Predictions based on the Assumptions of the First 

-- Hypothesis for the Linear Models 

Equation 4-(7) has been derived from the assumption of 

the first hypothesis and gives the deflection of one beam 

element for a given load W, 

y = WI3 
12EI 

4- (7) 

for N beam elements the total extension Ac Is the sum of the 

Individual element deflections and equation 4-(7) becomes 

AC - N.·WI 3 

12EI 

Typical calculation of predicted extension for linear model 1 

:r N = 4 

W = SOON 
E 

= .132 x 10- 9m4 

= 31.46 x 10· 3m 

= 207 x 10 9 N/m 2 (this value of Youngs Modulus Is used 

throughout the following calculations, It Is the accepted value 

for mo s t s tee I s 1 • 

substltutJng above In equation 5-(1) 

t:.c = 11 x 5 0 0 x (31. 46 x 10- 3 ) 3 

ii·x 207.9 x 10 9 x .1323 x 10- l 

= 189 pm 

Table 5.1 lists the predicted and experimental extensions for 

compa r I son. 

, LI near Model 

1 
2 
3 

Load 

N 

_500 
100 
100 

Table 5.1 

Predicted 
E~.t.enslon 

I'm 

,189 
90 
44 

._--

Experimental Maximum 
Extension Er ror 

pm % 

·.280 35: 
124 25 

50 12 
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5.1.2 Prediction based upon the 2nd Hypothesis fpr the 

linear Models 

Equation 4-(20a) Is the mathematical model of the 

mandrel sleeve based upon the assumptions of the second 

hypothesis. 

2nAr =WA N.!. 

21ftan(~+~) 4E [~ 3I 

+ Lit" le s ] 

. les 
4-(20a) 

for the linear models equation 4-(20a) simplifies to the form 

of equation 4-(14a) 

he = N.W.l. fl2 ... LII'lcJ . ~ I -:;-:;; ~ I 4-(14al 
~~ ........ ..,..,. I 

L. - - ..J 

Where 6c. Is now the total linear expansion 

Figure 5.1., below, defines some of the symbols In equation 

4-(14a) with respect to the linear models. 

-
] 

i':'~ .. . . 
I, .. < 

Figure 5.1 

Typical calculation of predicted extension for linear model 2 

note: the value of ,second moment of area for each end section 

of a linear model with the mandrel,proflle, is not the same. It 

\ can be shown, that by us I ng the ~_verage of the two val ues, the 

same predicted result Is obtained to that found by the use of an 

expanded form of equation 4-(14a) which Includes separate terms 

for each end section. 

Tbe average value was therefore used. 
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les, ' .. .135 x 10 9m4 N = 'I 
les, = .179 x 10- 9m4 

I .. 34.8 x 10-12m4 

les .. 6'.16 x 10- 3m 

I .. 26.98 x 10- 3m 

4x207 x109 

E ' .. 207 x 10 9 N/m 2 

W = lOON 

~' , ' 
= i es, ", +' i ~'s&c, 

2 
= '(.135 + .179) x 10- 9 

2 

... 157 x 10- 9m4 

rl:;f;:Qh1n- 3 \2 

l'3X34.8X10-~2 
• ,.? 

;;." 

.157x10- 9 

= 112.7 pm 

Table 5.2 lists the predicted and experimental extensions for 

comparison 

Tab le 5.2. 

Lt nea r Model Load Predicted Experimental Maximum 
Extension Extension Error 

N pm - pm ' % 
. 
1 500 280 268 8 

j 2 100 112.7 122 9 
3 500 266 246 8 

--. 
5.1.3 Assesment of Predictions for the Linear Models 

Two mathematical models for the prediction of the 

extension of the linear models have been examined. The first 

model developed from the first hypothesis of mandrel sleeve 

deformation Is not valid for any situation except where the 



second ~oment of area of the beam element Is considerably less 

tha~ that of the end section, the maximum percentage error 

__ between predicted and experimental results was 35%. The second 

\ 

model derived from the assumption of the second hypot~esls, Is 

valid for all the llnear models to which It was applied. 

Preductlons being within experimental accuracy with a maximum ..,..,. 
error of 8% In the case of linear model 2. 

The mathematical model of the linear model expressed by 

equation 4-(14a) has been shown to give solutions which correlate 

"-with the performance of the linear model, ~nd based upon these 

slc:tPit:!~ cl 5:mt~cir (;'vr'fE::dtlcn .wil~ ~t: "otltai'ned. 

5.1. 4 Prediction for the Mandrel Sleeves 

The predlctlbnof Increase .In radius for a_given applied 

load Is given by equation 4-(20a) 

211' A r = WA . N. I • 

2;tan(e+; )4E [~ + LIfoI es] 
31 . les 

4-(20a) 

Note: The rules for determining the magnitude of several of , 

the parameters specified in equation 4;(20a) are given below. 

The end section length: This the length of arc b~tween the 
I 

centre line of the beam elements taken on the mid-distance centre 

line between the Inner and outer diameters of the end section. 

as shown In figure 5.2 below. 

Figure. 5.2 



= outside diameter - Inside diameter 
2 

__ For N slo'ts the length of arc of end section atdlameter Des 

Is 

\ 

= rr. Des - 1. 59N 

N 

and J = I - 1.59N 
2 

I es = J + 1. 59 

The second moment of area of the end sections: This Is to be 

laken as the second moment of area about t~e axis X-X.of:the 

projected areas shown below .In fl~ure 5.3. 

x 

% ~ 
x 

-

X 

~ ~ 
x 

FIgure 5.3 

The second moment of area of the beam elements: The beam 

element In cross section Is as shown In figure 5.4(a). below. 
" 

{~ 
,-

• 

X A 
, 

i---q 
Figure. 5.4(a) 

For the purpose of establishing the second moment of area about 

the axis X-X the segment Is to be considered as a trapezium 

as .. shown In figure 5.4(b). 
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- -
Figure 5.4(b) 

It Is Important when calculating the predicted extensions to 

use the actual dimensions of the mandrel sleeves. Figure 5.5, 

gives the dimensions taken by measurement from the mandrel 

sleeves used In this Investigation and Is a supplement to the 

table given on figure 2.2., which gives the nominal 
.' 

(manufacturers) dimensions. Table 5.3. lists the values of the 

Tab le 5 .... '. ' 

Mandrel dla/length N I ~ les Ies 

mm mm m4 x10- 12 mm mm m4 x10- 12 mm 

41.27 / 42.86 24 12.05 42.85 4.68 305 25.32 
20 29.26 42.62 5.61 249 26.36 
16 71. 38 47.76 7.01 278 25. 85 

41.27 / 26.98 20 29.26 26.69 5.46 677 16.08 
16 71. 38 26.21 7.01 595 16.08 

50.80 / 42.86 24 40.01 43. 01. !..68 305 25.80 
20 101 42.55 5.61 250 26.29 
16 238 42.64 7.01 296 25.43 

50.80 / 26.98 24 40.01 27.05 4.68 689 16.43 
20 102 26.92 5.46 577 16.84 
16 238 76.79 7.01 768 16.08 

60.32 / 42.86 24 94.90 43.98 4.68 203 26.98 
20 212 42.54 5.61 253 26.19 
16 560 42.67 7 "01 300 25.63 

60.32 / 20.98 20 246 26.95 5.46 639 16.61 
\ 16 560 -. 27.03 7.01 655 16.56 

~ 

Typical calculation 6f predicted result for 4L27/42.86 12 slot 

~.!:.!..! 

d 27 ,10 -;'W, ,,, ," -" .. 0' fH." dO?)'. 
- ~ 

2x ~ (42. 6Ix4. 67S)xl,O' 
1 ~IZ ~IZ. 

2x~x.3249 4x207x10 3x12.05x10 305x10 



. .L U 0 

WA = 119.5N 

Table 5.4. lists the predicted and experimental extensions for 

--the mandrel sleeves. 

-
Table LJi. 

Experimental and Pr'edlcted Loads to produce an Increase In 

radius of 127 um. 
, . 

Mandrel dla/length N/2 Predicted Experimental &+? f Load Load 
mm mm N N degrees 

111.27 / 42.86 12 119.5 137 20.40 .047 
.~ 282.7 -, - ., 't eo r- .073 .o.J .J .. o .... vo 

8 7H.4 905 21. 80 .075 
41.27 / 26.98 10 ,815.5 975 21. 23 .064 

8 1155 1465 22.39 .074 
50.80 / 42.86 12 255 332 22.92 .098 

10 756 975 22.73 .094 
8 1604 2040 22.45 .088 

50.80 / 26.98 10 1140 1425 22.10 .081 
8 1672 2235 23.40 .108 

60.32 / 42.86 12 570 725 22.45 .088-
10 1187 1240 18.74 .015 

8 2018 2660 23.18 .103 
60.32 / 26. 98 10 1419 1820 22.62 .092 

8 1646 2020 21. 74 .074 

5.1. 5 Assessment of the PredIction for Mandrel Sleeves 

The mathematical model derived from the second hypothesis 

has been applied to sixteen mandrel sleeves and found to be valid 

'for the ~redlctlon of extenslon.-_The predicted extensions are 

~ found to be lower than those obtained by experiment when a 

-value of coefficient of friction of zero (p=O) Is used. 

The average value of coefficient of friction required 

to raise the predicted values to the, experimental values Is 

.075, (the coefficients varied from .015 to .108 and had an 



, . 

. ': , ,:-: .. " . '.- . 

~iverage value of .078 wIth a standard deviation of .021 ). 

Meek (65) glve.,the coefficient of 'friction between lubricated 

':::-hard steel surfaces a,s' ranging from .052 to .r10. The figure 

,: of .075 Is approximately In the mlddl~ ~f this range and 
.-.. 

Indicates that It Is of the right order for use In calculating 

ttie stiffness. 
• 

When' applied with an approprIate ,value of coefficient 

of friction the 'mathematical model expressed by equation ~'(20a) 
. 

" , has been shown to give solutions which correlate wIth the 

experimental performance of ~he mandrel sl~eves. 

---. .:.. 

,":' '. 

.-' , 
-.~- ... ----.-. ,--- ,or" 

..... :. 

", . 

'-,. 
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5.2 Further Measurements of Mandrel System ActIon 

Analysis of the results of the measurements to establ Ish 

the variation In expansion down the length of the mandrel 

sleeves, Tables 8.37 -8.42, show that In the free state the 

mandrel expands unlformli down the length. For the six sleeves 

tested the maximum variation between the top and bottom diameters 

of the sleeve was 2.5 um. The distribution of load between 

the two conical tapers measurements, presented In Tables 8.43 -

8.48, Indicate that the load Is transmitted from the sleeve to 

the arbor equally across the contact area~ on the two tapers. 

th~ iil~dsuren'~nts at the higher 10dd~ produced strain reading .. 

of sufficient accuracy. 

The mandrel sleeves when examined In the absolute free 

sta~e, I.e., not mounted on the arbor, are found to have con­

tracted from the nominal working diameter and to have taken the 

form of a frust~um of a cone with the small diameter of the 

frustrum being the top of the mandrel sleeve. It Is thought to 

take thIs form because the machining stresses In the sleeve 

deform the sleeve more easlly.at~the.jnd of ,th~ mandrel with 

the'weakest end sectloM, this allows the opposite end to centract 

by the greates: amount. When placed upon the arbor the sleeve 

requires a small load to bring It to Its nominal and uniform 

diameter, It Is likely that this Is not shared equally between 

the two tapers. This could not be confirmed by measurement as 

the load did not produce sufficient strain In the arbor to 

allow accurate readings. Once the sleeve reaches Its nominal 

diameter the mandrel expands uniformly and the load Is taken 

equally by the tapers, the Indication being that the 'fit' 

between arbor and sleeve Is very Important and th't for the 

mandrels tested thls,was so. 
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, .' 
, 5./3 • A n a I y s Iso fIn t e r f ace Pr e s sur eRe sui t s 

Three separate but related sets of curves have been 

-derived from the resul ts of the' Interface pressure tests, Tables 
• ':t.;,,.' : 

8.53. to 8.64. The three sets of curves are, 

1. Average contact pressure at Interface/applied load, figures 

2. Total gripping load at Interface/applied load to mandrel, 

flgures.5. ~. to 5.9. 

3. Variation of contact pressure down the axial length of the 

mandrel sleeve, figures 5.10. to 5.21. \ 

Tt.~ _.; .... ... e,c ... v •• ~"""";,. 
, .... 

~I C~~~I Cl CltJiJ. tt:\.I ~ u Cl U \,0 U I· V ~:a , .. )' ~ I to: d I I Y 

shown by figure 3.26, are found to be similar In for.m to the 

true stress-strain curve (tension and compression) of a ductile 

metal. The curves of contact pressure/load for the twelve 

mandrel sleeves tested ail-exhibit the same feature of firstly, 

rising w.lth a constant AP/AL (change In pressure for a given 

change of applied load) until a load In the region of .5~ 1.0KN 

has been applied, for a· further Increase In applied load of 

between .5 - 1.5KN the ratloAP/AL falls rapidly until It again 

assumes an almost constant ratio as the curve continues In a 

linear manner. 

It Is well understood that some phenomenon takes place 

within a ductile metal upon application of an Increasing tensile 

or compresslve load, the phenomenon being strain-hardening, it 

Is this strain-hardening which gives the true stress-strain curve -- -

Its characteristic shape. It Is believed therefore that some 

'locking-up' mechanism, analogous to strain-hardening, Is taking 

place within a mand~el. s.leeve when subjected to loading to hold 

a workplece. The possible mechanism and causes of this 'locking-

up' are discussed at the end of this chapter. It Is Interesting 
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to note however, that the true stress strain curves often follow 

the empl rlcal relation, 

stress = K(straln)n 5~ (2) 

Where K Is a constant for the material and n Is the 'straln-

hardening exponent'. Application of the empirical relationship 

to the loading of the mandrel sleeves, with the empirical 

relationship now In the form, 

contact pressure =. K(applled load)n 

Where K Is some constant and n the "locklng-up exponent', gives 

'Mandrel dla~ x length (mm.) 

60.32 x 26.98 
60.32 x 42.86 
50.00 x 42.86 
41.26 x 26.98 

Table 5.5 

n 

.83 

.76 

.68 

.57 

As Is shown In Table 5. 5. exponent n' Is the l"owest, .57, for 

the smallest diameter, whilst the largest has an average value 

of approximately .8 and the 50.00mm. diameter having a value 

of .68. 

No definite Indications as to the effect that the number 

of slots contained within a mand.rel sleeve have upon the contact 

pressure at the Interface are apparent from the results presented 

\ In figures 3.22. to 3.25. 
" - A comp.rlson of the curves show that 

41.26mm.\dlameter mandrel sleeves the for the 60.32, 50.00, and 

,10,8 and 12 slot mandrels respectively gave the highest contact 

pressures. The varlation,ln contact pressure for a mandrel of 

similar diameter and length but with varying number of slots was 

shown. to be a maximum for the 60.32mm. diameter 42.86mm. long 
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sleeve where a variation In contact pressure of 1.6MN/m 2 (some 

15% of the average contact pressure) was obtained between the 

__ 10 slot (highest), and the 12 slot (lowest) mandrel sleeves. 

The average varlatlan for the twelve mandrel sleeves being _.51 

of the average ~ontact pressure. 

As one would e~pect, an Increase In length of a mandrel 

sleeve has the effect of reducing the contact pressure. Figures . . 
3.24. and 3.25. demonstrate that for a mandrel sleeve of 60.32mm. 

diameter a higher contact pressure Is to be found with sleeves 

that are shorter In length. The 26.98mm. dong mandrel .sleeves 

long sleeve at an applied load of 4 .• 0KN. 

Variation In contact pressure with respect to the diameter 

of the mandrel sleeve Is shown by the results to infer that for 

mandrels of th~ same length, the larger the dIameter,' the hIgher 

the contact pressure. Figure 5.9. summarizes the effect of 

diameter for the 8 slot mandrels, we can see that the only true 

comparison can be made between mandrels of similar length. With 

this constraint in mind It Is apparent that for the 42.86mm. long 

sleeves the 60.32mm. diameter has produced contact pressures 

greater than those found In the SO.80mm. diameter sleeve. This 

situation again appears when comparing the 26.98mm. long sleeves 

where the 60.32mm. diameter Is shown to have higher contact 

pressures than the 41.26mm. 

The presentation of the results in the form of total 

gripping force at the Interface/applied load, flguresS .:.S. to 

5 • .9., produce some interest.lng facts and results In an empirical 

relationship which expresses the contact pressure In terms of the 

diameter of the mandrel and the applied load. The total gripping 

force Is found by Integrating the pressure over the area and Is 
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expressed by, 

Gripping force = j PdA 5-(11) 

It will be shown below that the pressure does vary"down the 

length o( the mandrel sleeve but that this variation Is small 

and that the use of an arithmetic average value will give 

acceptable results when calculating the gripping force. 

We can use therefore the simple relation 

Gripping force = average pressure x area o~ contact 5-(5) 

Th~ shape qf the curves of total gripping load/applied load 

load curves, the former being ~erived from the product of average 

contact pressure x surface arei of mandrel. Th fs has not 

altered the exponent n, in equation 5-(3~, but has only altered 

the value of the constantK. 

Figures 5.5. to 5.9;" demonstrate that generally for the 

range of loading considered the gripping force increases as the 

number of slots in the mandrel sleeve decreases. A small 

exception to the above is shown in figure ~.6 ., where over a 

small range of loading the 10 slot mandrel produced a greater 

total gripping force than that produced by the 8 slot mandrel. 

The range of loading over which this occurs Is small and the 

difference in the magnitude of the two total gripping forces is 

small and it is therefore considered that thIs conforms t6 the 
.'--

general finding stated above. 

Gripping force values with respect to the diameter of the 

mandrel, figure 5.9 ., show that for mandrel sleeves with equal 

number of slots, the larger the diameter of the mandrel sleeve, 

the greater" the total gripping force produced, this Is true over 

the whole range of loading. It appears also, from the similarity 



of the gripping force curves for the 60.32mm. diameter 42.86 

and 26.98mm.long sleeves that this Is Independent of mandrel 

Figure S.9.shows the gripping force/applied force curve~ 

for the four mandrel sleeves with 8 slots, a similar result 

would be obtained however, wIth the mandrel sleeves with 10 and 

12 slots. We can expand the above statement to say ihai the 

l~rger t,he diameter of the mandrel sleeve the greater the total 

gripping force whatever the length or. number of slots the sleeve 

has,'. 

One of the main points of th~ InvestIgation Is whether, 

to wh~t extent doe~ the co~t~c: - , ---(:I I u .... , 

iength of the mandrel si~eve. ine resuits presencea In Figure' 

5.10. to 5.21. Indicate that there Is a variation In local 

magnitude of contact pressure down th~ length of the mandrel 

sleeve. 

The curves show In all cases that there Is a reduction at 

the ends and'ln the centre, from the maximum value of contact 

pressure attained. The characteristic shape of the curves, 

starting at the near end of the sleeve, Is of a rise from the 

contact pressure at the boundary at the end of the mandrel/work-

piece which must be zero, to a maximum, which Is generally 

arrived at to the end of the first quarter of the axial length, 

a fall to a lower value then occurs mld~way along the length 

riSing again to a value approximately equal to the first 

maximum, at the beginning of the %hlrd quarter, and finally 

falling again as the far end 'of the mandrel/workpiece Is reached. 

MacOonald and Meek (60) show the distribution of contact 

stress In a shrl nk-fI t for both, the shaft and r.lng, I t Is 

Interesting to note that the form of the radial stress dlst-

rlbutlon for the shaft has a similar form to the curves of 

.. 
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contact pressure for the mandrel sleeves. 

The curves, figures 5.10. to 5.21. all show that 

there Is some variation In measured contact pressure along 

the length, the actual varlatlbn ranges from 28% of nominal 

contact pressure at a load of approximately 3KN for the 

50.00mm. diameter _2.86mm.- long, 12 slot sleeve, to 2% of 

nominal contact pressure for the 60.32mm. diameter _2.86mm. 

long, 10 slot sleeve. The Indication Is that the larger the 

diameter the smaller the variation. 

The divergence between distribution of stress on the 

\ I 
shaft and ring at the Interface of a shrink-fit are eenerallv 

thCi..l\g:it,lGO'1 t·:, 1:,.;: dug to a .:cmprc:=!vc ::tie:: Ir: :he shaft 

and a tensile stress In the ring. The expansion of an exp-

andlng mandrel to hold a workplece must, by virtue of the 

be~m elements between the two tapers having to carry a load .. 
of approximately hal-f the applied load, 'be also under a 

compresslve-stress. It Is possible therefore that the beam 

section, which In this particular Instance Is acting like 

a slender column section, Is buckling slightly In an axial 

manner and causing the contact pressure between sleeve and 

workplece to be reduced In the area of deflection. The ability 

of a beam to resist buckling can be shown to be proportional 

to 

5-(6) 

-\ where lis the second moment of_~rea of the transverse sect Ion, 

L Is the length. 

It Is apparent then, that In order to resist buckling, high 

values of I and low values of L are required. It therefore 

follows that we would expect that the larger the diameter and 

the shorter the length of a mandrel sleeve, (I.e.,hlgh 1, 
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low L) the higher the resistance to buckling. Analysis of the 

results show that the variation In pressure Is greatest for 

-the 50.00~m. diameter, 42.86mm. long and the 41.26mm. diameter 

26.98mm. long mandrel sleeves, also there Is a larger variation 

In the 60.32mm. diameter 4~.26mm. long compared with the 

26.98mm. long sleeve. The Indications are therefore that a 

small deformation due to buckling Is taking place and thereby 

causing a reduction In contact pressure. 

The curve A-B shown dotted on figure 5.9.', Is the 

theoretical gripping force/ appl ied load c!'rve for mandrels 

it :::;. immediatc::~y 

apparent that the efficiency of all the mandrels decreases as 

.the applied load Increases, the 41.26mm. diameter sleeve is 

shown to have the lowest overall efficiency of the four diameters 

of mandrels tested. The efficiency is shown to Increase as 

,the diameter of the mandrel Increases. It is shown above that 

the curves of gripping force/ applied load ~an be re~resented 

by equation 5.3 , the exponent of this equation, n, can be 

taken as some measure of the 'locking-up' of the mandrel system, 

analogoLls,to the 'strain-hardening' of ductile metals. What is 

actually happening within the mandrel system to cause this 

'locking-up' has not been fully established, but the results' 

Indicate that the larger;,the diijmeter :of mand'rel sleeve ·the 

higher the v~lue of n ~nd, as Is shown below, the discussion 

and explanations as to the possible causes of the 'locking-up' 

provide similar Indications. 

It has been shown above that the beam elements of the 
,.' '"'_ "0 • 'f"", 

mandrel sleeves are subjected to a compresslve axial load 

which may cause the beam elements to deflect and thereby reduce 

the contact pressure, other Internal deformations within the 
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mandrel system could also be taking place, these actions are 

therefore a possible contributor to the 'locking-up' of the 

mandrel sleeve. A further pdsilble contributor to the 'locking-

up' Is the Increase In coefficient of friction due' to th~ 

Increase In contact pressure on the tapers of the mandrel 

sleeve and arbor, (66) shows that for a 100% Increase In 

contact pressure an Increase In coefficient of friction of 

some 30% can be expected, If the coefficient of friction of 

the mandrel system Increases to this extent then this w'ould 

be a major contributor to the 'locking-up' of the mandrel 
• 

svstem. A further minor contributor Is the to~d rp~IJlred Pr 

...... _A .. ~I 

........ "' ....... I 

the expanded diameter. The increase In diameter for an Increase 

In Internal pressure of ·8 MN/m 2 In the 50.80mm. diameter ring 

used In the experimentation would cause,an expansion of the bore 

of some 3 pm, this would require from'flgure 3.14., an applied 

load of 5 'N. 

5.2.2. Formulation from the Experimental Data of an, Empirical 

Expression Relating Gripping Force to Appl led Load. 

It Is sometimes useful to present data whlch,an engineer 

uses In the from of Idealized curves, this Is particularly 

apparent In the theory,of plasticity where the use of the 

Idealized stress-strain curve, ~s shown In figure 5.~~, 

enables !he theory to be used ~oreeaslly but still giving 

answers that are within engineering limitations. The present-

atlon of the curves shown In flgure5.g'. ,In.ldeallzed,form 

enables an empirical expression to be formulated relating the 

applied load and diameter of the mandrel sleeve to the 

gripping force produced at the Interface of mandrel and workplece, 
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STRAIN 

--
STRESS 

,FIgure 5.22 

FIgure 5.23. shows In IdealIzed manner the grlp~lng force/ 

applIed load curves for each of the three, diameters, of mandrels. 

The curves are of the form of an InItIal linear section, A·S, 

which rises with a high value of slope to ~ turning point at 
" 

b ........ _ .. _ ..... __ ... ~ 1_ ..... ... ..: - .... - ;"j, 
;. ; I ____ 1 ,. 

-, .... - -- .. - ....... - .: ....... ... . . -- .. , - .. ..;. _ ...... 

'value of slope. 

Over the range of applied 1~ad"W.(4.125(0·41)2+82S)N. 

(considered to be the working range for ea~h mandrel) an 

approximation of the gripping force can be obtained from the 

following expression. 

F G =16 0 0+ 1 0 ( O· 41 ) 2+ ( • 78+ ( ( 0·41) 2 • 00112 ) ) ( I~· ( 4 • 125 ( D· 41) 2 + 825 ) ) ) 
• 

5· (7 ) 

Where 0 Is the diameter of the mandre,l sleeve to the nearest 

millimetre. 

Figure 5.24. gives a comparison of the gripping force predicted 
-

by the above expression and the experimental results for the 

41.26mm. diameter, 26.98mm. long mandrels. The aim of the 

expression Is to al,low designers and production eniineers to 

\obtaln a quick approximation of the gripping force knowing the 
\ ~ --.~ 

diameter of the mandrel and applied load. Similar curves are 

,obtained for the 60.3.2 and SO.80mm. diameter mandrels. 
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&. Conclusions and Suggestions for Further Work 

6.1 Conclusions 

~1. The mandrel sleeve has been sho>m to behave elastically 

during unrestricted expansion. An expression has been 

formulated which relates the diametral expansion of the 

sleeve to the applied load. Close correlation has been 

achieved between predicted and experimental results. 

2. The expression al,lows the relative Importance of the design 

parameters, diameter, length,. no. of. slots" of, the mandrel 

sleeve to be established 'In the deslg'n stage. The major 

factors In determining the stiffness of a mandrel sleeve 

are shown to be the size of the end section and the cross-

section of the beam elements. 

3. The mandrel has been shown to have uniform radial expansion 

down the length of the mandrel and the dlstributiDn of 

load between the two tapers Is shown to be equal, within 

the limitations of the measuring system. 

4. The contact pressure at the interface of mandrel sleeve/ 

workplece has been shown to vary down the axial length of 

the mandrel sleeve, the variation decreases as the diameter 

of the mandrel Increases. Similarities between a 'shrink-

fit' of a shaft and ring and an expanded-fit between the 

mandrel and workplece have been established. 

'"-. 
S. The magnitude of the contact pressure Increases as the 

diameter of the mandrel Increases, and decreases as the 

length of the mandrel Increases. The effect on the I 
contact pressure of the number of slots within the mandrel' 

I 

sleeve was Inconclusive. I 
j 

J 
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6. The gripping force produced by a mandrel system between 

the mandrel sleeve and workplece Is shown, for mandrels 

-_ with the same number of slots, to be a function of the 

diameter of the mandrel sleeve only. The larger the 

diameter of sleeve the greater the output of gripping 

force for any given load. The gripping force for a 

given load Is reduced .as the number of slots In the 

mandrel sleeve Increases. 

\ 

7. An empirical linear expression has been derived from the 

experimental data which relates the gripping force 

.......... " •• "''.!o" .... ., ~h ... "" ...... ..., .. ..,,~ c::-~,c:.f-~ ... ~_ .. I.. .... .. ~:"'1 f ...... 1 ........... _ ....... 

.dlameter of the mandrel sleeve. The expres~lon Is 

applicable over the working range of the mandrels and 

gives a fast approximation of the gripping force to the 

designer. 

"--- .. 
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6.2. SuggestIons for Further Work 

The expandIng mandrel system has not been subjected to 

--any substantIal amount of scIentIfIc Investlgatlon~ ThIs project 

has InvestIgated one partIcular type of expandIng mandrel, when 

In fact, there are several proprIetary desIgns of mandrels on 

sale In the UnIted KIngdom. A scIentIfIc assessment ·of the 

advantages and dIsadvantages of the dIfferent mandrels In use 

today would provIde useful and needed knowledge. Further 

research Is needed to determIne an optImal angle(s) for the 

mandrel system. Is the contInuous taper or' saw sectIon taper 

better than the parallel angle? ThIs and other questions 

\ 

requIre InvestigatIon. 

The research has dealt, In general, wIth .the expansIon 

of"and the grIppIng force produced by a mandrel sleeve. This 

work can now be .xtended to establIsh s~~pplng torques of the 

woikpleces on the mandrels by further experimentation, the 

results could then be correlated to the known values of gripping 

force and-values df co~fflclent of frIction established. 

.----
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8.1 Calibration 

8.1.1 Calibration of Strain Gauge Proving Rings 

Instrument Data. 

Techequlpment Strain Bridge model 11 
Manufactured by Techequlpment, Nottingham 

Mean sensitivity at gain factor 1 = 1 pe 

Clockhouse proving ring model 200. 

Dial gauge number 7513. last calibrated 1971. 

Mean seniltlvlty .59N (.133Ibf) per division. 

The experimental set up for the call/>ratlon of the 

... L ~ ,.' .• 
... I. r! I I ... 

consists ot a load appi Ication apparatus which is a standara 

piece of equipment In the Centre for Industrial Studies, 

the design of this apparatus enables a known axial load (this 

loa.dlng condition Isrequlred) to be applied to·a specimen. 

The proving ring strain gauges are wired to the Techequlpment 

strain bridge. 

The following method was used In the calibration of the 

strain gauge proving rings. Initially the proving ring was 

positioned In. the rig, axial alignment being established by 

the use of a set-square to position the vertical centre line 

marked on the proving ring. The strain reading displayed on 

the strain bridge was set to a zero datum with the system in 

the no load mode. With the zero datum set, the Clockhouse 

proving ring was positioned above the thrust shaft and under 

the loading screw, the sy~tem In this state gives a 2.S2N 

(.59Ibf) load to the strain gauge proving ring, the strain 

reading, corresponding to this load, displayed on the strain 

bridge was recorded. 



-- .. 

':-J • , ... .. 
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. ~, Plate 9. CalIbration rIg for straIn gauge provIng rIngs. 



The straIn gauge provIng rIng was then further loaded 

In Incremental steps of 22.24N (Slbf) up to a maxImum load of 

-. 91.S8N (20.S9Ibf) for each Increase In load, the resultIng 

straIn readIng was recorded. The calIbratIon was repeated 

fIve tImes for each of the three. straIn gauge provIng rIngs, 

the average straIn readIng for each Incremental load beIng 

used to produce' the callbrat·ion curve. 

_ Tables 8.1, 8.2. and 8.3. and figures 8.1, 8.2. and 

8.3., show the readIngs and calIbratIon curves respectIvely. 



Table 8.1." 

__ Calibration of the .41.27 mm. (1.625In.) diameter strain gauge 

proving ring 

Strain bridge gain setting 1 

Applied load Proving ring strain reading pe Average strain 
N 1st 2nd 3rd 4th 5th reading I'e 

2.62 3 3 4 4 5 4.2 
24.86 46 43 44 46 48 45.4 
b7.10 ~g 97 .0 8 ~ P !7.!; 
69.34 134 130 127 133 11.9 1'10.0 
91. 58 liS 1'il . ~. "l "'r- ., .. ':" -

~ , J .,~ ~ . .; • I J • v 

Table 8 .. 2 

Calibration of the 50.8.mm. (2In.) diameter strain gauge proving 

ring 

Strain bridge gain setting 1 
. 

Applied load Proving ring strain reading 
~~h 

Average strain 
N 1st 2nd 3rd 4th read I ng r-e 

2.62 7 8 9 8.5 9 8.3 
24.86 77 76 76 77.0 76 76.4 
47.10 136 134 137 139.0 135 136.2 

\ 69.34 211 209 212- 211.5 208 2l0.3 
91.58- 270 268 272 272.0 268 270.0 

" 

\ 



". 

Table 8.3. 

--Calibration of the 60.32mm. (2.375In.) diameter strain gauze 

proving ring 

Strain bridge setting 1 

Applied load Proving ring strain reading 
~~h 

Average strain 
N 1st 2nd 3rd 4th read I ng }le 

" 

2.62 11 13 11 12 
. 

13 12.0 
24.86 99 99 96 98 'IQ 07.~ 

41.1U 186 18U 18~ HO 184 loL b 

5~.~"" "cn 26! "~ 0 Z·S '; "'t:". - :64.4 ,~ ... ~~w ~ _. 
91. 58 353 350 351 356 356 353.2 

-. -,-., 

"----
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8.1.2 Calibration of the Pressure Transducer Elements 

Instrument Data. 

Techequlpment Strain Bridge model 11 
Manufactured by Techequlpment, Nottingham 

"Mean ~ensitlvlty at gain factor 1 = 1 pe 

Strain gauge proving rings shown In figure 2.18. 

Interface pressure rigs shown In figure 2.15. 

The transducer elements were calibrated In situ In the 

Interface pressure rigs, the strain gauge proving rings having 

been designed to facilitate In situ calibration, this method_ 

minimum of disturbance to the wiring to the strain gauges on 

the elements. 

The method used In the calibration was to place the 

Interface pressure rigs containing the transducer elements 

wired to the strain bridge, on a flat horizontal surface, 

a flat horizontal surface enabled the bore to be 'square' to 

some datum surface and also to provide a datum from which 

the horizontal alignment of the proving rings could be set, a 

surface table was used In this Instance. Slip gauges were 

then placed In the bore of the pressure rigs, the height of 

the gauges being set to position, the horizontal centre line 

of the strain gauge proving ring with the horizontal centre 

line of the eiements, as shown In figure 8.4. The appropriate 

strain gauge proving ring, wlred--to the strain bridge, was 

then placed In the bore of the Interface pressure rig until 

It was supported" by the slip gauges, axial alignment of the 

proving ring and the transducer elements ~as facilitated by 

matchlng,""IH'eVe, tbe vertical _centre" line marked on the 

strain gauge proving ring with the mark~d centre line of the 



) 

: 

WIRES TO STRAIN BRIDGE 

INTERFACE 
PRESSURE 
RIG 

SURFACE TABLE 

,/: 

\ 

RING 

SLIP BLOCKS 

Figure 8.4.:TRANSDUCER ELEMENT CALiBRATION SE1-UF. 

I 



Interface pressure rig, the centre line of the fnte~face­

pressure rigs passing through the centre line of the transducer 

~elements. In this no load situation the strain readings of the 

\ 

elements and the strain gauge proving ring were noted. 

Load application for the calibration was by means of 

a thrust scre~ positioned behind the element, .ee figure 2.15, 

clockwise rotation of the screw moves the element radlally 

Inwards th~reby subjecting the strain gauge proving ring to 

a deflection, measurement of the resulting strain Induced 

establishes the magnitude of the applied load. 

set the reading on the strain bridge to the value of load 

required, advancement of the measuring switches on the strain 

bridge to the. value of strain required (I.e., the new load) 

causes the trace line en the C.R.T. (Cathode Ray Tube) to be 

at an angle relative to the horizontal, upon loading the trace 

line moves toward the horizontal and reaches the horizontal 

when the straln required (load) Is obtained. The measurement 

of the strain In the transducer elements for any given loading 

was. made bi changing to the appropriate channel on the strain 

bridge, the transducer element strain displayed was now 

measured using the measuring switches to bring the trace line 

on the C.R.T. to the horizontal. 

Strain readings for the element were taken for several 

values of load and from the results a calibration curve for 

the element was plotted. The whol"e procedure was repeated for 

16 elements In the four Interface pressure rigs. Tables"S.4 

to 8.19. present the results and figures 8.5. to 8.20. show 

the calibration curves. 
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Proving Ring 
Stralnl'e 

20 
40 
60 
80 

100 
120 
140 
1. r.o· 
HO 

Proving Ring 
Strain I'e 

-
" 20 
~O 
60 
80 

100 
120 
140 
160 
180 

J.~I 

Table 8.~ 

Calibration of Transducer Element Number 1 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

19 " 22 20 20 24 
39 41 ~3 42 40 
61 58 63 57 61 
79 77 76 80 78 
94 97 95 96 98 

112 118 116 113 ;116 
133 131 135 130 131 
,,:; 3 ~ '; ~ -:~O 1";0 " , ,.. 

,l _.' 

p~ 1 7 It 17 R 177 lH 

"Table 8.5 

Average Elemen 
Strain }Je 

21 
41 
60 
78 
96 

115 
132 
" -. 
.1 ',~ 

, 7 < 

Calibration of Transducer Element Number 2 

Element Strain Reading 
P;th 

Average Elemen 
1st 2nd 3rd ~th Strain pe 

15 12 15 15 13 14 
33 30 31 34 30 32 
~6 43 45 44 ~2 44 
57 63 58 57 60 59 
77 75 73 79 77 76 
92 94 90 92 92 92 

103 110 106 109 106 107 
118 121 122 124 119 121 
134 136 133 137 135 135 "-... 



--

\ 

Table 8.6 

CalIbration of Transducer Element Number 3 

Proving Ring Element Strain Reading pe 
Strain pe 1st 2nd 3rd 4th 5th 

20 16 17 16 15 16 
40 30 32 34 35 34 
60 53 50 50 51 51 
80 75 73 69 73 70 

100 87 85 89 90 89 
120 108 105 109 107 106 
1110 123 124 126 121 :i.21 
160 136 138 140 134 137 
J.II U lDU bl J.b~ l~8 1~7 

Table 8.7 

Ave rage El emeni 
Strain }Je 

16 
33 
51 
72 
88 

107 
123 
, '7 
J.~~ 

Calibration of Transducer Element Number ~ 

Proving Ring 
Strain pe 

50 
100 
150 
200 
250 
300 
350 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

37 38 34 35 34 
72 74 70 72 71 

102 105 101 105 102 
1114 145 144 144 140 
178 180 181 178 175 
211 213 214 210 208 
255 257 258 253 250 

Average Element 
Strain }Je 

35.6 
71. 8 

103.0 
143.4 
178.4 
2l1. 2 
254.6 



--

\ 

. , 

Table 8.8 

Calibration of Transducer Element Number 5 

Proving Ring 
Strain pe 

50 
100 
150 
200 
250 
300 
350 

Element Strain Read1ng pe 
1st 2nd 3rd 4th 5th 

32 33 29 33 29 
64 65 60 60 64 
90 90 87 89 87 

ll9 ll8 ll7 ll6 ll9 
150 149 149 152 150 
184 183 180 181 .180 
212 211 208 212 '208 

Table 8.9 

Average Elemenl 
Strain pe 

31. 2 
62.6 
88.6 

ll7.8 
150.0 
181. 6 
210.2 

Calibration of Transducer Element Number 6 

Proving Ring Element Strain Reading pe 
Strain pe. 1st 2nd 3rd 4th 5th 

50 21 25 24 22 22 
100 46 47 50 49 49 
150 71 71 74 73 71 
200 95 97 100 98 99 
250 121. 121 125 124 125 
300 148 149 150 149 150 
350 171 174 175 175 173 

"--.. 

Average El emen1 
Strain pe 

22.8 
48.2 
72.0 
97.8 

123.2 
149.2 
173.6 



\ 

Proving Ring 
Strain pe 

"0 
80 

120 
160 
200 
240 
280 

Proving Ring 
Strain pe 

40 
80 

120 
160 
200 
240 
280 

160 

Table 8.10 

Calibration of Transducer Element Number 7 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

20 22 23 20 23 
42 41 41 40 40 
63 66 66 64 65 . 
85 86 84 86 85 

105 105 106 104 106 
126 127 128 125 126 
149 149 147 149 148 

Table 8.11 

Average Elemen 
Strain pe 

21. 6 
40.8 
64.8 
85.2 

105.2 
126.4 
148.0 

Calibration of Transducer Element Number 8 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

25 24 25 26 23 
50 48 49 50 47 
76 75 76 76 74 
98 97 99 96 98 

124 123 122 122 123 
149 149 152 151 152 
174 173 176 177 176 

"---

Average Elemen 
Strain pe 

24.6 
48.8 
75.4 
97.6 

122.8 
150.6 
175.0 
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Table 8.12 

Calibration of Transducer Element Number 9 

Proving Ring 
Strain pe 

40 
80 

120 
160 
200 
240 
280 

Element Strain Reading pe 
1st 2nd ~rd 4th 5th 

23 24 25 24 26 
45 46 46 45 47 
67 69 70 68 71 
86 88 89 89 88 

109 109 112 111 111 
132 1~~ 134 131 '1 ~ 3 
156 159 159 158 158 

Table 8.13 

Average Elemenl 
Strain }Je 

24. 4 
45.8 
69.0 
88.0 

110.4 
132.2 
158.0 

Calibration of Transducer Element Number 10 

Proving Ring Element Strain Reading ue 
Strain pe 1st 2nd 3rd 4th '5th 

40 25 23 23 26 24 
80 47 44 45 48 43 

120 71 6~ 70 72 68 
160 95 93 96 95 91 
200 118 117 117 117 115 
240 138 136 139 137 135 
280 171 170 171 169 168 

---

Average Elernen 
Strain pe 

24.2 
45.4 
70.0 
94.0 

116.8 
137.0 
169.8 



\ 
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Table 8.14 

Calibration of Transducer Element Number 11 

Proving Ring Element Strain Reading ~e 
Strain fe 1st 2nd 3rd 4th 5th 

"0 17 18 17 19 19 
80 35 36 35 37 37 

120 53 55 52 55 54 
160 67 68 67 69 69 
200 86 88 86 87 ; 89 
2"0 102 104 106 105 104 
,~n- 1~4 .. "",~ J~6 " ". ., ., ... ,.!#. ~ . ', ,(.a., ,~ .'. I' 

Table 8.15 

Average Elemen 
Strain ~e 

18.0 
36.0 
54.0 
68.0 
87.2 

10".5 
""' " I ,I . ~ _ , • 

Calibration of Transducer Element Number 12 

Proving Ring 
Strain pe 

50 
100 
150 
200 
150 
300 
HO 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

25 26 26 24 26 
"6 48 "8 45 47 
71 72 72 70 71 
96 97 96 95 96 

121 122 121 120 120 
1113 145 143 143 145 
168 170 169 167 168 

----

Average Elemen 
Strain pe 

25.4 
46.8 
71. 2 
96.0 

120.8 
143.8 
168.4 



Proving Ring 
Strain pe 

50 
100 
150 
200 
250 
300 
350 

Proving Ring 
Strain pe 

50 
100 
150 
200 
250 
300 
350 

163 

Table 8.16 

Calibration of Transducer Element Number 13 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

18 22 21 19 19 
40 41 43 42 42 
61 61 64 63 61 
82 83 86 84 85 

104 104 107 106 107 
127 128 129 128 '129 
147 149 150 150 149 

Table 8.17 

Average Elemen 
Strain I'e 

19.8 
41. 6 
62.0 
84.0 

105.7 
128.2 
149.0 

Calibration of Transducer Element Number 14 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

26 27 24 25 24 
51 52 49 51 50 
72 74 71 74 72 

101 102 101 101 98 
125 126 127 125 123 
148 149 150 147 146 
179 180 181 177 175 

Ave rage El emen 
Strain pe 

25.2 
50.6 
72.6 

100.6 
125.2 
148.0 
178.4 



--

\ 

.LU .. 

Table 8.18 

Calibration of Transducer Element· Number 15 

Proving Ring 
Strain }le 

50 
100 
150 
200 
250 
300 
350 

Element Strain Reading pe 
1st 2nd 3rd 4th 5th 

25 26 23 23 26 
50 51 47 47 50 
70 70 68 69 68 
93 92 91 90 93 

117 116 116 118 117 
143 142 140 141 .140 
166 164 162 165 162 

Table 8.19 

Average Elemen 
Strain fe 

24.6 
49.0 
69.0 
91. 8 

116.8 
141. 2 
163.8 

Calibration of Transducer Element Number 16 

Proving Ring Element Strain Reading ue 
Strain pe 1st 2nd 3rd 4th '5th 

50 21 18 22 19 18 
100 42 40 43 40 39 
150 63 60 65 61 60 
200 86 84 87 85 83 
250 107 105 109 106 104 
300 123 122 126 124 121 
350 148 145 149 .148 144 

--. 

Average Elemen 
Strain )Je 

19.6 
40.8 
61.8 
85.0 

106.2 
123.3 
146.8 
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.Callbratlon of the Arbor for the 42.86mm. long 

Mandrel Sleeves 

Instrum'ent Data. 

Techequlpment Strain Bridge model 11 
Manufactured by Techequlpment, Nottingham. 

Mean sensitivity at gain factor 1 = 1 re 

Clockhouse proving ring model 2000. 

Dial gauge numbe.r 1537. Last calibrated Oc(ober 1972. 

Mean·sensltlvlty 5.9N (1.33Ibf) per division. 

T ........ _ •. _ ... _1_ ............ 1 ~ft'" ., ... I!A,'" ........ _ ... 1 t ....... _ ... , __ _ I: ... L __ .... ... __ .- ..... _ •• ", __ ,.¥_. __ .- -f"" ._ ..... _ ......... _ .• __ ._ •• _1 ..... __ • __ • 

for the 42.86mm.(1.6875In.) long mandrel sleeves Is shown In 

flg~re 8.21., the set upls similar to, and the load application 

apparatus an~ method the same as that used In the Load-Radial 

Expans.lon measurement rig described In Chapter 2. section 2. 

Th. set up consists of the arbor, the strain g?uges wired to 

the. Techequlpment strain bridge, positioned oh the table of 

the load application apparatus. On the uppermost taper of the 

arbor Is a hardened steel collar with a 36 0 Included angle 

female taper In one end, this taper mates wlth the,uppermost 

taper of the arbor for load application. During normal use 

the mandrel sleeve transfers Its load to the arbor through 

contact on the tapers, for calibration therefore this situation 

has to be reproduced, but on one taper,only. Positioned on 

top of the collar Is the Clockhoiise proving ring, used for 

verification of the magnitude of ~he applied load, the free end 

o'fthe proving ring being positioned against a thrust bar which 

restr~lns upward movement. A load Is applied when the table of 

the I,oad I ng apparatus Is moved upwa rd and toward the rest ra I ned 

thrust bar, this subjects the proving ring to a ,deflection 
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and creates a load :of kno~/n magnitude on the arbor. 

The arbor was calibrated In the following manner, 

--with the arbor subjected to no load the strain reading was 

~easured and recorded, loads. were then applied to the arbor In 

Increments of 445N (100Ibf) up to a maximum of 5340N (1200Ibf), 

the strain readings corresponding to each loa~ were measured 

and recorded. The calibration was rep'eated five times, the 

averag~ value of strain for each load being used to plot the 

calibration curve. Table 8.20. and figure 8.22. show the 
. 

experimental results and calibration curve'respectlvely, 

'. ".-- .. 
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Table 8.20 

CalIbration of the arbor for the 42.86.mm •. mandrel 'sleeve 

App I I ed Load 
N 

445 
890 

1334 
1792 
2240 
2669 
317.4 
J';);JO . 

~ v·j3 
4448 
4893 
5377 

StralnhrJdge read)ngs fe 
1st 2nd 3rd 4th 5th 

9 7 6 7 8 
22 19 16 21 22 
31 28 27 27 30 
39 35 35 35 38 
47 45 44 46 46 
57 55 55 56 56 
67 64 63 65 66 
7G -~ jj ij 

I "' I "' 

e ~, ~j ~; ., '. 0 .. 

95 92 92 93 93 
104 102 101 102 103 
113. 110 109 111 111 

.'-":'_-

Average Strain 
pe 

7.4 
20.0 
28.6 
36. 4 
45.6 
55.8 
65.0 -. . 
I .. .... 

;;4.0 
93.0 

102.4 
111. 0 
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Tab le. 8 .• 21. 
, 

.landrel dla.60.32 mm.( 2.375In.). Length 26.99mm.( 1.0625 In.) 
Number of slots 8. InItIal dla. 60.30mm.( 2.3744 In.) 
InitIal preload 45N. " 

ApplIed Load 
Newtons 

" 
98 8.12 

. 3~4 7 24.89 
595. 37.84 
8.43' 52.57 

1Q90, 68.07 
I} 3'8 85.09 
'1584 100.83 
1817 117.34 

. , 

Increase In Radius 
·Ar~,)'m. , 

7.87 8.89 8.89 
25.40 24.13 24.89 
38.10 38 .• 10 39.11 
53.84 5.2. 57 . 53.59 
65.53 66.80 69.85 
83.82 83.82 . 86.10 

100.33 99.31 101.34 
116.33 115.82 ,118.36 

Ta b le: 8". 2Z • 

9.14 
25.65 
39.62 
55 .• 11 
70.86 

.87.12 
102.61 
119.12 

! 

7.87 
·23.36 
38.60 
52.3i 
67.31 
83.05 

100.58 
116.07 

.Average 
Ar·,fm. 

8.38 
24.63 
38.60 
53.34 
68.07 
84.83 

100.83 
117.09 

Mandrel dla. 60.32inm.( 2.375 In.). Length 26.99 mm.(1.0625 In.) 
Number of slots 10 InItial dla. 60.19mm.(2.3697 In.) 
InItIal preload 45N. 

Applied Load 
Newtons 

-187 13.11 ' 
340 24.38 

.496 33.78 
·650 42.67 
:802 52.83 
,958 62.73 
£li2 73.40 
.1266 82.29 
.haG 101. 34 
-·15 i4 115.31 

\ 1730 . 119.12 

., ' 

Increase In Radius 
A r. 'I'm. 

13.46 15.24 13.46 
26.67 26.16 25.65 
35.81 36.32 36,06 
45.97 45.97 45.21 
56.67 56.13 ' 55.11 
67.81 67.31 65.53 
76.45 75.94 75.43 
86.86 87.12 88.90 

100.33 99.82 103.37 
115.57 114.55 119.12 
123.95 126.74 .125.22 

. ..... 

13. 46 11. 43 
25.14 24.63 
35,05' 34,29 
45.46 44,.19 
54.10 53.84 
65.53 61. 46 
77.47 75.69 
96.77 84.58 
99.82 96 • 57' 

121.15 115.06 
123.44 121.41 

. 

Average 
Ar"l'm. 

13.46 
25.40 
35.30 
44.70 
54.86 

. 65.02 
75.69 
87.63 

.100.07 
116.84 
123.19 
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Table ,:8..23., 

Mandrel dla. 50~8mm.( 2 In.). Length 26.99 mm.( 1.0625In.) 
Number of slots 8. InItIal dla. 50.63 mm.( 1.993In.) 
InItIal preload ~5N. 

Applied Load 
I Newtons 

" 162 10.~1 
;~ 4119' 25.1~ 
: 723 38.35 
1003 53.08 
1281 71.37 
1560 86.36 

.:H41. 104.39 
-:2120 123.19 
_ 2395 144.27 

Increase In RadIus 
Ar.,~m. 

9.65 12.19 10.16 
2~.89 27. 113 ·26.~1 
38.10 ~1. 65 39.62 
54.35 56.64 54.61 
70~86 74.42 71. 88 
88.90 87.12 88.64 

106.68 108.71 104.39 
124.46 125.98 122.68 
142.24 1111.73 141.22 

11. 68 10.66 
27.17 25.90 
~0.·38 39.62 
56.13 54.35 
73.66 70.61 
.90.17 87.63 

108;20 104.39 
124.46 120.65 
140.97 137.66 

t 

.Average 
Ar·,fm. 

11. 25 
26.16 
39.62 
5~.86 

72.13 
88.13 

105.92 
123.44 
1~1.~8 

. Mandrel dla. 50.8 mm.( 2In.). Length 26.99mm.( 1.0625In.) 

. Number of slots 10 InItIal dla. 50.69 mm.( 1.996 In.) 
InItIal preload ~5N. 

Appl'l ed Load 
Newtons 

176 . 15.7~ 

32.4 28.19 
1I1!i 41.14 
617 52.57 
76" 65.53 
912 78.23 

1058 91. 9~ 
1206 107.95 
135~ 123.~~ 

1500 139.19 

.,' .' .'1···· • 

Increase In Radius 
A.r. 'I'm. 

16.50 17.52 16.25 
30.23 28.96 28.96 
43.18 43.18 4.1.65 
5~.86 57.65 53.3~ 

66.80 67.05 67.56 
80.0.1 78.23 79.76 
92.96 92.71 95.25 

107.95 108.96 107.95 
125.98 123.19 12~.~6 
134.62 138.43 140.71 -.. 

.. ,""' .. "., ........ ."." >y .... J:'l-;-~" . ~ .•.. , .. ~ 

16.25 17.02 
29.72 30.99 
42.2~ ~3. 37 
55.37 5~.61 

66.5~ 68.07 
80.26 82.29 
9~.23 93.98 

107.69 109.22 
123. 69 126.~9· 

140.71 139.70 

. 

Average 
A.r"l'nt. 

16.51. 
29.46 
~2.67 
58.86 
67.06 
79.76 
93.~7 

108.20 
12~.46 
138.94 
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Table 8. 25. 

Mandrel dla. 50.8 mm. ( 2 In. ). Length 26 • 99 mm. ( 1. 06 2 5 In. ) 
Number of 5 lots 12 • InItial d I a. 50.673 mm ~ ( 1. 995 In. ) 
InItIal preload 45N. 

Appl led Load Increase In Radius .Average 
I Newtons Ar.,pm. Ar.'l'rn. 

~9 2.28 3. 04 1. 27 ~.~O ~.04 4.06 2.54 
8.9 1~.20 1~.20 6.85 . 11.9~ 12.70 1~.20 11.17 

.15] 20.82 2~.~6 16.00 21. 08 21. ~~ 22.09 20.87 
228 29.71 33.02 24.89 ~0.99 ~0.98 ~0.98 29.97 
299 38 .10 42.16 ~4.04 ~8.86 ~9·.16 ~9.88 ~8.61 

~69 45.90 50.80 42.41 47.49 .48.00 47.75 46.99 
440 52.8~ 59.18 51. ~O 56.1~ ·54.~5 56.~8 54.86 
"510 -. 58.9~ 68.58 61.72 65.5~ 69.09 68.58 65.29 
579 66.55 76 .• 70 69.85 78.23 72.89 72.89 72.64 
649 75.69 85.09 78. 2~ 81. 28. 92.45 94.74 84.58· 
716 82.55 96.77 87.88 98.29 9~.98 96.01 92.46 
790 88.90 102.~6 99.06 100. ~~ , 101. 60 99.06 98.55' 
858 98.55 111.25 105.41 110.49 111. 76 129.54 111.25 
927 J.UL • .lb J.J.;)."::' 11;;.00 llu.60 l:i I. :;'3 - .. - -, 

. .L '" :::J • ~ ... .AU.-'J 

lOCO !.,'~ .. J! 1. ', .. loo" ............ i~!'.!Y '12'.'.:!t 1'3',. ~O 'j ,'j :; t;; ''/ j'":.) IJ • {. ~ 

. . 

Table ,.8.26. 

Mandrel dla. 41.27mm.( 1.625 In.). Length 26.99 mm.( 1.0625In.) 
Numb e r 0 f slot s 8 I nit I a I d I a • 41. 15. mm. ( 1. 6204 In.) 
InItIal preload 45N. 
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Tabl e8 .. 27. 

M and rei d I a. 41. 27 mm. ( 1. 6 2 5 In.). Le n g t h 2 6 • 9 9 mm. ( 1. 06 2 51 n • ) 
Number,of slots 10., Initial dla. 41.148 mm.( 1.620 In.) 
Initial preload 45N. 

Alu,lled Load Increase In Radius 

..... . ' 

'.' " 

Newtons Ar.,pm. 

101 12.70 12.70 15.24 13.46 
.. 202 26;40 27.43 27.94. ' 27.68 

.: 303· 36.83 38.35 41. 66 39.62 
, 40.5 49.78 52.83 55.12 53.59 

506 64.77 64.77 6'9.08 66.80 
607 78.99 79.50 77.98 78.99 

".708 91. 94 93.47 89.41 91. 69 
c 810 103.63 106.68 100.83 102.87 

'911 116.84 119.38 115.57 118.62 
·1013 136.14 132.33 133.38 129.79 

, . 

M and rei d I a • 60 • 3 2 mm. ( 2. 3 751 n .). Le n g t h 
Number of slots 8 Initial dla. 60.23 
Initial preload 45N. 

Applied Load 
Newtons 

171 9.14 
458 23.36 
741 31J.29 

1027 48.51 
. 1311 62.48. 
.1595 76.71 

1881 94.99 
~ 2166 111.18 
~2417 118.78 

Increase In Radius 
A.r.,pm. 

8.12 7.87 8.12 
21. 84 20.32 20.06 
33.78 32.25 31.75 
46.22 43.69 43.69 
60.19 59.18 57.66' 
76.96 76.20 76.71 
96.52 ,95.25 88.13 

113.54 101.09 115.06 
126,.39 124.60 106.33 

"-._--

12.70 
28.19 
39.12 
52.58 
65.79 

.78.74 
91. 95 

100.83 
114.80 
130.55 

! 

,Average 
Ar·,fm. 

13.46 
27.4.3 
39.11 
52.83 
66.29 
78.74 
91.69 

102.87 
117.09 
132.43 

4 8 • 8 6 mm. ( 1. 6 8 7 5 In.) 
mm. ( 2. 3 715 In. ) 

.-

8.12 7.11 
21. 84 19.55 
33.78 30.98 
45.47 42; 16 
58.42 53.84 
75.69 72.89 
95.25 97. 03 

108.71 101. 60 
124.62 126.14" 

. 

Average 
A.r.,Jlm. 

8.12 
21. 08 
32.76 
44.96 
58.67 
75.94 
94.49' 

108.53 
121.06 
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Table ,8.29. 

Mandrel dla.60.32 mm.( 2.375In.). Length 48.86mm.( 1.6875 In.) 
Number of slots 10. InitIal dla. 60.23mm.( 2.3715 In.) 
Initial preload 45N. 

Applied Load Increase In Radius .Average 
-llewt on s Ar.,pm. Ar. ,pm. 

203 21. 33 20.32 20.32 20.06 20.32 20.32 . 20.45 
-373 38.86 37.59 38.61 38.61 37.08 ,37.34 38.01 

,'543 58.42 55.88 56.39 56.39 54.36 55.88 56.13 
'n·2 72.89 70.36 71.12 ' 70.86 70 .• 35 71. 62 71. 20 
88.2 89.15 86.86 8'8.90 88.13 84.84 86.36 87.33' 

,1052 108.71 107.19 108.71 107.44 104 .90 107.19 107.36 
1222 122.43 124.46 124.71 124.71 124.20 124.97 124.21 

,', t 39-2 142.49 142.49 145.29 142.74 144.02 144.02 143.25 

. . 
.. ' 

Table 8.30. 

~Iandrel dla. 60.32mm.( 2.375 In.). Length 48.86 mm.( 1.6875In.) 
Number of slots 12 InitIal dla. 60.26 mm.( 2.3725 In.) 
Initial preload 45N. 

ApplIed Load Increase In Radius Average 
Newtons Ar.,pm. Ar.,pm. 

~3~ 25.65' 24.38 24.38 2L 35 23.62 23.87 24.13 
27.8 48.77 48.51 48.77 46.73 46.73 49.78 48.26 

-416 71. 62 72.89 73. 66 71.12 74.17' 73.41 n .89 
.~ 556 99,.82 101. 09 102.36 99.06 98.30 100.83 100.33 

:694 119.88. 122.43 121.92 120.14' 119.88 119.38 120.66 
834 ~.142.49 146.81, 148.84 143.26 146.30 146.56 145.79 

\ "---
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Table 8.31. 

Mandrel dla.50.80 mm.( 2In.), length 48.86 mm.( 1.6875 In.) 
" Number of slots 8. Initial dla. 50.66mm.( 1.9945In.) 

, . 

Initial preload 45N. 

Applied load 
Ne~ltons 

'U8 10.40 
, 4 76 25.40 
.773 42.67 

.1081 60.45 
.. 1366 79.50 
'1664 100.33 
1960 . 120.65 
2257 142.24 

Increase In Radius 
Ar.,pm. 

10.66 11.17 10.66 
29.97 29.97 28.45 
43.69 43.69 43.69 
64.00 . 64.77 '62.23 
83.82 84.58 83.31 

105.41 105.92 104.14 
126.50 12.7.00 124.96 
148.60 148.80 146.81 

Ta b le. '8,. 32 • 

11.17 10.92 
29.97 .28.44 
45.97 43.69 
65402 61. 72 
86.36 80.52 

106.17 ' 100.84 
127.76 123.19 
149.60 146.30 

i 

,Average 
Ar"l'm. 

10.83 
28.70 
43.90 
63. 03 
83. 48 

103.30 
124.75 
147.06 

Mandrel dla. 50.80mm.( 2 In.), length 48.86mm.( 1.6875In.) 
Number of slots 10 Initial dla.50.703 mm.( 1.9962In.) 
Initial preload 45N. 

App 1'1 ed load 
Newtons 

136 19.56 
:273 38.60 
-4Q9 57.91 

550 77.97 
~ 681 96.01 
.. 819 111. 25 
,955 127.76 
1092 144.27 

\ 

, , 

Increase In Radius 
A.r.,f'm. 

15.74 17.78 16.50 
35.56 35.05 .38.10 
54.36 51. 56 51. 56 
70.35 70.36 67.82 
90.17 84.33 88.39 

109.22 105.16 109.72 
129.54 124.21 124.21 
142.75 143.00 14'3.00 

"-:--

':'r ..... , 

17.02 15.74 
37.59 36.06 
51. 56 . 48.26 
65.77 63.24 
82.55 91. 44 

103.63 107.44 
'122.68 124.46 
143.00 142.74 

Average 
A.r.,}'nJ. 

17.05 
36.83 
52.54 
69.26 
91. 44 

107.75 
125.47 
143.12 
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Table 

192 
8.33. 

Mandrel dla. 50.80min.( 2In.). Length 48.86mm.( 1.6875 In.) 
Number of slots 12. Initial dla. 50.596mm.( 1.992In.) 
Initial preload 45N. 

Applied Load Increase In Radius .Average 
Newtons Ar.,ym. Ar. ,pm. 

5.2- 20.82 20.06 20.32 19.56 24.63 20.82 21. 04 
105 39.88 38.86 38.86 38.86 40.13 .38.86 39.24 
159. 60.20 60.45 60.20 56.38 60.45 60."71 59.73 
212 81. 53 81. 53 82.04 . 81.28 8Q.77 80.77 81. 43 
2:66- 102.36 101. 09 99.82 101.60 101. 09 101.09 101.17 
319 122.43 124.21 121.16 118.11 121.16 122.43 121. 58 
371. 142.24 145.54 141. 73 142.24 141.73 143.26 142.79 

.; 

. 
( 

Table 8.34. 

. Mandrel dla. 41. 275 mm • ( 1. 625 In. ). Length 48.86 mm. ( 1.68751n. ) 
Number of slots 8 Initial d I a. 41. 163 mm. ( 1. 6206In.) 
Initial preload 45N. 

Applied Load Increase In Radius ·Average 
Newtons Ar.,pm. . Ar.,pm. 

53 5.84 8.38 7,87 7.62 7.11 7.87 7.47 
123 16.00 18.03 17.27 17.27 16.00 17.27 16.97 
194 20.65 27.17 26.16 25.91 25 •. 40 25.91 26.03 
263 35.05 36.06 35.05 35.56 33.53 34.29 34.92 
332 44.45 "5.21 43.68· 43.68 43.18 43.68 44.04 
1102 54.61 54.10 51. 5 6 52.57 52.32 54.10 53.08 
1i73 62.73 66.04 65.27 64.26 65.27 64.00 64.59 
543 70.61 74.16 75.69 74.16 72.89 75.90 74.09 
612 73 .15 84.58 82.55 84.58 88.90 81. 28 82.51 
582 79.25 93.22 97.28 97.28 100.84 100.84 94.78 

... 753 '97.28 104.90 102.36 102.36 103.63 103.63 102.36 
822 -115.06 116.33 118.62 122.17 119.89 124.21 119.38 
962. 124.97 125.22 126.49 124.46 129.54 124.96 125.94 

1032 137.66 138.94 140.21 144.,78 137.92 145.54 140.84 
, . . 

. . ._' 
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Table 8.35. 
, ' 

Mandrel dla.41.275mm.( 1.675In.). Length 48.8qmm.( 1.6875 In.) 
Number of slots 10. I,nltlal dla. 41.193mm.( 1.6218 In.) 
Initial preload 45N. 

Appl led Load Incre~se In Radius .Average 
'N'ewtons Ar.,ym. Ar. 'I'm • 

" -',- -'_ .. ,.' .. - - -.. " ' - -' . 

:::,53 16.00 20.32 17.78 19.56 21. 59 ,19.30 19.35 
89 27.68 B.02 30.22 30.99 34.29 32.51 31. 45 

, '124 39.88 44.45 41. 91 ' 42.92 45,.72 42 ;16 42.84 
, '159 54.61 56. H 5'3.59 55.10 58.42 56.64 55.79 

,,195 68.58 71.88 67.56 ' 72.39 75. 94 H.67 71. 8 4 
'22-9 78.74 84.00 ,82.29 83.05 86.61 86.36 83.51 

"265 86.87 96.77 98.04 97.03 99.06 99.56 100.58 
, ~300 102.87 106.93 110.49 109.98 112.27 113.79 109.38 

.'.~ 

335 118.1:1 125.22 128.78 128.78 132.59 130.30 127.29 

; 
\ 

. ' 

Table .8.36.' 

, M and rei d I a. 4 1 , 2 7 5 mm. ( 1. 6 2 5 In.). L El n g t h 4 8 • 8 6 mm. ( 1. 6 8 7 5 In. ) 

~ 

" ". 

, , 

Number of slots 12 kdtlal dia. 41.099 mm.( 1.618lin.) 
Initial preload 45N. 

Appll ed Load 
Newtons 

18 10.67 
"36 24.13 
53 41.14 
71 59.94 

'89 74.42 
106 88.13 

,,' 123 113.53 
141 118.87 
159 135.13 

\ 

~ 

ot:..o" .... ,. 

Increase In Radius 
l!..r. 'I'm. 

14.22 18.28 18.54 
29.21 32.25 31. 24 
44.70 49.78 43.43 
62.99 67.06 64.77 
85:09 87.88 86.61 

103.63 107.88 103.88 
119.38 124.21 123.19 
134.11 138.18 140.46 
151.13 152.15 154.69 

"---~ 

... ... ".: ~ --#'-"~ "' ..... "'., .. 

15.74 13.97 
27.94' 30.45 
43.68 45.72 
61. 72 64.77 
82.80 84.58 
98.29 103.37 

118.11 122.17 
132.Q8 1B.60 
1113.00 153.16 

Average 
l!..r·'f m• 

15.23 
29.20 
44.74 
63.54 
83.56 

100.86 
120.09 
132.88 
149.13 
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Table 8.H. 

--Mandrel Sleeve dla. 41.26mm. Length 42.86mm. 

\ 

PosItIon from Top RadIal ExpansIon 
of Sleeve mm. pm 

1 127 127 127 127 
6 126.8 124.3 124.6 125.1 

11 127.3 126.4 127.2 126.9 
16 124.7 125.8 125.1 124.6 
21 126.9 125.3 127.3 124.9 
26 125.4 127.3 124.1 127.1 
31 126.1 125.8 127.3 128.3 
36 124.2 123.8 125.9 125.8 
41 127.1 127.3 126.3 126.2 

Table 8.38. 

Mandrel Sleeve dla. 60.32mm. Length 42.86mm. 

Position from Top Radial Expansion 
of Sleeve mm. fm 

1 127 127 127 
6 127.3 127.6 126.8 

11 126.8 125.8 126.3 
16 125.3 125.1 126.7 
21 ;127.6 126.1 125.9 
26 127.8 128.2 127.6 
31 127.6 126.8 125.5 
36 126.8 124.9 125.8 
41 127.4 126.8 127.3 

"---

127 
127.5 
126.1 
126.1 
127.6 
127.3 
127.1 
125.3 
128.2 

No. of Slots U 

Average Radial 
Expansion pm 

127 
125.2·· 
126.9 
125.0 
126.1 
125.9 
126.9 
124.9 
126.7 

No. of SI ots 1~ 

Average Radial 
Expansion J'm 

127 
127.3 
126.2 
125.8 
126.8 
127.7 
126.8 
125.7 
127.4 
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Table 8.39. 

~andrel Sleeve dla.'50.80mm. length 42.86mm. No. of Slots 8 

PosItIon from Top RadIal Expansion Average Raolal 
of Sleeve mm. I'm Expansion I'm 

1 127 127 127 127 127 
6 124.8 125.3 127.4 127..6 126.3 

11 126.9 126.5 125.4 126.3 126.3 
16 125.1 126.8 126.4 126.1 126.1 
21 127.4 126.1 127.7 127.6 127.2 
26 126.8 125.4 128.5 125.9 126.7 
31 127.1 127.1 126.5 126.1 126.7 
36 126.0 123.8 126.7 128.2 126.2 

'41 126.5 125.8 126.3 125.5 126.0 

Table 8.40. 

Mandrel Sleeve dla. 41.26mm. length 26.98mm. No. of Slots 8 

Position from Top Radial Expansion Average Radial 
of Sleeve mm. pm Expansion pm 

1 127 127 127 127 127 
6 126.5 127.3 126.9 125.1 126.5 

11 126.8 125.8 127.3 124.9 126.3 
16 :127.8 

\ 
127.3 124.1 127.3 126.6 

21 125.3 124.7 127.1 128.3 126.3 
26 127.3 124.3 127.3 126.5 126.3 

\ '0_._-



\ 
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Table 8.41. 

Mandrel SI eeVe d I a. 50.80mm. length 26.98mm. 

Position from Top 
of Sleeve mm. 

1 
6 

11 
16 
21 

-26 

127 
126.8 
126.4 
124.6 
126.8 
127.3 

Radial Expansion 
pm 

127 127 
127.1 125.1 
126.8 127.4 
127.3 127.1 
126;9 125.8 
124.6 124.2 

Table 8.42. 

127 
126.5 
127.3 
128.2 
127.2 
125.4 

Mandrel Sleeve dla. 60.32~m. length 26.98mm. 

PosItion from Top Radial Expansion 
of Sleeve mm. pm 

1 
6 

11 
16 
21 
26 

,-

, 127 
, 127.3 
125.8 
126.8 
127.5 
126.1 

127 
126.1 
126.3 
127.7 
128.5 
126.5 

~----

127 
126.7 
125.3 
125.5 
126.1 
126.8 

121 
127.6 
126.8 
127.1 
127.3 
125.8 

No. of Slots 1C 

Average Radial 
Expansion 'fm 

127 
'126.4 
127.0 
126.8 
126.6 
125.3 

No. of Slots 12 

Average Radial 
Expansion I'm 

127 
127.0 
126.0' 
126.8 
127.3 
126.3 
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Table 8.43. 

Mandrel dla. 60.32mm. length 42.86mm. No. of Slots 8. 

Applied load Strain Reading Average Strain load Between 
N pI! pe Tapers N 

500 4 5 5 4 5 4.6 230 
1000 9 9 10 10 9 .9.4 460 
1500 13 14 15 14 14 14.0 700 
2000 20 21 21 19 20 20.2 1000 
2500 25 26 27 25 25 25.6 1250 

., 
! 

Table 8.44. 

, Mandrel dla. 60.32mm. length 42.86mm. No. of Slots 10. 

Applied load Strain Reading Ave rage Strain load Between 
N pe r Tapers N 

300 2 2 2 2 2 2.0 100 
600 5 5 6 5 6 5.4 270 
900 9 9 8 8 9 8.6 430 . 

1200 12 12 11 11 11 11. 4. 570 

\ "----
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Table 8.45. 

--
Mandrel dla. 60.32mm. length 42.86mm. No. 'of Slots 12. 

Applied load Strain Reading Average Strain load Between 
N pe pe Tapers N 

200 1 1 1. 1 1 .1.0 60 
400 3 4 4 3 3 3.4 180 
600 6 5 5 5 6 5.4 270 

. 800 8 8 7 7 8 7.6 370 

" 

! 

-- " 

Table 8.46. 

Mandrel dla. 50.80mm. length 42.86mm. No. of Slots 10 ... - .. :. 

\ 

App I I ed Load 
N 

250 
500 
750 

2 
5 
7 

1000 10 

3 
5 
7 
9 

Strain Reading 
}le 

3 
5 
7 

10 

2 
4 
7 
9 

3 
4 
8 
9 

.0 ___ _.. 

Average Strain 
}le 

Load Be t",een' 
Tapers N 

120 
230 
360 
470 

• J 



\ 
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Table 8.117. 

Mandrel dla. 50.80mm. Length 112.86mm. No. of Slots 12 

Appl led Load Strain Reading 'A~;;iage Strain Load Between 
N pe pe Tapers "N 

100 1 1 1 1 1 1.0 50 
200 1 2 2 2 1 1,,6 80 
300 1 2 2 2 2 1.8 105 
1100 3 3 11 11 11 • 3.6 175 

! 

Table 8.IIS. 

Mandrel dla. 50.80mm. Length 42.S6mm. No. of Slots 8 

Appl I ed Load 
N 

Strain Reading 
pe 

Average Strain 
}-le 

Load Between 
Tapers N 

500 
10.00 
1500 
2000 

11 
10 
15 
20 

5 
10 
14 
20 

5 
9 

15 
19 

5. 
10 
15 
20 

4 
11 
15 
21 

"'---... 

4.6" 
10.0 
14.8 
20.0 

230 
500 
720 
970 
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Table 8.49. 

LT nea r Sleeve 1 as per figure 2.9. 

Load N Extension pm Average Jlm --
0 0 0 0 0 0 0 0 

49 33 30 28 30 30 30 ,30.16 
98 61 58 58 58 56 58 sa .16 

147 91 90 84 86 81 86 86.33 
196 119 117 114 114 109 114 114.50 
245 147 145 140 142 134 140 141.33 
294 178 173 170 172 163 168 170.66 
343 206 201 198 203 188 ,193 198.16 
392 234 231 226 231 213 221 226.00 
441 262 259 254 259 239 249 253.66 
490 290 287 282 287 264 274 280.66 
539 320 315 310 315 290 300 308.33 

" 

I 

la::IC ti.!>o. 

linear Sleeve 2 as per figure 2.9. 

Load N Extension pm Average pm 

0 0 0 0 0 0 0 0 
49 61 66 58 51 61 61 59.66 
98 122 127 119 109 122 '124 120.50 

147 183 191 183 170 183 185 ,182.50 
196 244 269 241 231 246 249 246.66 

" 
Table 8.51. 

Linear Sleeve 3 as per figure 2.9. 

Load N Extension pm Average pm 

0 0 0 0 0 0 0 0 
49 25 25 28 25 23 23 24.83 
98 51 51 48 51 ,46 46 49.00 

147 76 76 71 74 69 69 72.50 
\ 196 102 102 97 9,-_, 91 94 97.16 , 

245 127 127 122 122 114 117 121.50 
~ 294 152 150 145 145 137 142 145.1G' , 

343 178 175 168 168 160 165 169.00 
392 203 198 191 193 183 188 192.66 
441 223 221 213 216 208 213 213.36 
490 249 ,246 236 238 231 236 239.33 
539 269 269 259 261 254 259 261.83 

, 
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Table 8.52. 

--T r I a I I n t er fa c e P res sur e Rig. 

Transducer Element No.14. 

Mandrel Sleeve dla. 60.32mm. 

Load N 
Strain pe 

626 
16 

1873 
41 

Length 42.86mm. 

i 

3120 
60 

Ma~drel Sleeve dla. 60.32mm •. ·' Len~th 42.86mm. 

Strain I'e 13 
1873 

44 

Mandrel Sleeve d~a. 60.32mm. 

Load N 
Strain pe 

626 
17 

1873 
41 

H20 
62 

Length 42.86mm. 

"-"-

3120 
56 

No. of Slots 8 

436!l 
74 

No. of Slots le 

75 

No. of Slots 12 

4369 
66 



Table 8.53. 

'Interface Pressure Results 
\ 

--Na n d reI d I a. 60. 32 mm. - Length 26.98mm. No. of Slots 8. 

Applied Load Average Element Strain pe 
N Element No. 6 5 4 . , 

626 24 28 34 
1247 48 58 69 
1873 68 81 97 
2495 84 101 1.20 
3120 98 118 140 
3752 110 134 160 

. 4369 12l 147 175 
4995 132 .160 191 
5616 142 '172 206 
6243 155 186 224 

Table 8 .• 54. 

Interface Pressure Results 

Nandrel dla. 60.32mm. Length 26.98mm. No. of Slot~ 10. 

Applied Load Average Element Strain pe 
N Element No. 6 5 4 

626 25 30 37 
1247 48 57 69 
1873 67 81 97 
2495 84 101 120 
3120 98 118 139 
3752 12l 141 175 
4369 125 149 180 

\ 4995 ·-_131 156 189 
5616 1'-8 177 212 

'" 6243 157 185 225 

, . 



Table 8.55. 

Interface Pressure Results --
Mandrel dla. 60.32mm. Leng"th 26.98mm. No: of Slots 12 

Applied Load .' ".,.; Average Element Strain J-Ie 
eN "Element No. 6 5" 4 

626 27 30 40 
1247 ... 49 52 73 -. _.' 

1873 67 79 96 
2495 81 96 117 
3120 94 112 134 
3752 104 120 151 
4369 114 "135 163 
4995 " 122 ' 146 175 
56"16 129 156 188 
6243 1.38 163 " 199 

Table 8.56. 

Interface Pressure Results 

Mandrel dla. 60.32mm. Length 42.86mm. No. of Slots 8 

Applied Load Ave rage Element Strain pe 
"N Element No. 16 15 14 13 12 

626 12 15 15 19 14 
1247 24 29 29 26 28 
1873 32 39 40 35 37 
2495 43 48 49 43 47 
3120 49 57 59 52 56 
3752 55 64 67 59 65 
4369 61 72 74 65 71 
4995 68 79 82 72 79 
5616 72 85 88 77 84 

\ 6243 78 -9.l 95 83 92 

'"' 



Table 8.57. 

Interface Pressure Results 

Mandrel dla. 60.32mm. length 42.86mm. No" of Slots 10 

Applied load Average Element Strain pe 
11 Element No. 16 15 . 14 13 12 

626 12 15 14 15 13 
1247 25 29 31 26 28 
1873 37 43 44 39 43 
2495 45 53 55 48 53 
3120 52 61 63 56 61 
3752 59 68 70 61 68 
4369 63 H ,76 66 73 
4995· 67 79 '81 71 78 
5616 7.1 83 86 75 82 
6243 75 81 91 78 87 

Table 8.58. 

Interface Pressure Results 

, Nandrel dla. 60.32mm. length 42.86mm. No.of Slots 12 

Applied load Average Element Strain pe 
N Element No. 16 15 14 13 12 

626 13 16 16 14 17 
1247 24 29 30 26 28 
1873 33 38 39 34 38 
2495 39 46 47 41 45 
3120 44 52 54 47 51 
3752 49 57 58 51 56 
11369 52 62 63 56 60 
4995 56 66 67 60 65 

. 5616 58 68 70 61 67 
\ 6243 62 _7.2 711 66 73 

...... 

, 
, . 
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Table 8.59. 

Interface Pressure Results --
Mandrel dla. 50.80mm. Length 42.86mm. No: of Slots 8 

Applied Load Average Element Strain fie 
·.N Element No. 7 . 8 ·9 . 10 11 . " 

313 7 9 7 ·9 6 
626 13 18 14 /.16 . 12 
934 11 24 20 :.22 15 

1247 21 28 23 27 18 
1561 25 34 27 32 22 
1873 26 35 29 34 23 
2181 28 39 32 37 25 
2495 30 42 ~4 39 26 
2808 32 45 36 42 a 
j J. 2.l j3 III 3lS 44 29 

Table 8.60 

Interface Pressure Resul ts . 

~Iandrel dla. 50.80mm. Length 42.86mm. No • of Slots 10 
. -

Applied Load Average Element Strain }Je 
. N Element No. 7 8 9 10 11 

313 7 10 7 9 6 
626 11 15 11 15 9 
934 16 22 17 20 14 

1247 19 27 21 25 17 
1561 23 31 25 30 21 
1873 25 35 28 33 22 
2181 27 38 30 36 24 
2495 28 40 31 38 25 
2808 30 43 34 40 26 
312l 31 43 34 40 27 

\ "---
" 



Table 8.60. 

Interface Pressure Results 

Mandrel dla. 50.80mm. Leng'th 42.86mm. No" of Slots 12 

Applied load Average Element Strain pe 
~N Element No. 7 8 9 10 11 

436 9 12 8 10 7 
750 11 17 13 16 10 

1060 15 22 17 21 13 
1373 18 27 20 24 16 
1685 20 30 23 28 18 
1997 23 35 26 33 20 
2309 25 38 28 36 22 
2621 28 42 ~1 39 24 
2934 30 45 33 "2 27 

Table 8.6l. 

Interface Pressure Results 

Mandrel dla. 41.28mm. length 26.98mm. No. of Slots 8 

Applied load .. Average Element Strain pe 
N ···EI ement· No. 3 2 1 

313 16 13 18 
626 27 22. 30 
934 34 27 37 

1247 39 31 42 
1561 45 36 50 
1873 49 39 55 
2181 53 43 60 
2495 59 48 66 
2808 63 51 69 

\ ··-~.LL 

" 

, 



Table 8.62. 

--Interface Pressure Results 

Mandrel dla. ql.28mm. Length 26.98mm. No. of, Slots 10 

Applied Load Average Element Strain pe 
:N Element No. 3 2 1 

.'.) 

313 18 ,-H 20 
626 28 22 • 30 
934 35 28 39 

12q7 q2 33 q6 
1561 47 38 52 
1873 51 ~2 57 
2181 55 45 60 
2495 57 47 63 -- ... ~ ::,S; "+~ ob .ovo 

Table 8.63. 
• 

Interface Pressure Results 

Mandrel dla. 41.28mm. Length 26.98mm. No. of' Slots 12 

Appl led Load Average Element Strain pe 
, , N Element No. 3 2 1 

313 18 14 19 
626 29 23 32 
934 35 28 39 

1247 42 33 47 
1561 50 39 53 
1873 52 41 58 
2181' 57 44 62 
2495 63 48 68 
2808 67 51 71 

\ .'--

~ . 



8.3 'Scrap-Pad' Computer Program for the 

Calculation of the Axial Load to Produce a Diametral 

Expansion of 254 um --
Program. 

Program Operation Program Operation Program Operatlol 
Step Key Step Key Step Ke y 

1 S/S 26 4 51 * 
2 St 27 1: 52 Rc 
3 2 28 S/S 53 2 
4 a X 29 * 54 ,,: 

5 3 30 Rc 55 S/S 
6 = 31 2 56 
7 * 32 57 1. 65 
8 S/S 33 1. 65 58 EXP 
9 St 34 EXP 59 12 
10 1 35 12 60 
11 "0 b! S/ S 
12. '!. • jl E Yj "-! , \": " OJ 

, 
v, v v_ 4 

13 EXP 38 1 63 = 
14 12 39 = 64 + 
15 40 + 65 Rc 
16 S/S 41 Rc 66 9 
17 1 42 9 67 = 
18 = 43 = 68 I/X 
19 St 44 St 69 * 
20 9 45 9 70 .399 
21 Rc 46 Rc 71 EXP 
22 1 47 1 72 
23 * 48 ,~ 73 6 
24 S/S 49 Rc 74 = 
25 St 50 4 75 S/S 

Execution of Program. 

Step Operation Step Operation 

1 Press S/S 10 Enter value le s 
2 Ente r value 11 Press S/S 
3 Press S/S 12 Enter value les 
4 Ente r va I ue N 13 Press S/S 
5 Press S/S 14 Enter value le s 2 
6 Enter va I ue 15 Press S/S 

\ 7 Press S/S .. _- 16 Enter value les2 
8 En te r va I ue L* 17 Press S/S Answer 

""" 9 Press S/ S WA displayed. 
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~alculated loading Data based upon the 

Maximum lnad used in the Interface Pressure Experiments 

--8.4.1. Calculation of the Torque Required In Thread loading 

to Produce the Maximum Experimental Load used 

It is useful th have some comparison between the maximum 

load used in the Interface pressure experimentation and that 

which might be effected by a workman using a wrench to tighten 

the nut on the arbor. 

The standard formula for the torque required to produce an 

axl~1 load by a screwthread against the lo~d Is given In (63) 

as 

( 

tan'" + p / cos e n 1 + pc r cl 

1-p tano<./cose n 

Where T = torque requ I red to turn screw .or nut 
rm = radius of the pitch cl rc le 
W =--Ioad 
rc = effective radius of rubbing surface against which load 

bears, call ed co I I a r radius 
}J = coefficient of friction 
Pc :··coetf I c I en t of friCtion :for co I I a r 

tan .0(. • = ~!;~ewthread lead 

&on = 
2'/t r m 

he I I x angle of thread 

From (63) typical values of Jl and Pc are .15 and .3 respectively. 

Screwthread details. 

Outside diameter 25.4mm. (1 In.) 

Tread form: American Threads, Unified. National-Fine. 

Root dla. - 22.804mm. (.8978In.) 

• 12.013mm. (.4430In.) 

Number of threads per Inch = 12 (lead = 1/2In. = 2.1166mm.). 

, ..... 
Tan·.~.. = 2.1166 

2x7fx12.013 
= .02804 

rc = 0/0/2 = 25.4/2 = 12.7 

en = Et = 30" since the helix angle Is so small 
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... {Amerlcan form threads.have an included angle of 60° ) 

for a load of 5500N (12361bf), the maximum applied to the 

--60.32mm. mandrels. 

T = '50'1 12.013 [ 

.028+(.15/.866) ] 
1-(.028x.15)/.866 

= 34.48 N-m 

+ (.3, 12.7) J 

For a 230mm(9in.) spanner the load required to produce the above 

torque Is 150N (33.71bf). 

., 
! 

8.4.2 Diameter of Air Cylinder Required 

The compressed air line pressure available In most 

.0_f_ ..•. C 8.9._MNlm 2 ... _ ... ' , 00.1 bf/I n 2 ), the __ .. __ l'Iorksho-P.5 .. J . .s_of_...t.he_or.d.er IL ... 

diameter of an aIr cylinder to effect a 5500N .load on the 

mandrel system Is given by D = load x 4 
airline pressure xT\ 

Substituting values Into the above equation 

D = 550a x 4 

.6895 x 10 6 x~ 

= 100mm. 

\ ~-~-. 
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"8.5. ,.Straln Gauges 

The use of strain gauges in this project was to allow 

--transducers of simple design to be manufactured. The trans-

ducers manufactured, brovlng rings etc., rely on strain 

measurement to convert some deformation Into Information which 

Is usable and presented In a readable form. It was at no time 

stress levels etc., In components, even when direct stress 

readings were being taken, (e.g. load measurement on arbor), a 

"'load-strain curve was established by calibration, therefore It 

,- _ ...... -. .... - ....... _ ..... 
"--'--"'-' , 

._ .......... _~ ..-i"1<~_;: ... .-I ; .... ~ ...... __ ..... i ....... 
............ _ .. - ."---"-' ... . 

either the strain bridge or strain gauge theory. 

The strain gauges used were foil gauge type, gauge factor 

approximately 2.1, manufactured by Tokyo Sokkl Kenkyujo Co. Ltd, 

-\lapan. Altno"ugh'""1;"h"e "strain ga'uges-u"Sed~were the temperature 

compensated type, the effects of temperature on strain readlng~ 

was eliminated in every application by either the use of a 

dummy gauge mounted to a strip of un strained material positioned 

near and In a similar environment to the active gauge, or by 

the use of two active gauges one In each arm of the strain 

bridge. The gauges were attached to the transducer with an 

adhesive (P-2) supplied by the manufacturers of the strain 

gauges, the standard procedure for mounting strain gauges being 

used for every straln.gauge appl'lcatlon. 

\ .. _----
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