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Synopsls

The aim of the present investigation was to establish
the Influence of the deslgn parameters on the performance of

a proprlietary expanding mandrel., For the mandrel system

“lInvestligated the parameters have been ldentiflied as the diameter

and 1ength of thé mandrel sleeve and the number of slots con-
tained within the mandrel sleeve. -

To gﬁable the action of the sleeve to be understooe more
simﬁly linear models of the mandrel sleeve;have been manufact-
uréd from steel and Araldite, the latter.ﬁeing used in
LhmpﬂldL;V; Phoioriastiv scndles, Tim resulns achievea from-
the load/ extenslon tests upon the steel linear models enabled
a mathematlcal model of the a;tion‘of the mandrel sleeve in
the free state to be established. biose correlation between the
predicted and experimental radial expanslton of the mandrel
sleeve has been obtained. The mathematical modgl allows the
influence of the deslign parameters on the free radial expansicn‘
of the mandrel sleéves to be established at a design sEage.

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 workbiece, transducer
elements were embedded into the rings which enabled the contact
pressure at the Interface o% mandrel/ workpiece to be est-
ablished. Variation of contact‘pre;sure down the axial length
of the mandrel was found t§ exist for all the méndre}-sleeves
teﬁted, the Qariation was found to reduce as the dlameter of
sleeve increased. Slmllarities lﬁ the action of a 'shrink-fit'
df'shaft and ring and the expansion-flit 6f a mandrel! sleeve

X

and workpiece have been established. The efficiency of the

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



diameter of the sleéve with the number of slots contained

within the sleeve a secondary factor. From the data of the
~.contact pressure/ applied Ioa& tests an empirical expression

has been derived whlbh relates the output of the_mén&tél'

sleeve to the diameter and applied load.

L
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1,1 INTRODUCTION

It has been the tendancy in the United Kingdom to

Hpegléct the development and associated.reseakCh of work
hold!ﬁg devices for machine tools. Thornley & Wilson(1)

have recently stated that, 'Only in the more recent ye%rs

has chuck development awakened to the surge of progréss,

and investigations on a'sclentlflc basis carrled out in order
fo a;sess their capabllities and limitations', ﬁost_of this
work has been carried out in Germany (2),(3)}, very little

has been pﬁbl!shed in the United Kingdomr Jhls British
complacency can be traced back to before the 197t-18 war (&),
whcﬁ the gurzchazse of Gérmanlschrc:: Chluvks, whizch ~a§ thén the
current practice, became impossible, Several British machine
tool makers were forced by the circumstances to design and
manufacture thelr own chucks (5}, This complacency again
returned aftgr the war and remained until the more recent and
notable Investigations (15,(5).

If the investigations on a scientific basis; of chucks,
have been limited it can be said that the investigatiqps
COncérﬁiﬁérmandrels are neglfgible. Indeed the analysis of thg
replies reéeived from a survey of manufacturers showed that
the present 'deslgﬁ methods' were based on embirfcal infprm-
ation and experience in the fleld, cobtained over many yéars.

No scientific approach to the design was found to exist.

tt 1s from this basis of 'What we did yesterday, scaled

Y —_—

 yp or down, will do today', that‘tﬂls research project was
lnlfiated. The research being part of a larger réﬁearch

\programme, at Loughborough University oé Technélogy, to
Iﬁvestigate work holding devices so that the performancé of

such work holding devices can be better designed to match the

improved accuracy, performance, tolerances and faster speeds,



which are expected from today's machine tools.
The aim of this research Is to Investigate and establish

\relationshlps between, number of slofs, diameter, applied

load and corresponding expansioh for a proprietary split bush
type expanding mandrel, and further to establish the nsture
and magnltude of the interface pressure between workpiece and
mandrel., From the results obtained It is planned to be ablé
to better predict the importance of the relevant.design par-

ameters and to so develop simple design criterea for the first

time.

. . s
’

Méndrels, or shafts for holding wak‘to be machined, are
commaniy nsed on mMachine tooic Tor they#urpssa o1 ccrrﬁctly:
‘ pogitioﬁlng the component to be machined and to maintain this
location agajnsf the cutfing forces and reactions. Mandrels
-are of two types plaln and exbandlng, the plain.-mandrel is the
slmple#t workholder for round workpieces. The main character-
iStic pf the mandrel is a slightly tapered chucking surface
with a taper of the order of .4%9mm per metre (.Odﬁ inches per
foot). The workplece diameter must be smaller thqprthe ]argest
dlahéféf of fhgrﬁandréi;-and fﬁg.ﬁorkpiecg Is forcibly pushéd
endwise onto the mandre!. This prbduces a gtipplng-force.all
around the hole in the workpiece, decréasing axié}!y in rel-
atfon to the interference produced between the outer dlameter
of the mandrel and the workpiece (7). The driving torque that
can be transmitted depe;ds on the radial gripping and the
_\gangential friction forces broduégal
. With plain mandrels it Is not always easy to obtain the
,}ame driving power or to position the workpiece to a definite
stop when trying to control the resulting interference between

workpliece and madrel. Pressing the workpiece onto the mandrel

requires an arbor press, Is slow, and may damage the flnish of



the workplece bore and score the mandrel and .if the bore Is
not round and straight,.the workplece and méndrel will |
mutually d!stprt under the forces used to press on the workpliece,

- Expand!nglmandrels overcome many of the problgms assoc-
lated with plain mandrels, it s possible toe mount and dismount
the work with ease and without selzlng or scoring of the work
or mandrgl. The workplece does not have to be‘bressed onto
the mand;gl to pfoduce the gripping force. The force is
ﬁroduced by ssme mechanism giving a mechanical advantége to
the operator and can Bé applied completely remote from the
expanding méndrel ltself'as_in the use of pheumétically or

_hvdrau?icuiiy upéruted cApandIing Maidie) S,

Expanding mandrels also require a_sméller number of
operations to mount the workpiece and they have Inﬁréased the
‘useful range of manufacturing tolerances (the functional lack
of precision of the plain mandrel limits the useful range of
manufaéturing tolerances}. Many desigﬂs of expanding mandrels
are available ranging from the stationary collet type through
to the hydraulically operated expanding mandrel with 'incomp-

~ressible plastic mass’, ~The many types of expanding mandre)
;vaiiable glive rise to a wide application in Industry, Align-
ment and assembly of body and wings in the Aerospace Industry,
Inspection and balancing jn the Automotive Industry, and in

the turning, milling and grinding operations on machine tools,

these are all typical of todays use of expanding mandrels.

- -



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
'Iocomotives‘was a constant source of trouble. There were at
that early time two methods In common use, thé_tube could be
riveted in poslition, wlth a protruding length hammered down
over the surrounding metal. Alternatjvely, a taberéd steel
ferule could be driven into one end of the tube with the effect
of expanding 1t and holding !t_firmly in place,

A third method (8) was Intfducedrby aﬁDr‘Church, an

"nimaimur enginesr in dirmipgnam, wn;'in L22> tnventza what wes
probably the first expanding mandrel, which enabled the end
df fhe tube to be expanded manually in situ in the tubeplate.
lAlthpugh designed for a work-formling purpose and not a work-
.holding the mandrel has”  all the féatures of the stétlonary
“collet type of expanding mandrel used today (9).
The workforming type of mandrel and other similar ones,
which probably developed from Dr Church's, became a cémﬁon tool
"_ln a bbiler ﬁ;kérs tool kf:ménd over tﬁém}ears becéme-éccepted 
as a standard plece of equipment, the rights and name of the
original inventor being forgotten.

Some 27'years after Dr Church'é Invention a letter appeared
in the Engineer (10) requesting Iinformation about the origin éf
the invention of an expanding mandrel for fixing brass tubes In
xboilers. ~Royalties were now hayfgé to be paid by all users of
lthls'tvpe,OF'expanding mandrel, to a single railway company who
E]almed 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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.5

the editor of the Engineer after some }0 monthS'(Novembér 1860~
August 1861) when Tllustrations of the original mandrels, made
by Dr Church In 1833, were publlghed (10).

- During the 50 year period (1860 - 1910) that f9llowed

the letters‘in"tﬁe Engineer the expanding mandrel evolved from
a workforming tool into a workholding device, very littlg
evidence of how this took place is avallable, iﬁdeed the author
was unable to find any references coﬁcernlng expanding mandrels
over this 50 year perlod, during his literature survey.

We do know however, that by ﬁhe 1914 - 18 war many forms
of expanding mandrels were available, (22);:(23), and from this
timé untii the present, numerous reterences concerning expand-
ing mapdrels are avallable all followlng the similar pattern
.of being elther of a descrfptive nature, rather than of a
‘technical nature, or belng advertising literature. The details
of tﬁe former belng published in many insgapces to enable
simllar 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 boured

~——

and being slit In two or four places to permit it to deflect

internally with a female conlical taper

in expanding and collapsing (28). internal

Usually into the

-female taper flts a male tapered plug which has elther an

internal or external thread at one end. The mandrel

is expanded

by tightening the taper plug. Many lathe operafbrs who have

needed to locate off a turned bore for second operation work

have made themselves a simple expanding mandrel of this type (2u).

? H

By 1915 the collet type expanding-mandréfs of this simple

‘Aarlrmn wnra halne mangfambtgend .t
coTln Nr o2t ang MINUTITUYTCT

e P NS Aa.a Az
- - = - ST PN ™ [ ]

-
-

reviewed the design
on the spindle of a
-speclal collet type

male tapers and the

female tapers to match the arbor.

of an expanding collet which could be held

turret lathe.

Chapman (25) designed a rather

mandrel for long work. The arbor had two
split collet sleeve having two internal

The sleeve had three slots

cut axially from each end to a point 25mm (1 inch) from the
centre., The result 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 slightly less than that used regularly

on spring collets, 15 degrees. O0On the second design he chose

a smaller angle to increase the gripping power and to accomodate

‘smaller work. HIs third design,"for very small work which

precluded the use of a threaded plug, used a blaln,taber plug

‘to expand it. The taper recommended being Brown and Sharp or

u

 Morse. Dlxie-(27) recommended an inc]uded_anglé of 16° for the
tapered plug.

An included angle of 60° was suggested by Gitter (29),



this was to enable a roller bearing centre, flxed Into a
tallstock, to actuate the mandrel. The design being a simple

mandre! 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) suégestedllncluded angles of 18:degrees and 24§
degrees respectively, in their designs.

A varlation on the split collet design was- shown by Baule
{33). The mandrel consists of a round bar held in a normal
three Jaw chuck. This bar has a hole dr!l[ed diametrically
th}ough the bar, a slof is milled or sawedxin the end bf the
Ty UOowi Lhe Lar La Linl 3 fitree A Ui Lesd anhre ks ooarr o f e
and fapped diametrically an one flnger of the_méndrel only, a
grub screw Is fitted Inrthls tapped hole, the screw contacting
.the underside of the other finger. A third hole is drilled
ctearance in one finger and tabped In the'other for a bolt to
pass tﬁrough. When the grub screw is tlghtened the mandrel Is
expanded, sufflcient pressure Betng exerted on the bore of the

workpiece., The beolt s used to draw the split fingers together

if fhey 6ver-expand dﬁfiﬁg use,



1.2.3 Hydrauliec and Solid Flastlic Expanding Mandrels

Hydraulic expanding mandrels do not seem to have been
-common befofelthe 1940's, Durlng the Second World War (1939-
45) several'proprietary mandrels were produced,'no doubt to
facilléete high precislon grinding and turning requlree at
this time, The hydraulic type of.expanding mandrel is expanded
by a self-contained hydraulic system which ¢creates true,
accurate centering with an equallsed gripping force., By turning
an actuating screw a plston.is moved forward and hydraelic
fluid is forced from the piston chamber ue,through the parts
and Ints 2 space between the expoending sleeve and the mandrz!
body. .A singie mandreil can be designed to expand in several
different sizes of bores of a workpiece or dlfferent workpieces.

| Schroeder (34) revtewed the des!gn of an hydraulicatly
expanded mandrel which was used during the Second World War,
It was developed to glve accurate centeriﬁg.(B?) Anon., shoﬁs
a similar design.

The.relative incompressible property of some rubber and
"plastic material has been utilised In the des!gn of expanding
-handrels. Alfred Herbert of Coventry (35) produced an inter-
esting mandrel which 'i's very simllar in design to the normal
hydraulie expandiﬁg mandrel except that the expanding medlem
{normally hydraulic oll) is repltaced by a commercial rubber.
The rubber changes Its shape under pressure but the volume

~remalins constant. The. thrust therefore exerted on the rubber

‘by‘the aéiuating screw system is‘:ransmitted to the expanding

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

- the elastlic limit of the materfal from which the mandrel body
s made.

'Herrlman (36) designed a simple expanding mandrel which

used the recovery propefties of rubber to hold the workpiece.



1.2.4 Mandrels with Stiding Elements or Inserts

This type of exbandlng mandrel has been very bopular
since fhe Flrstlworldrwar, many references are avallable
—
.descrlbing particular designs-from.indIvIduals. This popularity
has cuimlnated in the roller actuated expanding mandrels being
produced In commercial quantities (37).
Some ihterestiﬁg early deéigns which incorporated a
-sliding jaﬁ up an lIncline plane are shown by Jones (38) and
Wheeter (39).- Fleﬁcher (40) gives details of a proprietary
-mahdrel of similar design manufactured In Belfast in 1918.

.

Hohn (41) described a design of a mandrel to accomodate large.
Crliides Lushingd four JUCUMLEIvES.  The At el Cousisisd of
a shaft, two spiders, two cone washers, two nuts and sixteen
arms, (eight on each spider), bushes of‘different sizes are
-accomodated by using Ihterchangeaﬁle arms 6f.different length
(for bushings ranging from 483 - 762mm (19 - 30in.). The ends
of the arms are machlned td the'Same angle aslthe conlical
washers, When the nutg'are tightened the confﬁal ends of thé
.washers expand (force).the arms outward radially so thét thgy
.griﬁwiﬁe bushjﬁg. Theﬁgrms'whlch fit into radlial siots milled
in the face qf’the spiders are held in po§it!pn by capscrews,
Dick (hf) designed an expanding mandrel for hoiding
‘bushings and pieces 6f‘tubing of,considerablg length. Tﬁe.
work is held by six hardened gripping inserts, three at each
end of the mandrel. The Iqserts'are carried in slots 120
‘degrees apart., The Inner ends of the inserts are machlned.to
.sult the male conical taper of the ﬁandrel body( the outer éndsl
fare rounded. Relative movement of the conical tapers, actuated
by a screwthread causes the Insefts to move out radlally and
thereby grip the workpiece. This design was claimed to have

" a bilg improvement over the expanding mandrel which worked with
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é’fapéred plug driven Into a splif bushing. Whittle (543},
Gerber {(44) and Heise (45} proposed mandrels of simltar_designs.
The cutting forcés produced during the machlnlng
H;peration have been utilisea 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 axlalfy across the cams, As the workplece is turned
relative to the mandrel, the pins are forced out;ards into
contact with the bore‘and effect the gripping pressure, The
_ramp-type cam Is made with.a smafl angle which becomes a locking

[

angle to secufe tHe workpliece, |If the anglé is too steep, no
teahing o bu drtemitd, L00 alaltuw A divricuity I8 aaps
erlenced in lobsenlng. A pin cage retains the rollers with a
snap ;Ing to prevent loss, It is claimed that hlgh concentr-
tcitles can be maintained of the’ordér of 25.4%um {.0001 in.)
and ﬁhe action of the pins causes an equal force around the
bore. The Efficiency Tool Products Company {(47) proddced 5
'Self Gripplng' mandrel of similar design In 1919,

‘The use of rollers to expand tubu}ar shg[l which are
not sbi}t lengfhwisé.fs déscribéd by Conn (46). lThese
proprietary Roll-iock maﬁdrels ékhand by fhe gradual rolling
and weaglng actlion of straight rollers between the conically
tapered inner diameter of the shell and the confcally tapered
plug which is turned by a wrench, This type of mandrel which
has a chucking area not weakened'by axtal slots generally
‘has a smatl} range of expansion, of the Qrder of .002mm per.mm
.of dlameter (.002 ins. per In. of dlameter). Concentrlcitleﬁ
of 5 = 10um (.0002 -..000hin.) total indicated readlng can be

obtained.



1.2.5 The Split-Sleeve Expanding Mandrel

| This type Qf mandrel is the most popular of the
\Eommerclally produced mandrels, Erickson (48) In the United
States (Bristol Erickson in‘the‘U.K.), Tobler of France (49)
being Ehe market leaders in the fleld, |Indeed these maﬁdrels
are In use on numerous machline tools In the most important
automobile manufacturers works In Europe for all types of
machlﬁing operations i.e., turning, gear shaping; grindling,
!nspectlon etc. This design of mandrel has been fitted out
to approximately 70% of the macﬁine tools dFstIned for

Togliatigrad in the U.S.S.R.

Lhartton (50) in 1Uiu roviaw

d the uss £fFf 5o =zlit

bush type mandrel and commented on their wide use in Industry,
he suggested.a method of correctly positloning the workplece
-on this type of mandrel. Rowell (51) gave a complete review
of_the materials and processes required to manufactu}e a split
bush type expanding mandrel and gave the angle of taper on the_
tapered érbor and on the inside of the bushings to 5e 31, 24mm
per metre (.375.Ins. pef foot). Four slits (two from each end
of the bushings) were suggested for small diameters and efght

. for largerfdlameters; _

Gergens (52) dealt with several designs of the split

bush type expanding maqd}el. He shpwed that the way Iin which
the steeve is slotted and the taper of thé arbor so designed

“could affect the operational characteristics of the mandrel.

VA design was put forward so ;hat";hfform expansion of the sleeve
could Ee obtained, an alfernat!ve deslgn cculd‘effett the ends

_;f the bushing to expand and not the centre. Arrangements

which overcame the tendancy of the bushings to lock were also

proposed.

Many patent desligns of split bush type expanding mandrels



‘which utllize some special deslgn feature have been reviewed.
Holmes {53), Whittles (54) and Hudson (55) are typical of these.

Mason (5G) reviewed the design of a split bush type

~—

expanding mandrel where the coniéal téper on the arbor part of
the mandrel system Is not one continuods taper. The arbor has
what is termed a.double angle, l.e., widely spacgd prectsion
grodnd male conical surfaces. The spacing of the conlcal
surfaces éauses uniform Increase In bush diameter;when the bush
is'moved'ﬁp tHe taper., The result.of this action Is to create
a uniform gripping pressure along the entire length of the

1

workpiece.

- A -
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Corporation Anon, (57) shows the posltion of expanding mandrels
in relation to workholding devices for modern machining methods,
Anon. (58) and Anon. (59) point out the close relatlonship

between precision expanding mandrels and increased productivity.
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CHAPTER 11

DESIGN AND DESCRIPTION OF EXPERIMENTAL EQUIPMENT
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2. Desicn and Nescription of ExDerimehtal Equipment
2.1  The Spllit Bush Expanding Mandrel System

It was declided at the outset of the résearch_pro]ect:
that thg-mandrel system to be Investigated would be a prop-
“rietary split bush expanding mandrel.

To aséertain what expanding mandrel systems were,
avallable in the United Kingdom a detailed survey of the
manufacturers and suppllers was undertaken. The results of
the survey jndlcéted that the most sultable system for this
research proJect was the one.ﬁanufactured by the Bristol
Erickson Company of Kfngswood, Bristol

This mandrel systemloffered outstanaing features over
otner exﬁanding mandre), SysUems.
(a) Bristol Erickson s the largest Brltiﬁh manufacturer of the
split bush expanding mandrel and other associated work holding
“devices.
(b)) This type of mandrel has been supplied to many industriées
in the Unlted Kingdom and Europe.
{c) The cost and delivery was competitive.
{d) The mandrel system offered was typical of the split bush
- type expanding'maﬁdrel.
(e) The range of mandrels available allowed more design
parameters to be studled than any other comparable system.

A compreheﬁslve system was purchased from Bristol
Erlckson, comprising in total efghteen split bush sleeves and
the two asso;iated arbors to complete the mandrel éystem.

. The elghEeen spllt bush sleeves EOnsisted of two baslic lengths
of sleeve 42,86 mm.(1.6875‘in.) and 26.98 mm.{1.0625 in.),

. three different diameters 60.32 mm.{1.375 ln.), 50.80 mm,. (2.0 in,)
and hl.zf mm.(1.625 in.)}, and thrée different angular spacings |
of slots 45°, 38 and 30°. Plate 1 shows the mandrel sleeves

varid Plate 2 shows an assembly of arbor and mandrel sleeve.
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Plate 2. Mandrel assembly



The Bristol Erickson system has as one of Its main

features the ‘double parallel angle princ!ple'.‘ The arbors,
shown In flgure 2.1, display what Is meant by the 'double angié'.
There are, on the arbor, two male cénlcal tapered surfaces
spaced a set distance apart, these tapered surfaces maté on the
'corresponding female conical tapered surfacéé located at each
end of the mandre! sleeves. The Included angle (36°) of the
two tapered sections 1s the same, hence the para}lel 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 physical size of the end sectioné'of the mandreal

- - - b ] - ] -
sigcave zrz reduccd thie P imitation wit) i1z:tc

’ sk Zhour by the
author to have a direct inftuence on the expansionlcharacteriﬁ-
tics of the mandfel sleeves. The use of a non-locking angle is
an Important feature in a production situation because this
glves automatic removal of the gripping férpe between work-
ﬁiece and mandrel when the loadlng on the mandrel Is removed,
giﬁing easy workplece removal,

The interchangeable split bush sleeves, shqu in figure
2.?: arerﬁylinQrical fn form, the outside dlémefer being
parallel, with the inside diameter having two female conical
section§ of 36 Inciuded angle located one at each end of the
sleeve, The cylinder is split axially from eéch end to within

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

angular spacing.

S

5 ——

Figure 2.3. shows a'typicai éésembly éf a sleeve and
arb@r, It iﬁ also useful to help to understand the action.of
fthe mandrel system, If a force is applied to the top surface,.
designated X, of the sleeve (néte, the actual way in whicﬁ

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

forced to move downward and by dolng so further up the conlcal



Plate 3. Modification to arbor.
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tapers on the arbor.- Movement up the taper causes radial
pressures to be generated on the mating surfaces between arbor
\End sleeve, this pressure causes the split sleeve to expand,
Equilibrium is reached when the ciréumferential tensifon In the
sléeve balances the radial pressure. It is the restricfion

of the radial e;pansion by a workplece which causes a pressure
to be geﬁerated at the interface of the sleeve outside

diameter and the workpliece Inside diameter. ThI; pressure

force generated correctly positions the component to be machined

and malntains this location against cutting forces and reactions.

2,1.1 Modiflcatjon to the Arbor

The 0.53mm. (.021 inch) radial clearance, dimenslon 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 gauée p.v.c. insulated wire commercially
avallable, requiréd that either the sleeves or the arbor
would have to be machlined. Small grooves were therefore
machined in the arbor using the Wickman E}ectrical Discharge
Machine. The small grooves semicircular in cross-section
enabled the wires to be set below the surface Af the mandfe].
The pasition of the grooves and the associated str;in gauges

“are shown_on plate 3. | —

Four T.M.L. type FLE-I-II strain gauges were'inst;lled

“on the arbor between the two tapered sections., The wiring

diagram is shown In figure 2.4,
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2.2 . —Experimental Rig for Radial Expansion
Instrument Data. :

Rank Taylor Hobson Mitronic Micro-Comparator
with axial transducer head. ’

Fullt scale deflection ranges .lmm., .030mm.,
«010mm. and .003mm.

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

""Clockhouse proving rTng type 2000, number 1537,
Dial gauge no. 74562, Last célibrated October 1972,
Mean sensitivity 5,93 Newtons per division,

The experimental set up for the measﬂrement‘of radlial
ARG v Wi ene waTIMI G srEEYE 1O b EIVEH Gppl I EM JTudu 13
shown in plate &4.
j}he manarel'system Is mounted updn a baseplate, also
.mounted on the baseplate is a brass supporting stand which holds

the ax?al transducer head for the Rank Taylor Hobson Mitronic
Micro-Cémparétor. A hardened steel collar is positioned on top
of the sleeve and a Clockhouse proving r}ng s positioned on
the collar, the whole arrangemént belng In axlal alignment,

The rig was‘designedlto be used upon any device which
could give uniform and controillable load application to the
mandrel system. Tenslle tegting machines, small presses
hydraulic or mechénical, or the movement of the table towards
the spindle head on mil]lng machines, were all possible methods
.considered to apply the load to¢the mandrel. For donvenlence,
&the rig was get up on an Adcock qu_Shlplev vertical milling
-machine type 18/32, the use of this as the loading medium
.ensured that | | |
{a) The reguired accuracy and repeatability was obtained

throughout the loading range.
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(b). The ltoading could be applied easily and positively by the
upward movement of the table towards the machlne spindle head.
(c) The slideways locating the table ensured that the axlal
\;l!gnment of the rig was maintained.

(d) With the machine not running_there were no vibration
problems. |

(e) Eaéy anq rapid manipulation and adjustment of thé rlg was
obtalned.

The fig was positioned upon the loading apparatus (Adcock

& Sﬁip!ey vertical ntlling machine ) by plgcing the baseplate

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

- , . . L . ] - - .t 4 [ . .« . ] [
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head. - Loads were applied to the mandrel system by raisling the
worktable towards the spindle head, thereby causing a deflection
of the proving ring and thus creating a known load to be

applied to the mandrel system.



2.3 Manufacture of Linear Models of Mandrel Sleeves for

Photoelastic Studfg;

- Linear modeis of the mandrel sleeves are the physical
representation of the cylindrical sleeves in a stratght line
form, The linear models can be thought of as thqugh one had
cut through one side of the cylindrical sleeve and then opened
It out into a stralght llhe. Figure 2.55. shows the range.of
Araldite linear models manufactured,

Araldite CT 200, which is an epoxy resin sultable for
photoelastic studies, was purchased ready cured in 9.5mm.(.3751n.)
sheet form. From the sheet 6 strips were cﬁt, two widths of
CTYInG whra ot @dmmLln.nniaii.d A0 2 oepm uu,;:u.} w;;é
which represented the two lengths of mandrel sleevest Slots
1.6mm(.0625in.) wide were then machined into the Araldite

,Lstrips_using a 1l.6mm. siltting-saw on a’CincinattIVZMl hor-
izontal milling machine, the machine set up is shown in figure
'225. The cutting speed 15m/min.(50ft/min.)} and feed rate’
20mm/min.(.75!In/min.) were as recommended by MacDonald &

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

l.e., low induced machlning stresses, low thermal distortion.
The spaclné of the centre distancé betweep the stots on the
linear models représentg the average circumferential distance
between the slots on the mandrel sleeves, 3 different centre

distances for 3 different angular spacings using a constant

50mm, (2in.) diameter manqrel sleeve fdr reference.

. —

—
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2.3.1. The Photoelastic Bench
fhe comparative photoelastic studies were undertaken
~upon a Jessop+Leech photoelastic bench shown dlagramatically
in figure 2,7. The bench consists of a mercury dl;charge
Jamp. housed fn a protective cover with a cooling fan., Mounted
upon a slideway, wﬁich enables movement for correct focussing,
.ére four lenses,‘a polarizer, analyser and two quarter wave
plates., The emltted light passes first through the polarizing
lense and secondly, If required, through the quarter wave plate
which |Is mounted lmmédla&ely behind the poTarlzing lense, the
IROTIIV ML e Gllle Tl Llhged Ly Tavidiidie semUvar G fum cie
light path. A loading fraﬁe {s set in the hldd]e of . the bench
Immea;étely afFer the first set of lenseé,'fh1s is to enable
. the specimens to be subjected to a stress Whilst.in the light
patB. Finally, the -light passes through the second set of
lenses which consist of the second ﬁuarte} 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 f}nally projected via an
angled mirror to a frosted glass screen to enable observatlon
or photographs to be made.
Figure 2.5. shows a simple fixture manufactured from
mild steel which the encastré beam was held whilst under study
in the photoelastic bench, To facilitate the manufacture of
.an accurate éair of clamp membergl_face A was ground first and
- then the clamps were mounted upon face A whilst faces B and €
. were ground, this was accomplished without removal from the

magnetic table,
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2.4 ._Manufacture of Linear.Models of Mandrel Sleeves

Linear models of .the mandrel sleeves are as defined in
""sectlon 2.3, a physical representation of the cyllindrical
‘sleeves in a straight line form. Three linear modeis were
manufacturedffroh steel, see Figu;e 2.9, the material chosen
for the models was En 3b sfeel in brfght bar form. One m;del
'““wﬁs_bf'rectangujaer?oss section, figure 2.9.(a), and two were
machined with the mandrel sleeve.cross section profile shown

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

represents the average clrcumferential distance between the

- . . . ., I - . . -~ v o~ L
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diameter mandrel sleeve for reference.

;he slots 1.6mm.{(.0625In.) wide were machiﬁed in the
-bar using a 1.6mm, slitting saw on a Cinﬁlnattl'ZMl horlzontal
milling machine, the machine set‘dp is shown in figure 2.6.,

- .and tﬁe set up for machining the cross se;tfon profile to

represent the inside of the cylindrical mandrel sleeves is shown

in figure 2.10.



2,4,1 Experimental! set up for the deferminat?on of the

' Edad-Extenslon characteristics of the Steel Linear Models

Instrument Data.

Rank Taylor Hobson micro comparator with axlal
transducer head,.

Full scale deflectlion ranges .lmm, .030mm, .010mm,
and .003mm. ‘

Mean‘sensitivity on .003mm. F.S.D. = .0001mm.'
Houndsfield tensile testing machIne type

with manual locading.

The steel linear models were designed to enable a

mtmmAm e bmiimAsEf Al A bkame~l A -
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the application of load. AnAesgential requirement for the
,load;;xpansion rig for_the steel linear modeis was that the
. method of. load application bé such as to produce tensile
_Ioading only. One loading system which fulfills this require-
ment is a Houndsfield tensile testing maéhlne, it also has
slmplé load application and accurate load veriflcatlion o;er
a wide range of loads, |

The experimental set up for the load-extension;tests
is shown !n figure 2.11,, the set up consists of a standard
Houndsfleld testing machine into which Is mounted the steel
linear model. The axial transducer head is mounted iIn a holder
whfch is fastened to the stéel linear model. The transducer
head being positioned in the hqlder so that the stylus [s
. under a deffection by being p]agsd against the datum face of
- a precls?on ground steel block, thé block also being fastened
_ to the linear model, the datum face and the stylus are
lnltia\ly set up at 90° £o~each other, Upon Joading,thé linear

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 (Sﬁ) Investigated the contact pressures
In jolnts with interference fltg. The shaft.deformations caused
- by radlal forces produced by the Intérference flt of a wheel
hub on a shaft, were measured by means of pins onto which were
attached wire straln gauges, The cylindrical pins with flats
for holding the strain gauges were pressed into holes drilled
}adlally in the shaff, the shaft was then machlined to the
réqulred dliameter, Axlil holes were pro;lded on fﬂe shaft to
facflltate the electrical wire connections to the strain gauges.
The shaft was then calibrated and the regu]ts were plotted,
roelating “he raadings on the strain bridﬁes to the pln precsursc
and strain., |
" The action of an expanding mandrel can be conﬁidered the
_ reverse of a sh}jnk flt. .In a shrink flt the bore In a wheel
hub, Is smaller thaa iﬁs mating shaft.. Tb assemble tﬁe cemponents .
it is neceséary to elther force the shaff into the hub or to
heat éhe hub until it has expanded b& an amount at least as much
as the 1nferference, ;he hub can then be easlly placed in
position on the shaft. It is the shrinklng of.the hub when
cooflng which glves the 'shrink flt' its name, It 1s also this
Shrlnking’whlch creates the radlal pressures‘betweenAthe hub and
shaft. ‘

’ Thg diameter of the expanding’mandrel‘In lts ﬁnlbaded
state Is smaller than the bore of the workplece whlch Is to be'
ioaded onto it, When the workp}ece fs loaded 6nto the mandfel,

\the mandrel sleeve Is expanded ;;h}hé application of a load, to
meet the bore of the workpiece. It Is this expansion which
causes the genératldn of the radfal pressure at the Interface
-offsleéve and workpléce. He_can‘thus'consider the actfion of éh
gxpandlhg mandrel to be the reverse of a shflnk fi&.

It was from this basls that the design idea for the
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interface pressure rigs was originated, |t was realised that as

Andreev and Shat'ko had placed transduce} eiemenfs In the shaft

to measure radlal pressures, equally feasible was the placing of
transducer elements In the hub to measure thgse pressures. it
was decided then to buildlflrst a trlél fig with one central
strain gauge transducer element to Investlgate-whether-thg method
gave usable results. |

" The Bristo!l Erickson expanding_méndrel syStem is ﬁanufacture

so that the radius of curvature on the'béam elements, making up
the mandrel sleeve, exactfy conform to thé radius of cﬁrvature of
a workpiece bore that Is the same size as the quoted nominal

dlameter nf the mandral sleave,i,e., a 50,%0mm, diameter sleave

.when at its nominai diameler weasures across any diamaeter 30,3 3uiin,

To ensure that full contact was established between the two
element segments and the rlg bore/pressure transducers, the inter-
face pressure rigs were manufactured to have a bore diameter

w!thiﬁ 1.27 um of the quoted nomfnal diameter. A further consid-
efation in-the design of the interface pressure rigs is that as
the mandrel system islloaded the mandre]l expands, thelamount the
mandrel sleeve expéﬁds depends upon the stiffness of the work-
plece (ratio of Increase in bore dlametér to internal pressure
applied)./ For a low stiffness value the exbansion of the bore
becomes signlficaﬁt and the radius of curvatﬁre 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 hand, the use of
\

—

workplecgs 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 bé of high stiffness values with a bore/

0/D ratio of 2.5.



Figure 2,12. shows the first tr}él Iinterface pressure rig
designed for use with the 66,32mm.(2.3751n.) dlameter mandrel.
The rig‘WaQ manufactured from 152.4mm.(6in.) diameter En3B steel.
The 152.4mm, dlameter billet was held in.a three jaw chuck on a

Dean Smlith and Grace céntre lathe, the bore was_drrlled and
f!nished_furned to .38mm.{.0151n.) below the nominal 60,32mm.
(2.375in.). Face 1 was faced square to the bore. The ring wa;
then marked out for_the position of the h.?ﬁmm.(;lBln.) reamed
hole and associated holes for etectrical Connecgioﬁs and for the
fixing screws to hold the transducer element. The holes were
drilled, reamed and tapped on a Herbert 50 radial drilling machine

A straln gauge transducer element was manufactured as described

- » -
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shown in figure 2.13, a small amount of element was left proud
of the bore, The element was fastened In position by a set-screw
as shown._-r |

The ring was then loaded Into a four jaw éhuck,on a Jones
and Shipménffnternal grinding machine, the bore being checked‘
for concentriclty wigh the machine spindle axis and Face 1. for
squareness to thls axis, by the use of a dial test Indfcator.
The bore was then finlshed ground to size, this consequently
ground paff o% the element left proud topthe_same slze as the
bore, After removal from the grinding machine the eleﬁent was
taken out of the ring and straln gauges were.attached. The
element was then placed back in fhe riﬁg with the wires belng
received as shown In figqre 2.1%, The wiring dlag?am for the
straln gaugés is shown In flguré‘E;ZI;

The Initlal trial rig showed that meaniggfulxmeasuremeﬁts
. Eculd be obtalned (Experimental results see,Table'S.SZ.).:.From

this.lnformatibn 3 Intefface‘pressﬁre rfés, figﬁre 2;15, Qere

‘manufactured using the above technlqueé,.f&rther tranScher

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



2.5.1 Design éhd Manufacture of Transducer Elements

‘The function of the transducer elements and the design

of thellnterface pressure rigs, into which the elements were to
— -

fit, \imposed on the elements the form which thef had to take,
figure 2.16 shows a typical transducer element.

The loading action on the elements is a cojumn action due-
to ;xlal loadlng,:because the loadlis a compressive load fheﬁ
an appropriate éolumn equation has to be used in the design.
From Hall et. al (63)

The Euler equatlion for the critical load fqr slender columns

4

of uniform cross section |is

T 7 Fer = CTI“ZE.A (1)
C e 3%

The value 6f C depends on the end'condltlons. TheAlowest
value of C, .25, Is glven fo} one end fi}éd and the other free
of all’restraint, although the transducer-glements have greater
restraint than this, tﬁerefore higher value of C and of Fcr,

‘£he true fixing condltions are jndeterminate, therefore it was

conslidered prudent to use .25,

| A 3
k = hd3 = 2,92 x 10 xJ3 = .34

'\\ ' ‘ ‘,'H . S ’ -6
. from =-(1) Fern = ,25 xTTx 206.9 x 10 x 9.27 x 10

B 25,4 \2
. ' ' .84

' 3
= 5,2 x 10 N

i




The estimated maximum toad on the eleﬁenf is 365N and the
S ' ' 3
Euler crippling load is given by (1} as 5.2 x 10 N.

~This gives a factor of safety of 14,

The trénsducer elements were‘manufactured from 4, .76nm
(.18 in,) dlameter Silver Steel, Each element was cut ofiginallé
to a.fength of~51foﬁn(2 In.) as shown in flgure ?.1@: this
enabfed the e}ements to be held in a flxture, figure 2,17,
whllst the square section was ground on the centre of the

elements. The elements were ground on a Jones and Shipman

o . - . - . - - . . -
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been ground the elements were unliocked in the fixture and then
rotatéd fhroﬁgh QOO and rélockéd in the fixture, a further
_flat su;face was then ground, This series of operations wer;
continued untll the square centre sectlon was ;btained.‘ The
elements weré theh cut to length, the secilons shown dotted

in figure 2.16) being removed and end designated B ground

flat and square to the element axis.
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2.5.2 Deslgn and Manufacture of Straln Gauge ProVIng Rings

The function of the strain gauge proving rings was to

“enable ¥he calibration of the transducer elements whilst in

‘posltlon in the Interface pressure rigs,

| This constraint dictated the form which the proving
rings had to take, flgure 2.18. The design therefore was
limited to one of strenggh and deformation.

The maximum load on the proving ring is assumed to be
the same as the estimated load ;n the trénsducer‘element,
see section 2.5.1., 365N (82 Ibf), !

-The geherallzed tormuia ror pending moments in a thin ring
.subjéqted to‘equal and diametrically opposlte Ioads given

in Roark {61) are,

Maximum Bending Moment +ve at position designated 1

Maximum Bendling Moment -ve at position designated 2

M4 = ,3183 WR
M- = -,1817 WR.

and the geﬁeralized form M = WR (.3183- Y251n 0 ).
The proving rings are to be manufactured from En8
steel which has a Yield Stress of the order of 432 MN/mz

(28 ton £/in> ).
\ .

—

Now My = .3183 x 365 x 30.16 x 10
= 3,5 N-m

and Mo = ,1817 x 365 x 30,16 x 10

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

Moo= f = E
1 y R
M = fl transposing f = My : (2)
Y - ' 1
Second moment of area‘r 1 = bd3

12

for section at point designated 1 :
: -3 -~ 3
I = 72.94% x 10 x (3.57 x 10 )
12

: i
= 3.01 x 10 m*

R -3 B
from (2) f = 3.5 x 1.78 x 10 !
: "3.01 x 107

= ,4, ,' i |u' 'f"u!

207 MN/mz Is well within the Yield Sftress of 432 MN(mz

Bending moment at change of Section (designated 3) € = 30°

M

o

WR (.3183-%Sin® )

it

. -3
365 x 30.16 x 10 x (.3183-(% x Sin 30)

748 N-m
This is less than the M_ flgure and can be negiédted

Bending moment at 2

M. = - 2.00 N-m
N . -5 -3 3
I =bd = 7.9 x 10 x (2.38 x 10 )
12 , 12 -
' . . -t .
= 8,93 x 10 m*
-3
f =My = 2,00 x 1.19 x 10
I 8.93 x 107"

266.7 MN/m"
'266.7 MN/m 1s well within the Yield Stress of 432 MN/m
From Roark the increase In diameter of the ring, Dm; is glven. by

Dx. = .137 WR

El

206.9 x 10 N/mt

m
1]

. , s
Ox = ,137 _ x 365 x (30.16 x 106> )
206.9 x 10* x 8.93 x 10°%”




Dx = 743 mm.

Deflection Dx cannot be greater than Dy - D,

= 1.19-mm.'_

Thé strain gauge proving rings were ﬁanufactured from
Ens steel in b!ack bar'form;‘ The flrsf»operatlon, of the
production method, was to turn the outside diameter Dj oﬁ one end
of the bar usfng.a centre lathe. The workpiece was then turned
Jarqund and held on diameter Dy 1n soft jaws, the outside
dlameter of the ring D, was tﬁrned and the inside_diameter Dg
'was drilled and Bored‘to slze. The workpiece was then set up
in @ dividing head oﬁ a vertica miiiing ma;n:nu,::suicjz.;g;,
~where the relieved dlameter Dz was machined. Finally, the
wo?kpléce was reheld In tﬁe goft Jaws oﬁ the centre lathe and
- the ring parted off to length,

Two_sérain,gauges were attached to the proviﬁg ring

in the posjtionﬁ indicated In.figufe z.;éﬁ_ The straln gauges
wefé TML f}pe FLLA-2, the wlring'diégram is shown in figure

2,20,
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2.5.3 Exgefimggtal set_up for Interface Pressure Measurement

Instrumeni Data.
Techequlpment Strain Brldge model 11 and 66 way

distribution box.
‘Manufactured by Techequipment, Nottlngham.

Mean sensltivity at galn factor 1 =1 pe
Clockhouse proving ring model 200,
‘Dial gauge number 1537, Last calibrated 1972,

Mean sensitivity 5.9N (1.3331bf) per division.

The experlmental set up for the measurement of radlal

¥

pressure between the mandrel sleeve and interface pressure

-

Pie s snomn omoniaoie 3,

"~ The mandrel system'fﬁ mountgd upbn a'basepiaée, thé
interface pressure rig‘bglng positioned around the mandrel
sléevé, on top of the ﬁandrel §Ie§ve is placed a hardened

"steel collar which supports the Clockhouse brovlng ring; the
whole assembly being-in a#lal allgnment;“.‘

Load éppiication to therexperimeﬁtal éet up is effected
by subjecting the Clockhouse p}ovtng ring to a deflection,
this was facilitated by placing the rig upon an Adco;k and
Shipley t?be 18/32 vertical milling machine. The baseplate
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 spindlé head, upward movement of the work-
table subjects the proving rlng'to a deflec;lon aﬁd hence
creates a load of known magnitude on the mandrel sleeve.
| The strain gauge transducer elements are wired to tﬁe
‘Teehequipment strain brldge via the”Techéqqument 66 way
.dfstributionAbox, see flgure 2.21., The use erthe 66 way
distribution box enab]ed the straln gauge elements In all the

Interface pressure rigs to be wired to the straln bridge
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using one channel only, thus enabling simp[e switcﬁlng for
measurement and maximum utilization of the strain bridge.

T The straln-gauges fitted to the arbor for the 52.86mm. long
mandrel sleeves were wired Into a separate channel on the

" strain bridge.
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FIGURE 2-1. DETAIL OF MANDREL ARBORS




2b

L-SLOTS FROM EACH END,

EQUI-SPACED
H-WIDE, )

60.32
£0.32
60.32
- §0.32
50.32

60,32

50. 80

50.80

$0.80

50.80

© T -50,80

50.%0

S 81027

.27

. T 1,27

~ O al2?

¥1.27

81,27

10

12

10
12

10
12

10
12

1o
12

10
12

1.59

1.59

A 8 c
%2.86 30,15  6.35
¥2.86  30.15  6.35
2.86  30.15  6.35
26,98 19.02 4,76
26,98 18,02  b.76,
26,98 19.02 k.76
¥2.86  30.15  6.35
52.86  30.15  6.35
82.35  30.15  6.35
26.98 19,02 _ 4.76
26.98  19.92  4.76
26.98 19,02  4.76
¥2.86  30.15 6.3
42086 30.15 6.35
32.86 30,15  6.35
26.98  19.02  4.76
26.98 19,02 4.76
26.98 5.75

Ae.02

N

o g

ol . 5

w O
SN

E dia.

e & .

6.35

6.35

SECTION X-X

6 F J

'27.78 31,75 9.53
27.78  31.75  9.53
27.78  31.75 9.53
27.78 31.75  4.76
27.78 31,75  L.76
27.78  31.75  4.76
27.78  31.75 9.53
27.78  31.75  9.53
27,78 31,75 9,53
27.78 31,75 4.76
27.78  31.75  &.75
27.78- 31.75  4.76
27.78  31.75  9.53
27,78 31,75 9.53
27.78  31.75  9.53
27.78  31.75 4.76
27.78  31.75  4.76
27.78  31.75  4.76

FIGURE 2-1 ., DETAILS OF MANDREL SLEEVES
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3. . Experimental Ylork

3.1 - PDetermination of the Load-Expansion Characteristics of

the Mandrel! Sleeves.

—~—

In this part of the research project the alm‘was to
----- «determlnewexperimenta}lymthe relationship between the load
.applied to the mandrel sleevé and the corresponding radial
expansion of the sleeve. To enable large radlél 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 cémponent, this experimentation
was conducted without wdrkpieces—%oaded-onéo the mandrel,
{Underynormal operating conditions tne expanston ot the
sleeyg_is restricted by the positioned workpiece).
mu}pudrder to establish the above relationsﬁips‘a series
-of experiments were undertaken which enabled the radial
exhénsioﬁ of the.mandrel sleeve and load ﬁistribution between
- «the--two—conical--tapers to be-measured--at--known values of
appllied load, Thé experimentation was in three parts
1. Load-radial expansion measurément.
2. Variatlon of radial expansion down the Iength of the mandrel
sleeve.
3. Measurement of the distribution of léqd between the two
goﬁical tapers on the arbor for the 42.86m.m(1.6875in.,)

long mandrel sleeves.

—



—

54

~

3.1.1 Load-radial Expanslion Measurement

The load appllcation apparatus and method, and

experimental rig, designed for_this_experlmental work Is

described in Chapter 2, sectlion 2, and is shown on Plate ;7
. - f=4

Sixteen mandrel sleeves and the two associated arbors were

. subjected to Investigation, the experimental procedure

follbwed in each case was to load the required sleeve onto

the érbor, ensuring that an adequate film of oil was present
upon the éénlcal‘taper surfaces on the arbor and on the mating
fémale conical taper surfaces In the manéfél'sleeve. Tﬁe oll
used Eelﬁg.ﬁobll Vactraffecommended for general lubrication
sltuapions; The hardened steel colliar 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

#

riné belng positioned against a thrust bar which festrains
movement in the upward direction, Loads.are applied by moving
the table,of'therloading apparatus upward and toward the
restrained thrust bar, this subjects the proving'ring to a

deflectlon and creates a toad of known magnitude on the arbor,

An initlal load of'hSN {101bf) was placed upon the sleeve, this

was done to give ;rue'contact-between thé maﬁdre] sleeve and
arbor and enabled a datum value of dlameter to be established
on the mandrel sleeve., With the datum value of diameter
established the axial transducer head of the Mitronlc micro-
comparator was then placed in contact with the mandre} sleeve,

the transducer head was positioned midway down the length of

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

ected on the mlcro-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 Prm.(}OOOSIn.), loading



continued until an increase in radius of the order of iz7 um
(.005in,) had been obtained, {(this Is equivalent to an
‘“increasé in dlameter of 254 Pm(.OlOIn.) which ts of the order
léo that réqqlred In practfce. The Increa;e in radius was re-
corded for every increment in load. The.procedure was
repeated ea;h tfme for the slxteen sleeves invéstigated.

Tables 8..21to 8.3§'present the tabulated results and figures

3,3 to 3,18 show the results graphically;



3.1.2 LInvestigation Into the Variation of Radial Expansion

down the length of the Mandrel Sleeve

The experimental rig and load application procedure

Is as described in Chapter 2. sectlan 2. Six mand;el-sleeves
and fwo assoclatéd arbors were subjected to investigation,

the experimental.proceduré was similar to that descrlbedl!n
3.11, with the exception being that the transducer heaﬂ was
’raised and loﬁered‘to enable measurements of ;ad!al expansion
to be taken down the length of the mandrel sleeve, The actual
procedure conslsted Qf applying a u5N (loibf) initial preloéd
;U{Lh&‘muﬁJfL::s:ﬁ¢:L'.a
head of the m!cro-comparétor against the mandrel sleeve af a
heighlilm.m.(.OROIn.) below the top edge of the mandrel
sleeve, the micro-comparator was then set to zerd. A load
'ﬁas how.applied to the mandrel until! an expansion of 127 pm
(;Oosin.) was obtalned, the value of the.load was recorded.

The load was then removed from the mandrel and the axlal trans-
ducer head was lowered by Sm.m,{.200in.), reloading of. the
man;felﬁow took place until an expansion of lf7 pm {.005in.)
was agalin achieved, thé value of thg load to cause this
expanslion Qas recorded. The probe was progrgssiQely lowered

by Smem.{.200in.) until the whole length of the mandrel

sleeve had been covered, the load to give a 127 pm (.0051n.)

radlal expanslon was recorded at each measuring position.

Tables 8.37 to 8.k2 present the results.



3.1.3 Measurement of the lLoad Dlstrlbut[oﬁ between the

Two Conical Tapers

The experimental set up used in this experimentation’
was similar Eo, and the load abplicatlon apparatus.anq method,
the same as that described in Chapter 2., section 2, Six mandrel.
sleeves assoclated to the arbor for the h2.86m.m(1.68753n.)
long mandrel sleeve; were subjected té exper!meptat!on.
Straln gaugés Had been mounted between the two tépers to
faéllitate the measurement of the load In ‘this section of the

arbor, the gauges being wired to the Techequipment strain
hr;dg;'rnf the diracrt vaudine af jha ctraln [honre Tnad) an ihe
arbbr{ the strain was initially measured and recorded wiéh
no l&éd applied to the arbor. ”

| | The experimental procedure was carried out in the
following manner, The mandre! sleeve to be Investigated was
loaded onto the arbor, the wires to the ;traln gauges belng
positioned into the slots Iin the arbor, thus ensuring that the
wlreﬁ were not trapped uﬁdgr the mandrel sleeves. A load was
thén appliéé'to the mandrel system and th corresponding strain
In tHe arbor .measured, the load was then Increased in
Increments sultable for the particular mandrel sleeve until
the load rgqulred to expand the mandre! sleeve 127 pm was
reached {this was known %rom-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

o ~

8+48.



3.2, Comparative Photoelastlc Studies

The photoelastic studles were undertaken to glve a
qualitative comparison of the stress pattern to be fﬁdnd in’
an ehcastre beam, where one end deflects relative fo the other,
.and the st}ess pattern to be found In the beam element of a
llnear model of the mandrel.sleeve when such a model Is placed
under load extenslon, No attempt was made td determine the
magnitude of the stresses present,

~The photoelastlic studies were undertaken on the Jessop-
Leech photoelastic bench as described in Chapter 2, section 3.1,

Th
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to a load of approximately 45 N, the quarter-wave plates were
set ;; shown In figurg 3.1, to display the’isocromaticr;(lines
of constént stress)‘on a black background. Phoéographs of #he
stress pafterﬁ were then taken for later cdmparison.

*he érrangement of fixture and Ar;ldite beam as shown in
figure 3.2. enabled the stress pattern of an encastre beam,
whefe one end has been subjected to a deflectlon relative to
the;other, to be 6bta!ned. To subject the Araldite beam to
such é def!ection the following method was used. The distance
marked Y on figurg3.2. was known, the thicknéss of the Araldite
beam was also kndwn, slip blocks of different thickness
(approximately .25mm.) were ﬁlaced Qndgr the beam and on top
of face D on the flixture base, sIIp blocks to make up to the
helght Y + ;025mm. were then plasﬁd on top of the‘beam, the
fixing ;;rews were then tlghtened‘and the face B on the ciamp
brought down to the face D oﬁ the base of the-fixfufe. With
the beam now subjected to a deflection the fixture was mounted
on the loading frame of the photoelastic bench. Photographs

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



Plate 6, for modetl

Plate 7. Stress pattern for model 4,

" Plate 8. Stress pattern for encastre beam




show fhe stress pattern for a 43mm, and 27mm. wide llnear

model! and plate 8 shows the stress patfern for the encastre
~~beam., Comparlson of plates 6 and 7 with 8 show thgt there

Is a slmllarlty‘ between the stress patterns of the encastré

beam and beam element sectlon of the linear models.



3.3 Load-Extenslon tests _on the Steel Llnear Models

The aim of thls experimental work was to establish
‘“fhe relationship between the applfed load and the resulting
extension of the linear model, the results obtajned being
used to test.the validlity of the hypothesis regarding the
~action of the mandrel sleeves (see'Chapter 4). |
- The experfmental equipment and set up for,this
exﬁerimentation is as described in séctioh 2.4.1. and shown
in flgure 2.11, Three linear models (see figure 2.9.) were
subjected to Investigation, the meth&d of éxpetiméntation
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placed uﬁder a 19,6N (L,.41bf) preload, the axial transducer
head.;as then adjusted to give full scale deflection on the

. comparator. The preloading enabled the 'back-lash' of the
system to be taken out‘and thfs gave more consistent readings;
Further loads were now applied in sfeps of 49N {11ibf), the
resulting extension'dlsplayea by the comparator being
recorded at each load, loading continued until an extension

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

unloaded and the above procedure repeated until 5 sets of

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

e ————

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

readings were obtéined.

any one load) being plotted for extension.

PRS—



I.4 Measurement of Interface Pressure

The measurement of interface presspre was the final
part of the experimental work involved in this project, The
feasibillity of measuring the Intérface pressure be?ween the .
mandrel sleeﬁe and a workpiece had been established by the
experimental work conducted with tHe Inftial trial Interface
preﬁsure rig, the rlé was later converfed Ints Interface
pfessure rig number # by the addition of further trahsducer
elements. The results of this Initial work are presented in
~fable 8,52, This final experimental work !nVolQed 12 of the
io mandre) a;cévca'dva::dbzc F LHE aWU GI LW D GuAULIdLEe Wi Lh

these sleeves were also used,

The experlimental set up for this work is described in
Chapter 2. section 5.2., and shown on plate5 . The experimental
”ﬁethod wa§ as follows., The relevant mandrel sleeve was fitted
- .onto the aryor,‘the interface pressure rig was then placed in
position around the steeve and held in that position until a
small load was placed on the sleeve. This .initial Ioad-was
sugflcient to radially expand the sleeve until contact with
the rig was established and the radial pressure generated

at the interface just supported the rig., Alignment of the

rig to the sleevé was effected by eye,Athe rlg having a line
parallel with the centre line of the transducer elements |
scribed on its top surface, this line was positioned on fhe
:cenere of the arc of curve of_a_§ggment of thé 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 magnlitude of the
appllied load was also recorded.

The mandrel was now further loaded, the load being



applied Iﬁ lncrement§ which depended on the slze of the
mandrel being tnvestigated, the load increments were 285N

— (6L1bf) or. 569N (1281bf) for the 41.28, 50.8 and the 60.36mm.
diameter mandrel sleeves reSpeéthely. The crltér}qn which

_'determiﬁed thelmaximum loéd was that the loading was con-
tinued until a value of loédlwas reached which was of the
order to fhat,which would be llkely to be applied to the
mandrel by a workman when using a wrench to t!gﬁten a nut on
the arbor's 1in., UNF screwthread (;ee Appendix -8.3.,). The

strain readings of the elements and arbor were measured and
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- R R e

y s o= e - - =
s N L R b %r k0

Upon attaining thé méximum load, and after measuremeﬁt-‘
and ;;cordlng §f the étraln had taken place, the mandrel was
unloaded-aﬁd the Interface pressure rig and mandrel sleeve

..remdved fron the assembly, repo&ltlonlng of tﬁese was then
carried but and the mahdrel was agalin pI;ced under an Inttial
floa@, the above procedure was repeated until &4 sets of
readings at each load increment for each of the twelve mandrel

'.sieeveﬁ‘were obtalned.l The twelve mandrel sleeves subjected
to Investigation and the interface pressure rigs used are
shown 1n Table 3. 1. ~Tables 8.53. to 8.64 . present the results

and flgures 3.22 ., to 3.26°. show the curves of applied load

- versus Interface pressure.

C—

- Table 3.1
Mandrel Sleeve Interface Pressure Rig
. Diameter Length No. No, of Elements Element Nos.
41.27. . 26.98 1 3 1,2,3
50.80 42.86 2 5 4,5,6,7,8
60.32 26.98 3 3 9,10,11
60.32 _ 42.86 b 5 12,13,14,15,16
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CHAPTER 1V

T T T T T T T MATHEMATTCAL MODELTOF T THE "MANDREL SLEEVE
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ﬂ. . Formulation of Mathemat|cal Model of Sleeve

4.1 Analysis of the actlon of the Mandrel Sleeves

The mathematical model of the mandrel sleeve was
~formulated out of an analysls of the experlmenta]'work con-
ducted. THe ]oad-radial expansion experlmentatlan Indicated
that the relatlonsﬁip between the applied Ioéd énd_radial-
expansion was Ilnéar in'nature, ;his inftial ekperlmentatibn
and.th; qualltafive photo-elasticity work gave rise to a first
hypotheslis deffn!ng the micro-deformatlon of certaln ejements
wlithin the mahd;él sleeve. With the mic;o-deformatloh est-
ablished the macro-deformation of the mandrel sleeve

L odMT LV Ll w! chapanalwil) s10 Tubnd Wy sumM@bing LHE Wiviu-

deformation of the beam elements.

-M Further experimental work, the load-extension ;F the
lfnear models, was Initiated to estéblish the validlt}'of the
first hypothesis.’ This.wofk defined the limitations of the
first hypothe;ls and further analysis of the deformafions.
taking place within the mandrel 5lqeves lead to a second
hypothesis. This secoéd hypothesls took .Iinto account the

.micro-deformation of alllélements making up ghe mandrel sleeve
ahd'enablgd 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_established.
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h.l:i' First h#pothesis of the deformation characteristics

—_— of some elements within a Mandre!.Sleeve

LS

" The mandrel sleeve expands unde} load like é garter
spring, and-the defprmations of the beam- elements wlfhin the
mandrel sleeve, taken in total, glve rfse-to the circumferéntlal
expansfon of the sleeve. The beam elémepts being considered,
for the purpose of establishing thé!r deformation for a given
IQad, as a beam encastre at both ends and that any deformatldn”‘
of this beam is by a deflection of one end of the beam

1 | ' L. . " La e -
walablium dto whea Arhas jumish "“"II'""‘""‘“ -~ mARALITIAN AT wmaes
P owm s wmlw i o wmta i taa 4w L s -5 -. A L PR ) - o m

slope-at the supports, as shown in flgure 4.1,

a /20
o

/

/

/

QOJ-

-
N N\

90 dx 90 uO/’
- ' ] A 90 //,
. 7 N 0
“inltial bullt in ) ~ _deflectjon mode
beam S
(a) Figure 4.1 (b}

The resulting load W to effect the change from situation (a)
to (b) can be found thus o 7 -
Conslder:the beam as a cantilever with a load W and a bending

moment M, at the free end, flgure 4.2,

(1 L (2)

- S The end conditions are;
B W end (1),x=0,y=0,dy=0.
;: ' _ ' dx
_ (2,1x=lf73e;.d_l’.="$
7 ‘ - dx
/
/

Flgure 4.2,
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from Morley (62), the lateral deflectlon due to bending only
may be determined by solving the differentlal equatlon of

T the elastic curve of the neutral axls

e1d%y_ = oM, S (1)
dx

The bending moment at any position x i's glvén by

My = W(l-x) + M, o (2)

substlituting for_Mx in (1)

o

El d2y = W(l-x) + M, ! (3)

x

N

=9

using double Jistegraiion wilh ivospeel Lo X,

we get
£l dy = N(lx-;i + M.x 4+ A (%)
dx - 2
Ely = w(l_:ﬁ-;_é) +Mr5£ + Ax + B {5)
: \ 2 6 2

uslng the end conditions dy = 0 at x = 0 and substltuting
dx ‘- ' .
In (4) gives A= 0

also y=0 at x=0 substituting in (5) gives B=0

’

(5) becomes Ely = W[1x? - x3 + Mgii . (5a)
, ' 2 6 2
uslng end condition dy =0 at x = 1 and substituting in
. . dx . .
(4) we get
| g M, =zl - (6).
r 2 :

substituting (6) into (5a)

Ely = Wx3 - W’
3 y

at x =1



)

Ely

EIy

w3

W

=
w

[y
[

w13
12E1

=
w

gl

(7)
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4.1.2 Second hypothesls of the deformatlon characterlstlics

The.qlrcuﬁferential expansion of a sleeve under load
Is made up of the beam element deflection {as stated In the
flrst hypothesis) and of a deflection caused by.the change
I . The

in slope of the end sectlons jolning such beam elements.

end sections to be considered as a beam subjected to a bending

moment at each end, as shown in flgure 4.3,

T

beam elements

.-end section |
}

(d),Dldgramaxlcmrepresenﬁaukmn of a mandrel /slédve..

"

‘bbnd}pg moment. M.

end section beam elements

Do

., representation of the
sleeve in the deformed stat
Figure 4.3

The end section under load is subjected to a bending moment

at each end. - This Bending moment is the 'built in' homent
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L Y

caused by the beam.elements.

¢1) - (2) S
. The end conditlons are:
| _J "end {(1),x=0 ,dy=e
- p - odx
“ . ! - .‘._(2)'x=le5’_d_l=d
. "My M, ‘ : . dx
X, ‘ ?' -
pp————yi—

Filgure 4.3 (c):Deflection of end section,
from Mortey (62), the slope due to bending only may be

determined by solving the differential eqdétion of the Eurve

L}
4

OF tne ejiastic neutral axis. : . -

Elogd2y = My ' (1) (from page 91)
LT odx ‘ '

Integrating with respect to x ot ' E iy

Elesdy = Mx + A (2) (from page 91)

using the condition dy =fb at x = 1,./2 and substituting

dx )
In (2) we get : .

xo = Mles, + A .
' (7)
A = -Mlesg
?;"' —
(2) becomes EI_ . dv + . = Mx - M. (2a)
| dx B '
‘also dy =9o- at 'x =1 substituting in (2a) gives
y dx - | - -

.Elesu' o= MxleS-' Mxles;
' 2



oL

=
- LA

‘Now (6) gives M,
substltuting (6) in

ol

The deflectlion caus
slope at the end of

" of thg beam.elément

Yes,

95

MAES.

ZEIes. (8)

moment at support of

= Wl= M, (bending
‘ ecastré beam)

2
to (8) gives

w.l.les (g‘)
BE. T S

ed by end section bendlhg is equal to the
the end section multipllied by the length

, for small deflections

M

substitutlng (9) Into (10)

Yes,

Using the theorem of superpositidon-

of one beam element

= o¢ L (10)
= * Wolaleg (11)
bE, Tes .

the deflection ,y,,

and one end section for a given load W is

*

Yn = Y * Yage (12)
Substituting (7) and (11) in (12)
'.
12E1  GEl,g,

The circumferential expansion of the sleeve is the sum of all

the individual deflections,



Ac i = N-yn

Tsubstlituting

Ac = N | w3
12E1
L

NoW, 1
LE

Z&c.”'.s"

90

(12a) in (13)

»
+ WL l.les

LElgs

12+

es
31 I

.

L

(13)

(18}

(14a)
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h.1.3 Mathematical Model of Sleeve

~ o Lexu, W
__ i/
Wy | {1-4u

- - = - —

rygure 4.4. = : _ R

Figure .4 shows the forces acting on the mandrel when a

load WA Is applied to the mandrel steeve.. The total radlal
force Wy can be found by considering the mandrel system

as a wedge, as shown In figure 4.5 below:

=Tan #

_Flgq;e 4L,5:Forces act!ng.on a wedge



~—

\

98,

T
7N\
W, =4a o as)
Tan{e-+ 1‘)

Now Wy is the total outward load on the mandrel sleeve

and the load per metreof clrcumference [5(for unit length)

We = Yo
. 70 - (16)

Now.1f we consider a thin tube with Internal pressure p

-
L.
;e .

X "cutting the tube on

’ ) ::uc AtAoanu (ﬁ:u':v:u5

- .
LI B B ) -]

pD = 2WT(for unit length). {17)

Now consider the expanding mandrel

cutting the mandrel slee
. X . . on line X-X and resolvin,
' forces :
- WD o= wafor unlt length)}. - (18)
substituting (16) into (18)

2
7 : _
substituting (15) into (18a) -

 wa T - (19)
xTan(o+#) |

“rearranging

W= Wp . | (19a)
21 Tan(04 ?‘ )
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'r"'\_

_We now have an expression which relates'the.clrcﬁmferentlal
tenslon, W, In the mandrel sleeve with the applied axlal

T load to the sleeve,Wp. Now the clircumferential tension W
Is the load which causes the clrcumferentlial expansion In

the mandre! sleeve,

from (1l4a) (page 96)

Ac = n.W.1 12+ e
K E 3—1 | .I-es.
substituting {19a) Into (lha) '}
& — _ . r ‘, v e 1 - -
1 AN - y'n 3 .éS'. L FAY ]
) 2ﬂTan(9+9‘) TLE L 1 Ieei J
also
Bbe = 2.7 A | . (21)
“substituting (21) into {20)
27 Ar = Uy S T I D O e P (20a)
2WTan(o+¢) vE | 31 Tes,

_equatioﬁ (ZOa) now givés us a mathemat!cél relationship
between the lIncrease In radius'for a given applied load in
terms of éhe numbér of slots in the mandrel sleeve, fhe length
of the mandrel sleeve and the Internal and external dimenslons
of the sleeve (these are repregented_in terms of the second

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

. -
] _-——

mandrel sleeve).



CHAPTER V

ANALYSIS AND DISCUSSION OF RESULTS
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5.1° Comparlson of Experimental and Predicted_Resulfs

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 glves the deflection of one beam

element for a glven load W,

y = W3 oo ' | 4-(7)
2E1 .

for N beam elements the total extenslon AC is the sum of the

InQIviduaT element-defiections and equatioﬁ 4-(7) becomes

vy

8C - NwiP
12E1

Typlcal calculation of predicted extension for llnear model 1

I = .132 x 10", N o= &
I = 31.46 x 10" °n W = 500N
€ 207 x 107 N/m2 (this value of Youngs Modulus is used

throughout the following calculations, it is the accepted value
for most steels).

substituting above in equation 5-(1)

AC = 4 x 500 x (31.456 x 10°3)3

17 x 207.9 x 107 x .1323 x 1079

189 Pm

Table 5.1 lists'the predicted and experimeﬁtal extenslions for

—

comparlison.

Table 5.1
Linear Model Load  Predicted Experimental Max imum
... ... . Extenslon Extension Error
N pEm pm %
1 500 189 1280 35
2 100 a0 124 25
3

100 b . 50 12
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5;1.2 E:g ictlion bgsgd upon the 2nd Hygo;hesis for the

Linear Model

Equation 4-(20a) is the mathematical model of the:

mandrel sleeve based upon the assumptions of the second

'hypofhesls.

CoamAr =W, TP B P
Zitan(e+f) 4E 5T T 1.,

4-(20a)

_for the linear models equation - (20a) ‘simplifies to the form

of equation L-(1lka)

—

+ Mg

AC = n.ouwa,

r"-—..-—.l .
[

h={1lka)

-
t e

L |

- -
- sl

R

<z

L.

Where AC 1s now the total linear expansion
Figure 5.1., below, deflnes some of the symbols in equation

4-{1lka) with respect to the linear models.

=y "’J_j_

1

—tt S

. Figure 5.1 |
Typical calculatibn of predlicted extension for linear model 2
note: the value of.second moment of area for each end section
of a linear model with tﬁe mandrel_pfoflle, is not the same. It
can be showﬁ, that by using the gverage of the two vélues, the
same pre;lcted result Is obtained to that found by the use of an

expanded form of equatlion 4- (1ha) whlch includes saparate terms

for each end section. ...

- The average value was therefore used,.



les, = .179 x 10794 . £ ‘= 207 x 109 N/m?
1 = 34,8 x 10°12npk W = 100N
B = 6.16 x 10°3m Loy ?5-* Coal vl
es . I°§.' les, "+ tesg ™
1 = 26,98 x 10" 3m ' 2 ' -
=(.135 + ,179) x 10°%
. e

.157 x 10~ Imb

“a
!

£
-

L AC = uy100%26.98x7073 - [(FR:02+10-312 & w9 ervtn=348 18v1n-31

yx207x10° 3x34.8x10"12 .157x10"9 | J

= 112.7 Fm

Table 5.2 lists the predicted and experimental extensions for

comparlison

‘Table‘5.2;

Linear Model  Load | Predicted Experimental Max I mum
: . ‘ Extension ... Extension Error
N pm - pm %
1 500 280 268 8
P 2 100 112,7 122 9
: 3

500 266 246 8

Y m—

—

5.1.3 Assesment of Predlictions for the Linear Models

Two mathematical models for the prediction of the
extenslon of the linear models have been examined. The first:
model developed from the first hypothesis of mandre]'sleeve

deformatlon is not valld for any situation except where the

*



L WS

second moment of area of the beam gleménf Is consliderably less
than that of the end section, the maximum percentage error |

\;hetween predicted and experimental results was 35%. The secona

'Imodel derived from the assumption of the second hyho;hesls, is
vallid for all thé llnéar models to which It was appliea.
bréqégtions being within experlmeétal accuracy with a maximum
error of 8% In the case of linear model 2.

-The mathematical model of the Iineér model expressed By
equatlion 4-(1ka) has been shown to give solutions which correlate
with the.performance\zf the Tlinear model, gnd based upon these
_flndlngs the indicatinne are that when appi'@ﬁ t6 the mandrél

N s}eQVgs a simlldr coivelaticn will Le obtained.

5.1.4 rédictlon for the Mandrel Sieeves

. The predictlion of increase in radius for a_given applied

load is given by equation L4-{20a)

2rAr =Wy - N.1, 12 4 i  4-(20a)

2:;3"(9"*) LE .g-f ' Ies

Note:  The rules for determining the magnitude of several of

the parameters specified in equation hJ(ZOa) are glven beloﬁ.

The end section length: This the Iength'of arc bétween the
centre line of the beamlelements taken on the mld-distance.centre
line between the Inner and outer diameters of the end sectlon!

as shown In figure 5.2 below,

- Figure. 5.2



oY

"D = outside diameter - Inside diameter

es 2
HhFor N slots the length of arc of end section aﬁdiameter Pas
Isl
1 = g1, Dog - 1.59N
N ;
and J = } - 1,50N o o
2 . .
 |es = J + 1.59

The second moment of area of the end sections : This Is to be
‘taken as the second moment of area about tﬁe axis X-X_of the

projected areas shown below in figure 5.3.

X .

L7
Ix

W\

Figure 5.3

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

element in cross sectlion is as shown in figure 5.4(a). below.

.

Flgure. 5.4(a}

\

" For the purpose of estab}}shing the second moment of area about
the axis X+X the segment is tc be considered as a tfapezlum

as..shown in flgure 5.4(b).



}t,ls Important when calculating the predicted extensions
use the actual dimensions of the mandrel sleeves. Figure

glves the dimensions taken by measurement from the mandrel

C
| T
gl X X 4
S L

Figure 5.4(b)

5.5'

sleeves used jn this investigation and is a'supplément to the

table given on figure 2.2,, which gives the nominal

- (manufacturers) dimensions.

t

Mandrel dia/length

‘Table 5,3.

N

Table 5;3; lists the values of the

pearamsters ror tne manaret! sleeves,

.

o

Tes

. les

mm mm m¥x10°12 pn mm m"xlO'12 mm
41,27 / 42,88 24 12.05 42.85 - L.68 305 25.32
' 20 29.26 42.62 5.61 249 26.36

16 71.38 L7.76 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 2L 40.01 3.01 L.68 . 305 25.80
. o 20 101 42.55 '5.61 250 26.29
: 16 238 h2.64 7.01 286 25.43.
50,80 / 26.98 24 40,01 27,05 4,68 689 16.L43
‘ 20 102 26.92 5.46. 577 16.8%4

16 238 76.79 7.01 768 16.08
60.32 / 42.86 24 94,90 43.98 L.68 203 26,98
20 212 42,54 5.61 253 26.19
. l6. 560 - b2.67 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

Typlcal calculation of predicted result for 41.27/42.86 12 slot

- 1
- -3 . -
2x x127x10'§. WA x 24 x25.32x103(25.32x10¢)+ @2;61x&.57ﬁh10

2xXx.3249

4x207x10"

-1z -1z
3x12,05x10 305x10
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Wa = 119,5N
Table 5., llists the predicted and experimental extenslions for

the mandrel sleeves.

Table 5.4 .
Experlmeqtal and Predicted Loads‘tb produce an increase in

radius of 127 um.

.

Mandrel dia/length "N/2 Predicted - Experimental 9+¢ p
' : Load Load
mm : mm N ‘ N degrees
41.27 / 42.86 12 119.5 137 20.40 . 047
' 15 282.7 346 21.66  .373
'8 734,84 305 - 21.80  .075
41.27 / 26.98 10 815.5 975 . 21.23  .0B%
A . 8 1155 1465 22.39  .074
50.80 / 42,86 - - 12 255 332 22.92  .098
. 10 756 - . 975 22.73  .094
X 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 hvbothesis
has been applied to SIxteﬁn mandrel sleeve;‘and foﬁnd to be valfd
‘\for éhe prediction of exienslon.?hThe predicted extensions are
" found to be lower than those obtained by experiment when a
vvalue of coefficient of friction of zero (p=0) is used.
The average value of coefficient of friction ;equlred
to raise the predicted values to :he.expe;lmental values Is

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

’



"?'m;deeeagei;elee o}-;b;s witemaisfendere&devfaflonlo} .021 ),
Meek (65} gives the coeffleient of friction between lubricated
l"f "hard steel suffaces as ranging from ,052 to‘QIlO..’The flgure
L ef .075 I's approximately In the mlddle"‘ef this range and
Au'lndlcates that It ls of the rlght order for use In celculeting

¢

n the stlffness.
When applied with en approprlete value of coeffic!ent
'of frlction the mathematical model expressed by equatlon - (203)
.e;?x 1 ' has been shown to glve solutions whlch correlate with the

experimental performance of the mandrel sleeves.,

“ATE
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5.2 r M uremen
| Analysis of the results of the measurements to estaSllsh
_the variatlion in expansion down the length of the mandrel
sleeves, Tables.8.37':8fu2, show that In the free state the
ﬁandrel expands uniformly dqu the length. For the slg sleeveé
tested fhe maximum variation between the top and bottom diameters
of the sleeve was 2.5 um, The_ﬂistrlSutlon of load between
the two conical tapers measurements, pre;ented In Tables 8.43 -
8.&8; Indicate that the load Is transmitted from the sleeve-to
. the arbor equally across the contact areas, on the two tapérs.
A!;hough the.!oéds applied préduccd small stratnes in the arbor
the meas;rements at the higher joads produced strain reading.
of sufficlent accuracy. | |
| The mandrél sleeves when examined In the aﬁsolute free
Sta;e, i.e., not mounted on the arbor, are found to have con-

tracted from the nominél worklng diameter and to have taken the.
form of a frust}um.of a cone with the small dliameter 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;th;‘énd'of-thé'handrel witﬁ_
the*wcake#t end sectlion, this allows the opposite end to centract
byrthe greatesE amouﬁt. WHen placed upon the arbor the sleeve
requires a small load to bring it to Its nominal énd_unlform

dlameter, it is llkely that this is not shared equally between

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

A S

the load did not produce sufficient strain in the arbor to
allow accurate reédlngs. Once fhe sleeve reaches its nominal
diameter the mandrel expands uniformly and the load 15 taken
equally by‘the tapers, the indication being that.thé ‘Fit!
between arbor and sleeve is very Important and that for the

]
mandrels tested thls was so.
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-

'5-F5{AQQJVSIS of Interface Pressure Results

Three separate but related sets of curves have been
~derlved from the results of the interface pressure tests, Tables
8.53. to B.EEi: The three sets of curves are,
_1.-Average contact pressure at interface/applied Ioéd, figures
5.22. to 3.26. o |
2. Tétal gripping load at interface/applied load to_mandrél,
figures 5. 5. td 5.9, |
3, Varfation of céntactlpressuré down the axial length of the
mandrel sleeve, figures 5.10. to 5.21, : \

The ;:b.use conbacl #.ca;u‘c;app::cq Toau Lurves, wypicaiiy
shown by figure 3.26, are found to be similar in form to t;e “
tfueigtrqés;strain curve (tension and compresslon) of a ducfile
metal. The curves of contact bressure/load for the twelve
mandrel sleeves tested all-exhibit the same feature of firstly,
rising with a constant 8P/AL (change in ;ressure for a given
change of applied ioad) until a toad in the region of .5-=- 1,0KN
has been appiied, for a\further.increase‘!n applfed ioad of
between .5 - 1,5KN the réfio.AP/AL falls rapidly untll it again

-

assumes an almost conStant ratio as the curve continues In a
‘linear manner. )

It Is well ﬁnderstood that some phenqmenon takes place
within a ductile metal upon application of an increasing tensile
or compressive load, the phenomenon being strain-hardenling, it
I§ this strafn-hardening which gjyp} the true stress-strain curve
its char;cteristic shape. It Is believed therefore that some
'locking-up' mechanism,‘analogﬁus to strain-hardening, is taking
plaée wlthfn a m;nd}él.sjeeve when subjected to loading to hold
‘a workpiece., The possible mechanism and causes of this 'locking-

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

the empirical relation ,

stress = K{strain)P N : : 0 8d(2)
Where K is a constant for the mateflal énd n 1s the 'strain-
hardening exponent', Application of the emplrical relationship
to the loading of the mandrel'sleeves, with the empirical
relationship now In the form, ' N

contatt‘preséure =. K(applled load)" - : 55(3)
Where X Is some constant and n the ”!ocklng-uﬁ exponent', gives

the foilawing vaiues ver n;

‘Mandrel dia. x length (mm.) n
60.32 x 26.98 . .83
60.32 x 42,86 ‘ .76
50.00 x 42.86 o .68
h1026 X 26.98 tore- . 057 o
Table 5.5 . N

As l% shown in Tablers. 5. exponent n is the lowest, .57, for
tﬁe smallest diameter, whilst_the largést has an average value
of approx!ﬁately .8 and the 50.00mm. dlameter-having a value
of .68, i
No definlte‘indications as.to the effect that éhe numbér
of slots contained within a mandrel sleeve have upon the contact
pressure at the Interface are apparent from the rééults presented
\ln_flgures 3;é2Q to 3.25; A compgyjson of the curves show that
: for.the 60.32, 50.00, and-hl.ZBmm.\dIameter mandrel sleeves the
\10,8.and 12 slot mandrels respectively gave_the hiéhest contact
pressures, -The varlation-In contact pressure for armandref of
similar diameter and length but with varying number of slots was

~

ﬁhown.to be a maximum for the 60.32mm. diameter 42.86mm. long
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sleeve Where a varfation In conteet pressure of 1.6MN/m2 (some
15% of thefaverage contact pressure) wae obtained between the
~10 slot (highest), and the 12 slot (Iowest) mandrel sleeves,

The average varfation for the twelve mandrel sleeves being 4.5%
of the average contact pressure." |

As one would ekpect, 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 sfeeve of 60.32mm.
diameter a h!gher contact pressure s to be found with sleeves

that are shorter in length, The 26.98mm, Jlong mandrel_eleeves

havine a2 e,canbtaest ny&asenrs cama 171y wwmarae spna rehoa B9 Ut

Iong steeve at an applled load of 4.0KN,.

‘Varlation in contact pressure with respect to the diameter
qf the mandrel sleeve is shown by the results te infer that for
.mandrels of the same lengthy the farger the diameter, the hjgher
"the contact pressure, Flgute 54+9 . summerlzes the effect of
.eiemeter for the'8 slot mandrels, we cen see that the only true
comparison can be maderbetween mandrels of sinilar length, MWith
this constraint in mind it is.apparent that-for'the 4L2.86mm, long
sleeves the 60,32mm, diameteh has produced contact pressures’
greater than those found in the 50,80mm. diameter sleeve. This
.situation again appears when comparing the 26.98mm. long sleevee
where the 60.32mm. dlameter Is shown to have higher contact
pressures than the u41,26mm,

- The presentation of the results in the form of total

—

gripping force at the interface/applied load, figures5 .5, to
\5..9.; produee some interesting facts and resuits in an empfrfcai
-’relationshfp which expresses the contact'pressufe In terms of the

diameter of the mandre] and the applied Iead. The total gripping

force is found by integrating the pressure over the area and Is
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expressed by,

Grippling force = j{ PdA . 5-(4)

T

It will be showﬁ'béiow that fhe pres;ure does vary down the
length-of the mandrel sleeve but that this variation Is small
and that the use of an‘arithmetlc average yalue will give .
acceétable results when calculating the.grlpping force.

. We can use therefore the simple relation

i
G?Ibping force = average pressure x area of contact 5-(5)

The ﬁhape of fhe curves of total gripplng‘}oad/épplied‘Ioad
are or coursa, simprar o tpe averesn cént::: crecsnurasanniien
lpad curves; the former being derived from the product of average
contact pressure X surface area of mandrel. This has not

‘altéred the gxponent n, in equation 5?(3;, but has only altered. .
the val#e of the'coﬁstanf»K.

| Flgures 5,5, to 5;9:2 demonstrate that generally for the
rangé of loading considered the gripping force increases as the
number of slofs in the méndrel sleeve decreases., A small
;£ceptlon to the above IS shown in figufe 5.6 ., where over a
smatl range of loading the 10 slot mandrel produced a greater
fotal grippfng force than that produce& bf the 8 slot mand?el.

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

difference in the magnitude of the two total gripping forces 1s

small and It is therefore considered that thls conforms to the

T

'generai f!nding stated above.
_Gripping force values wlth respect fo the'diameter'of:the
manhrel, ffgure.5.9 ., show that for mandrel sleeve§ with équal
number of slots, the la;ger the diameter of the mandrel sleeve,
the greater the fotal gripplng force produced, thi§ Is true over

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

t
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of the gripping force curves for the 60.32mm. dlameter 42.86

and 26.98mm.long sleeves that this ?; Independénf of mandrel

length, Figure E,g,_shows the grlhping force/applied force curves

for the four mandrei sleeves with 8 slots, a élmilér result

would be obtained however, with the mandrel sieeves wlth 10 and

12.slots; We can expand the above statement to say that the

;[érger the diameter of the mandrel sleeve the greater the total

gripping force whatever the length or number of slots the sleeve

- has’.

One of the maln ﬁolnts of the 1nvestjgation Is whether,

- [ ' Y - s = 1 om - . ot
and to what oxtent does tho contagt oressure vary a:onFs the saalal

iength of the mandrei sieeve. The resuits presented in Flgure

. 5.10;-fo 5.21. Indicate that there Is a varlation in local

‘ mégnltude of contact pressure down the length of the mandrel

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

‘the ends and In the centre, from the maximum value of contact

—

p:iffﬂ:f,ffta'ned' The cﬂéracterlstic shape of the curves,
starting at the near eﬁd of the sleeve, lsréf a rise from the
contact pressure at the boundary at the end of the mandfel/work-
plece whleh must be zero, to a maximum, which is generally
arrived at to the‘end of the ffrst quartér of the axial length,

a fall to a lower value then occurs mid-way along the length

rising agaln to a value approximately equal to the first

_ maximum, at the beginning of the third quarter, and finally

———

- falling ;gain as the far end -of the mandrel/workpiece Is reached.

-MacDonald and Meek (60) show the distribution of contact
stress In a shrink-flt for both the shaft and nfng, it is
interesting to note that the form of the radial stress dist-

ritbution for the shaft has a similar form to the curves of
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‘contacf pressure for the mandrelvs}eeves.
| The curves, figure% 5.10. te 5.21.,° all.show that
there Is some varlation in méasured contact pressure along
the length, the actual varlation ranges from 28% of nominal
contact pressure at a load of apﬁroximatelv 3KN f§r tse
50.00mm, diameter 42.86mm.- long , 12 slot sleeve, to 2% of
:nominal contact pressure for the 60.32mm., diameter 42,86mm,
]ong, 10 slot sleeve., The Indication ls.that the larger the
dlametef the smaller the variation.

iTherdlvergence between dlstrlbution;of‘stress on the
shaft and ring at the interface of a‘shri&k-fit’are generally
thc&ght;{ﬁe},to be due o a cemprescive strezs in the shaft
’and a tensile stres; in the ring, The expansion of an exp~-
‘-andlng mandrel.to hold é workpiece must, by vlrfue of the
beam elements between the‘two tapers-having to carry a load
of approxlmately half the ap;l!ed load, "be also undér a
comprégsive-stress. It.ls possible therefore fhat thé beam
sectlion, thch‘in this particular Instance Is acting like
a slender column section, is bucklling slightly in an axlal
manner énd causing the contact pressure between sleeve and
workpiecefto be‘reducéd In the area of defléﬁtlon. The ability
of a beam to res{st buckling can be shown to be proportional

to
I
L2 5-(6)}

where ] is the second moment of area of the.traﬁsverse sectlom

—

L fs fhe length,

!t Is apparent then, that in order to resist buckllng, 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.,high L,
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© low L) the highe? the resistance to buckling. Analysis of the
regults show that ghe variétloh Iﬁ p;essure is greatest for
‘Hhthe 50.00mm, diameter, 42,86mm. long and the h1.26mm. diémeter
| 26,98mm. long mandrel sleeves, also there is a larger varlatioﬁ
rln the 60,32mm., dliameter 41.26mm. long compared wlfﬁ the
26.98mm, long sleeve, The Indications are theréfore that a
'ﬁmall deformation due to buckling is téklng place and thereby
causing a reductlon in contact pressure.l
The curve A-B shown dottea on f!gure";.;:a'ls the
‘theoretical gripping férce/ applfed load cyrﬁe for mandrels

of 1N0% offleoloncy 1 o with no locces [effleoicnecy 4

F -
PR B " P N e e ¥ i

- .
tutal gripeoing force out/ appiied ioad). it {53 immediateiy
apparent that the efficliency of all the mandrels decreases as

_.the applled'load thcreases, the 41,26mm. diameter sleeve is

. shown to have the lowest overall efffciencv of thg four diameters

- of mandrels tested: The efficliency is sﬂown to fncrease as
.the dlameter of the mandrel increases. It |s shown above that
the curves of grippfﬁg force/ applied load C#n be represented
by_équatlon 5.3 , the exponent of this equation, n, can be
taken as some measure of the 'locking-up' of the mandre!l system;
analogous;to the 'stréfn-hardening‘ of ductile metqls. What is
Aactually happenlng within the mandrel svstem to cause this
'ldcking-up' has not been fully establlshed, but the results’
indicate that the Iarger{the‘dlametef:of mandrel sleeve ‘the

hlgher the value of n and, asuis shown below, the discussion

 Mand explghations aé to the poSsibleLcauses of the ‘locking-up'
provide similar indicatlions,
x_l“-Jt“ba§r?ggnhghowp;ﬁh9vg'that'the beam elemenés of the
mandrel sleeves are subjected to a compressive 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 ;ystem could also be taklng_piace, these actions are
therefore é pogsible éontflbutor to the 'Ioéking-up' of the
mandrel sleeve, A further possible contributor to the 'locking-
up' Is the increase In doefflclenﬁ of frlétlon due to the
Intreasg in contact pressure éﬁ.the tapers of the mand}el

sleeve and arbor, (66) shows that for a 100% increase in

"contact presSure an Increase in coefflclent of friction of

+

some 30% éan be expecte&, if the_coefflcient of friction of
the mandrel_systém‘lncreases tq.this extént then this would
be a major contributor to th§ ilocklhg-up';of the mandrel
.svstem. A further mlnor.contributér Is thé toad reaunired tn

' - 1 P . .
cxpang the mondrel clasys trom the Inlttal contoc? dlameter fo

- ~

‘the expanded diameter. The increase in diameter for an increase

In internal'preﬁsure of ‘a'MN/mz in the 50.80mm._diameter ring

used in the experimentation would cause an expanslon of the bore

~of some 3 pm, this would require from figure 5.14. an applled

v

load of 5 'N.

5.2,2, Formulation from tﬁe Expérimenta! Data of an,Empirical

Expression Relating Grlppinﬁ Forcé to Applied Load.

| it is soﬁetimes useful to present Hété which an engineer
uses In the‘from of ideallzed cufvgs, this Is particularly
apparent in the.théory‘of-plastlcity where the use of the
.jdéallzed stress-sfrain cdyye, as shown in Figure 5.?5,
enables Ehe theory to be used more easily but stil) givlng

answers that are within engineering limitations, The present-

. ation of the curves shown In figure 5.9, .in.idealized. 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 workpiece,
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‘STRAIN

STRESS

Figure 5,22

Figure 5.23, shows In ideallzed manner the gripping force/
applled load curQes for each of the three diameters of mandrels, -
The curves are of the form of an'lnltial linear section, A-B,

_ which rises with é high value of slope to & turning point at

o Sl mpimirm mmme ) miia. P
e g e = =W TVLT O TISNT . ot

L]

- Ld i lmmm =Yk

- o ety m s dim
- - O e o s - ; - — o

-
- i v - - -

'value of élope. ‘ _
Over the range of appl[ed l6ad;wa(h.125(D-h1)2+825)N.
. (considered to be the working range for each mandrel) an

apprdximatlon of the gripping force can be obtalned from the:ﬁ“

following expression. B

~

FG¥1600+10(D-h1)2+(.78f((D-u1)2.00112))(H{(h.125(0-41)2+825)))

| 5-(7)
‘Where D Is the diameter of the mandrel sleeve to the nearest

mlllimetre:

Fiéﬁre‘S.Zh. gives a comparison of the gripping force predicted
by the above expréssion and the ex;érimental results for the
41,26mm, diametef,'26}98mm. long mandrels. The alm of the
expression is td atlow designers and production éngine;rs to
\obtaln-a guiék apﬁroxlmation of‘gﬁf gripping foréé-knowing the

-diameter of the mandretlt and applied Ioad._Similar curves are

. obtained for the 60.32 and 50.80mm. diameter mandfels.'
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CHAPTER V1

CONCLUSIONS_AND_ SUGGESTIONS FOR FURTHER WORK



Coﬁclusfons and Suggestions for Further Work

Conclusions

The mandrel sleeve has been shown to behave elastically

~during unrestricted expansion, An expression has been

formulated which relates the diametral expansion of the
sleeve to the'applled_load. Close correlatlon has been

achieved between predicted and experimental results.

-

- The expression allows the relative importance of the design
i parameters, diameter, length,. no., of.slots, of the mandrel

sleeve to be established in the desjgh 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.

The mandrel has been shown to have uniform radial expansion
down the length of the mandrel and the distribution of
load between the two tapers Is shown to be equal, within

the limitations of the measuring system.

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. Similaritlies between a 'shrink-

fit' of a shaft and ring and an expanded-fit between thé

mandrel and workpiece have been established.

" o—

The#magnltddé of the contact—ﬁfessﬁre Incréases as the
diameter of the mandrel! increases, and decreases as the
length of.the mandrel increases, THe effect on the
contact pressure of the numﬁer of slots‘wi;hin the mandrel

sleeve was Inconclusive. . ' |



The grippiﬁg force produced by a mandrel ;ystem betWéen
the.mandrel sleeve and workplece Is shown, for mandrels
with the same number of slots, to be a function of the

dlameter of the mandrel sleeve only. The laréer Fhe

diameter of sleeve the greater the output of grippling

force for any glven load. The gripplng force for a
given load Is reduced as the number of slots In the

mandrel sleeve Increases,

An emplrical linear expresstion has been derived from the

experimental data which relates the gripping force

rradaemsnd ko tha m-nn_drn‘ q'\qu-f.\m - LY !\F,-\‘fnrl TAand - A
H ™ . A . H bl A - B R o .

.dlameter of the mandrel sleeve. The expresslion is

applicable over the worklng range of ;he mandrels and

~gives a fast approximation of the gripping force to the

deslgner.

e
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6.2. Suggestions for Further Work
' The expanding mandrel system has not been subjected to
“ﬁany substaﬁtial amount of sclentific Investigat!on, This project
has investigated one particular type of expandlng mandrel, when
In fact, there are several proprietéfy deﬁlgns of mandrels on
sale in the United Kingdom. A sclentific asse;sment-of the
advantages and dléadvantages of the different mandrels in use
t@day would provldé useful and needed knowledge. Further
research is needed to determine an opt!ﬁai angle(s) for the
mandrel sfstem. Is the continuous taper or?saw sectjon taper
begter than the para]]gl angle? This and other questions
require Inves;lgation.i. |
“ The research ha§ dealt, in general, with the expansion
" of, and the gripping force ﬁroduced by a mandrel sleeve, This
~work can now bé exteﬁ&ed to establish s[[ppfng torgques of thé
workpieces on the mandrels by further experimentation, the
results could thén-be correlated to the knowh values of griﬁping

force and values dfiqufflcfgnt of friction established.
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8.1 Calibratlon

8.1.1 Calibratlon of Strain Gauge Proving Rings

Instrument Data.

Techequipment Strain Bridge model 11
Manufactured by Techequipment, Nottingham

Mean sensitlvity at gain factor 1 = 1 pe
Clockhouse proving ring model 200.
‘Dial gauge number 7513, Last calibrated 1971,

Mean sensitivity .59N (.1331bf) per division.

The éﬁperimental set up for the callipration of the
strain zaurc arbv!n: rE:zs.!s-shcwn an olate o, the iiv
consists of a ioad appilcation apparatus which is a standara
plecéuof equipment In the Centre for Industrial Studies,
éhe design of thls apparatus enabtles é known axial load {this
lbadlng condltlon.is_requlred) to be applied to-a specimen.
The proving ring strain gauges are wired to the Techequipment
strain bridge,

Thebfollowing method was used In the callbfation of the
" straln gauge proving rings. Initially the proving rling was
positloned in the rig, axial allgnment being e#tablishéd by
the use o% a set-square to position the vertical centre line
marked cn the proving ring. The strain reading displayed on
the straln 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 load?ng screw, the system In thils state gives a 2.62N
{.591bf) load to the straln gauge proving ring, the strain
reading, corresponding to this load, displayed on the strain

bridge was recorded.



-



Tﬁe gtraln gauge prdvlng Elng was then further loaded
"In incremental steps of 22.24N (51bf) up to a maximﬁm load of
__91.58N (20.591bf) for each Increase in load, the resulting
strain reading was recorded. The calibration was repeated
if!ve times for each of the three straln gauge proving.r!ngs,
the average strain reading for each Incremental load being
used to produce’ the callbration curve.
;Tabies-s.l,‘s.z. and 8.3. and figures S.i, 8.2. and

8.3., show the readings and calibration curves respectively.,

By
r
v
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Table 8.1, °

_Calibration of the 41.27 mm. {(1,625in.) diameter strain gauge

proving ring

Strain bridge gain setting 1

Applled load
N

2.62
24,86
b7.10
69.34

" 91.58

"Calibratlon of the 50.8.mm. (2in.) diameter

ring

Proving ring stralin
- 2nd

1st

LYY Y-
Ul oo O AN

(e

43

27
130
171

3r

LR
1N o
[N R =

Table

Strain bridge gain setting 1

‘Applied load
. N

2,62
24,86
47.10

| 69,34
91.58

d

reading pe

Lth

oy
L6

2R
133

-
Fo ]

8.2

5th

L3
&7
129

- ar
Ao s

Average stralin
reading pe

~1 N (0 &=

Vi D e
: s

(Y N

[WRCTI

straln gauge proving

Proving ring strain reading pe

lst 2nd 3rd Lth 5th
7 8 9. 8.5 9
77 76 76 77.0 76
136 134 137 139.0 135
211 209 212 —~. 211.5 208
270 268 272 272.0 268

Average straln
reading pe

8.3
76.4
136.2
210.3
270.0
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Table 8. 3.
\‘qulbration of the 60.32 mm. (2,375In.) diameter straln gauge

proving ring

Strain bridge setting - 1

Applied load Proving ring strain reading e Average straln
N 1st 2nd 3rd 4th Sth reading pe
2,62 11 13 11 12 7 13 12.0
24,86 99 9g 96 98 aa a7,.R
b71.10 186 l180v 185 180 184 L8zZ.t6
- 82.0% 250 252 2El 2L &7 I64. 4

91.58 353 350 351 356 356 353.2
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8.1.2 Calibration of the Pressure Transducer Elements

Instrument Data.

Techequipment Strain Bridge model 11
Manufactured by Techequipment, Nottingham

"Mean sensitivity at galn factor 1 =1 pe
Strain gauge proving rings shown in figure 2,18,

Interface pressure'rlgs shown In flgure 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.

Lo
[

n PR P [N e A ¢ D!
4 - [ L)

oo b 1o L - ¥ = . L. P T = T T S PR
Bdhm b b - . (B IR TR TR W o SRR ¥ S S S BRI S VO I ] ik Wb WD R

[l s fue R Lo oCo
mlnfmum of dlétﬁrﬁance to the wiring to the strain gauges on
the elements.

The method uged in the calibration was to place the
Infefface pressure rigs containing the transducer elements
ﬁlred to the strain bridge, on a3 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 ringslcould 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
Athe gauges belng.set to poé!tion, the hdrizontal centre line
of the strain gauge proving ring with the horizontal centre
line of the elements, as shown in flgﬁre 8.4. The appropriate
strain gauge proving ring, wirgd“to the stralin b&lﬁge, was
then placed in the bore of the interface pressure rig unt i)
it was supported by the slip gaﬁges, axial a2lignment of the

‘ provlng ring and the transducer elements was facklltated by

matéhing,uby'eye, the vertlical .centre line marked on the

straln gauge proving ring with the marked centre line of the
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Flgure 8,4,:TRANSDUCER ELEMENT CALIBRATION SET-UF,



Interface pressure rig, the centre line of the Interface -
pressure rigs passling fhfough tﬁe centre line of the transducer
——elements. In this no Ioad.situation the straln readings of the
_e!eménts and the straln gauge proving rlng were noiéd{
Lead abpl!cat!on for the calibratlon was by means of
a thrust_scfew posfitfioned behInd the elemeﬁt, see flgure 2.15,
-clockwlse rotatlon of the scréw moves the elemept radially
Inwards thereby subjecting the strain gauge proving ring to
| a deflection, measurement of the resulting strain induced
esfabllshes the'magnltude of the'applfed load;
“The arrudl methoil nsed for ifnad apnlicaiinn wae 1n
set the reading on the strain bridge to the value of load
'requi;éd, advancement of the measuring switches on the strain
bridge to the value of strain required {(i.e., tﬁe new load)
-causés the tra;e line on the C.R.T. (Cathode-Ray Tube) to be
at an angle relative to the horizontal, dpon lcading the trace
line moves toward the horizontal and reaches the horizontal
when the stralin requiréd (load) is obtalned, The measurement
of the stralin in the transducer elements for any giﬁen loading
was. made by changlng to the appropriate channel on the strain
brldgé, the transducer element strain displayed was now
measured using the méasqring switches to bring the trace line
on the C.R.T. to the horlzontal,
Strain readlings for the element were taken for several

~ values of load and from the results a calibration curve for

'\ -—
-—

the element was plotted. The whole procedure was repeated for
16 elements In the four Interface pressure rigs. Tables 8.4
~to 8.19. present the results and flgures 8.5. to 8.20. show

the calibration curves,



Proving Rlng
Straln He

20
40
60
80
100
120
140
1640
Tan

Proving Ring
Strain pe

.20
40
60 -
80
100
120
140
160
180

Lo7

Table 8.4

Callbratfon of Transducer Element Number 1

1st

19

38

61

79
94
112
133
153
173

Element Straln Reading

2nd

22
L1
58
77
97
118
131

LA

R ]

171

3rd

20
43
63
76
95

116

135
150
178

‘Table

bth

20
42
57
80
96
113
130

- -
LI X

1717

8.5

e

5th

24
40
61
78
98
2116
131

TN

L ]

173

Average Elemen
Strain pe

21
41
60
78
96
115
132

- mo-

A 2

178

Callbration of Transducer Element Number 2

1st

15

35

L6
57
17
g2
103

- 118

13u

Elemenﬁ Straln Reading
3rd

2nd

12

30

L3
63
75
94
110
121
136

15
31
45
58
73
90
106
122

133 -

Lth

15
34
Ly
57
79
92
109
124
137

}Je

5th

13
30
42
60
17
92
106
119
135

Average Elemen
Strain pe

1y
32
Ly
59
76
92
107
121
135
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Proving Ring
Strain pe

20
L0
60
80
100
120
140
160
.2V

Proﬁlng Ring
Straln pe

50
100
150
200
250
300

350

Table

8.6

Callbration 6f Transducer Element Number 3

ist

16

30
53
75
87
108
123
136
i6v

Element Strafn Reading pe

2nd

17
32
50
73
85
105
124
138
157

3rd

16
34
50
69
89
109
126
140
Lbs

Tabile

8.7

bth

15
35
51
73
90
107
121
134
158

5th

16
34
51
70
89
106
121
137
157

Average Element
Strain pe

16
33
51
72
338
107
123
137

L5y

Calibration of Transducer glement Number &

1st

37

72
102
144
178
211
255

Element Strain Reading

2nd

38

74
105
155
180
213
257

3rd

34

70
101
1y
181
21y
2538

Lth

35

72
105
igy
178
210
253

e

5th

3n

71
102
140
175
208
250

Average Element
Strain pe

35.6

71.8
103.0
3.4
178.4
211.2
254.6



Proving Ring
Straln‘Pe

50
100
150
200
250
300
350

Proving Ring
Straln pe.

50
100
150
200
250
300
350

Table

8.8

Calibratlon_bf Transducer Element Number 5

1st

32
64
90
119
150
184
212

Element Strain Reading pe

2nd 3rd  lth Sth
33 29 33 29
65 60 60 64
90 87 89 87

118 117 116 119

149 149 152 150

183 180 181 180
211 208 212 208

Table 8.9

Average Element
Strain pe

31.2
62.6
88.6
117.8
150.0
181,6
210.2

Calibration of Transducer Element Number 6

Ist

21
L6
71
g5

121

1438
171

Element Strain Readling ue

2nd

25
47
71
97
121
149
174

3rd

24
50
74

100

125 .

150
175

hth

22
LR!|
73
28
124
149
175

5th

22
49
71
99
125
150
173

Average Element
Strain pe

22.8
8.2
72,0
97.8
123.2
149.2
173.6



Proving Ring
Strain pe

40

80
120
160
200
240
280

Proving Ring
Straln pe

L0

80
120
160
200
240
280

ist

20
§2
63
85
105
126
149

Table

160

8.10

"Element Strain Reading pe

‘2nd

22
51
66
86
105
127
149

3rd

23
41
66
84
106
128
147

Table

4th Sth
20 23
40 40
64 65 -
86 85
104 106
125 126
149 148
8.11

-Calibration of Traﬁsducer Etement Number 7

Average Elemen
Strain pe

21.6
40.8
64,8
85,2
105.2
126.4
148.0

Lallibration of Transducer Element Number 8§

1st

25
50
76
98
124
149
174

Element Strain Reading

2nd

24
43
75
87
123
149
173

3rd

25
L9
76
99
122
152
176

bth

26
50
76
96
122
151
177

e
5th

23
47
74
98
123
152
176

Average Elemen
Strain pe

24,6
48.8
75.4
7.6
122.8
150.6
175.0
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Table 8.12

'.Calibration of Transducer Element Number 9

Proving Ring " Element Strain Reading pe Average Elemen!

Stratin pe 1st 2nd 3rd Lth 5th | Strain pe
50 23 24 25 24 26 24 .4

80 45 L6 4o " 45 L7 45.8
120 67 69 70 68 71 69.0
160 86 88 89 89 88 88.0
200 109 109 112 111 111 110.4
240 132 133 134 131 133 132,2

' 280_ 156 159 159 158 158 158.0

Table 8.13

Calibration of Transducer Element Number 10

Proving Ring Element Strain Reading pe Average Elemen’
Straln pe 1st 2nd 3rd Lth S5th Stralin pe
40 ' 25 23 23 26 24 24,2
80 47 Ly TS L8 b3 45. 4
120 71 69 70 72 68 70.0
160 95 93 96 95 91 94,0
" 200 113 117 117 117 115 116.8
240 138 136 139 137 135 137.0

280 171 170 171 169 l68 169.8



Proving Ring
Strain pe

40

80
120
160
200
240
280

Proving Ring
Strain pe

50
100
150
200
250
300
350

Table

162

B.1l4

Calibration of Tfansducer Element Numbef 11

1st

Element Strain Reading

2nd

3rd

17
35

67
86
106

an
L

Table

8.15

Lth

19
37
55
69
87
105

T At
Lar AL

e

"sth

Average Elemen
Straln pe

Ca!lbration of Transducer Element Number 12

lst

25
L6
71
96
121
143
168

Element Strain Reading pe

2nd

26
L3
72
97
122
145
170

3rd

26

L3

72
96
121
143
169

Lth

2L
L5
70
95
120
143
167

5th

26
¥?
71
96

120

145

168

Average Elemen

-Straln He

25.4
46.8
71.2
96.0
120.8
143,8
168.4
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Table 8.16

Calibration of Transducer Element Number 13

Proving Ring Element Straln Reading pe Average Elemen
Strain pe ist 2nd 3rd Lth. 5th | Stralin pe
50 18 22 21 19 19 19.8

100 40 41 43 - b2 42 41.6

150 61 * 61 64 63 61 62.0

200 82 83 86 84 85 84.0

250 104 104 ‘107 106 107 105.7
, 300 127 128 129 128 129 128.2

350 147 149 150 150 lu9 149.,0

Table 8.17

Cal!bratioﬁ of Transduéer Element Number 1%

Proving Ring Element Strain Reading pe Average Elemen
Strain ype lst 2Znd 3rd bth 5th Strain pe
50 - - 26 27 24 25 24 25.2
100 51 52 49 51 50 50.6
150 ) 72 L 71 74 72 72.6
200 101 102 101 101 98 100.6
250 125 126 127 125 123 125.2
300 148 149 150 147 146 148.0

350 179 180 181 177 175 ~178.4



Proving Ring
Strain pe

50
100
150

200
250
300
350

Proving Ring
Strain pe

50
100 -
150
200
250
300
350

& U

Table 8,18

Calibration of Transducer Element Number 15

Element Strain Reading pe Average Elemen

1st 2nd 3rd Lth 5th Strain pe

25 26 23 23 26 - 24,6

50 51 47 47 50 49,0

‘70 70 68 69 68 69.0

93 .92 91 90 93 91.8

117 116 116 118 117 116.8

143 142 140 141 140 11,2
166 164 162 165 162 , 163.8

Table 8.19

Calibration of Transducer glement Number 186

MY

Element Strain Readlng pe Average Elemen
lst 2nd 3rd Lth " 5th Strain pe
21 18 22 19 18 ©19.6
42 40 L3 40 39 40.8
63 60 65 61 . 60 61.8
86 84 87 85 83 - 85,0
107 105 109 106 104 106.2
123 122 126 124 121 123.3

148 145 149 . 1u8 144 146.8
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8.1.3 Calibration of the Arbor for the L4L2,.86mm. long

Mandrel Sleeves

Instrument Data.

Techequipment Straln Bridge model 11
"Manufactured by Techequipment, Nottingham,

Mean sansitiVIty at galn factor 1 =1 pe

Clockhouse proving ring model 2000,
Dial gauge number 1537, Last calibrated October 1972,
Mean'sensitivity 5.9N (1.331bf)lper divislon{

Tha mrnuvmawlmansal car
- P R L e o - -

fmuw thom mml thwasetaom aff s~ba .t .
e PR : i -

.for the h2;86mm.(1.6875fn.) long mandrel sleeves is shown in
flgurels.Zl., the set upiis similar to, and the loa& application
apparatus and method the same as that used In fhe and-Radlall
‘Expansion measurement rig dgscéfbédfln Chapter 2, sectlon 2.

‘Thg set up chsIsfs of the arbor, the strain gauges wired tb

the Techequfpment strain brldée, posltiéhed on thé table of

the lecad application apparatus. On the uppermosé'tapef of the
arbor Is a hardened ;teel collar with a 36 Included angle
femalertéper in one end, thfs taper mates with the, uppermost
taper.of'tﬁe arbor fof‘load application. Dufing normal use

the mandrel sleeve transfers Its load to the arbor through
contact on the tépers, fqr calibration therefore this ;Ituation'
has to be reproduced, but on one tapgf,only. Positioned on

' top of the collar ls'the.ClockhOUSe proving riﬁg,-used for
verification of the magnitude of the applied load, the free eﬁd‘
&f‘the proving r[ng being positioned against a fhfuét gar which
_restrg!#é ﬁpward movement; A load is apblfed when.the table of

the loading apparatus is moved upward and toward the restrained

thrust bar, this subjects the proving ring to a .deflection
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~MACHINE SPINDLE
| | !
[ Efgrlf -THRUST BAR
CLOCKHOUSE PROVING
i RING
| f ’##f_,,b-COLLAR
WIRES TO STRAIN .
BRIDGE .
o - _ 'ﬂ;"”,,—JARBOR
S, o i 1

T - ]

MACHINE TABLE.

Figure 8.2:CALIBRATION OF ARBOR
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aﬁd creates a load:of known magnitude on the arbor.

The arbor was callibrated in the following manner,
with the arbor sublJected to no load the strain reading was
measured aﬁd recorded, loads. were then applied to the arbor in
increments of 445N (1001bf) up to é maximum of 5340N (12001bf),
Athe strain readings corresponding toreach Ioad.were measured
and recorded. The calibration was redeatéd five times, the
.average-value of strain for;eacﬁ load belqg used to plot the
calibration curve. Table 8.20, and figure 8.22, show the

experimental results and calibration curve'respectively.
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Table 8.20

—

Calibration of the arbor for the 42.86. mm. mandrel 'sleeve

Applied Load "~ Strain.bridge readlngs pe Average Strain
N , 1st Znd 3rd ©  Lth 5th e

445 9 7 6 7 8 7.4
890 22 19 - 16 21 22 20.0
1334 31 28 27 27 30 28,6
1792 39 35 35 35 . 38 36.4
2240 : 47 . 45 by L6 - b ' 45,6
2669 57 55 55 56 ° 56 55.8
3174 . 67 64 63 65 66 65.0
FEFTS 70 75 73 73 75 Talh
BT DERE a2 A3 &7 . an T o4, 0
L4 48 95 92 92 93 . 93 93.0
L3893 ' 104 102 101 102 103 102.4

5377 113 110 109 111 111 " 111.0
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. Table .8.21,

Mandrel dia.60.32 mm.{ 2.375In.). Length 26.99mm.{1.0625 in.)
- Number of slots 8. inftfal dia. 60.30mm.{ 2.3744 In.) :

In!tlal preload 45N, N\

Applied Load Increase In Radius : N " .Average
A Newton; ‘ -Ar,,ym.. IR ;',  Ar.,pm.
88 " g.12  7.87  8.89  8.89.  9.14  7.87  8.38
. 347 24,89 25,40 24,13 24,89 25,65 23,36 24,63
595, 37,84 38,10 38,10 39,11  39.62 38,60 38.60
843 ' 52,57 53,84 52.57 ~53.59 55,11 52,32 53,34
1090. 68.07 65.53 66.80 69.85 70.86 67.31 68.07
1338 85.09 83.82 83,82 -86.10 .87.12° 83.05 84,83
1584 - 100,83 100.33 99,31 101.3% 102.61 100.58 100,83

¥817 -~ 117.34 116,33 115,82 |118.36 119,12 116.07 117.09

:kf oo  ‘Table :%.22.
"Mandrel dia. 60.32mm.( 2.375in.). Length 26.99 mm.(1.0625 In.)
Number of slots 10 initial dia. 60.19mm.(2.3697 in.)
Inftial preload 45N, . " ‘

Applied Load Increase In Radius - . Average

Newtons Ar.,pm, 7 ‘ ’ Ar.,ym.
~187 13,71 13,46 15,24 13,46 13,46 11,43 13,46
340 24.38  26.67 26,16  25.65 25,14  24.63  25.40
496 33.78 35.81 36,32 36,06 35,05 34,29 35,30
650 42,67 45.97 45,97 45,21 45,46 44,19  44.70
802 . 52.83 56.67 56.13- 55,11 54,10 53.84 54,86
.958 62,73 67.81 67.31 65,53 65.53 61.46 ~65.02
7112 73.40  76.45 75,94  75.43 - 77.47 75,69 75.69
1266 82.29 86.86 87.12 83.90 96.77 84,58  87.63

.1486 101.3% 100.33 99,82 103.37 . 99.82 96.57 . 100.07
~1574 - 115.31 115.57 114.55 119.12 121.15 115,06 116.84
. 1730 - 119.12 123,95 126.74 125,22 123.4% 121.41 123.19



'_l" . . .40/
Table ./8.23. B

Mandrel dia. 50,8 mm. ( "2 in.) Length 26.99 mm.,( 1.0625!n.)
Number of slots 8. Inftial dia. 50.63 mm.( 1.993in.)
Inltial preload 45SN. : :

Applled Load Increase In Radius N ' - .Average
Newtons o - Ar.,ym. , ' o oo Ar.,pm.

- 162 10.41 9.65 12.19 10.16 11.68 10.66 11.25

ThLY 25.14 - 24.89 27.43 26,41 27.17 25.90 26.16

723 38.35 38.10  41.65 = 39.62 40.38 39.62 ° 39.62

1003  53.08 54,35 56.64 ‘54,61 56.13 54,35 54.86
1281 71.37 70.86 74,42 71.88 73.66  70.61 72.13

- 1560 86.36 88.90 87.12 88.64  90.17 87.63 88.13

- Ii841., 104,39 106.68 108.71 104.39 108.20 104,39 105,92

772120 123.19 124.4%6 125.98 122.68 124.4L6 120.65. 123.4h4

. 2395 144.27 142,24 141,73 141,22 140.97 137.66 141,48

'
4

" Table %24

" Mandrel dia. 50,8 mm.( 2in.). Length 26,99mm.{ 1.0625in.) -
- Number of slots 10 Initial dia. 50,69 mm.( 1,996 in.)
Initial preload UuL5N. o '
Appliied Load increase In Radius ' Average
Newtons . Ar.,pm. Ar.,pm.
176 - 15.74 16.50 17.52 16,25 16.25 17.02 16.51 .
32L 28,19 30.23 28.96 28.96 29,72 30.99 29.46
k75 1,14 h3,18 43.18 41.65 42,24 43,37 42.67
617 52.57 54,86 57.65 53.34 + 55.37 54.61 58.86
764 65.53 66,80 67.05 - 67.56 66.54 68.07 67.06
812 78.23 80.01 78.23 79.756 80.26 82,29 79.76
1058 91.94 92.96 92.71 95,25 94,23 93.98 93.47

1208 107,95 107.95 108.96 107.95 107.69 109.22 - 108.2Q
1354 123,44 125.98 123,19 126,46 123.69 126.49° 124.46
1500 . 139.19 134,62 138.43 140.71 1L0.71 139,70 138,94

L e
— -

T T e e s 0 e p MR R ML o ey e v - meireX



Mandrel dia.‘ 50.8mm.(  21n.) Léﬁgth 26,99 mm,(l.osés |ﬁ,)
" Number of slots 12, Iinftial dia., 50,673 mm.( 1,995 in.)
In!tlal preload UuS5N. A

-

Applied Load Increase in Radius - "~ .Average
/ Newtons - - Ar.,pm, _ i Ar.,pnm.
19 2.28 3.0 0 1,27 3.30 3.0 4,06 2.5%
89 13,20 15.20 6.85. .11.93 12.70  13.20 11.17
-157 20.82 23.36 16.00 21.08 21.33 22,09 20.87
228 29.71 33.02 24.89 -30.99  30.98 30.98 29.97
.299 38,10 42,16 34.0% 38.86 39.16 39,88 38.61
-369 45,90 50.80 b2.41 L7.49 48,00 . 47.75 46.99
440  52.83 59.18 51,30 56.13 ‘54,35 56.38 54.86
510 -° 58,93 68.58 61.72 65.53 69.0¢9 68.58 - 65.29
..579 .  66.55 76.70 -69.85 78.23  72.89  72.89 72.64
649 75.69 85.09 78.23 81.28. 92.45 94.74 84.58
716 82.55 96.77 87.88 98.29 93.98 96,01 92.46
-+ 790 88.90 102.36 99.06 100.33  101.60  99.06 98.55"
858 98.55 111.25 105.41 110.%9 111,76 129.54 111,25
927 lUze30 Ll3.2% 1id,Ub  1106.060 117.33 12%.54% 1i6.50

1000  I3k,0L Lzu.sh& i23L B9 a2 ve A13a,00 0 G398 VR4 Gh e

Table .8.26.

Mandrel! dia. 41.27mm.( 1.625(n.). Length 26.99 mm.{ 1.06251p.,)
Number of slots 8 - Initlal dia. 431,15 mm,(1.6204 jpn,)
Injtlal preload 45N, :

Applied Load Increase in Radius. o Average
" Newtons . Ar.,pm, o Ar,,pm.
153 16,00 17,27 15,24 14,22 . 1L,89 15,24 15.73
282 27.43 28,70 26.42 26.42 27.43 25.90  26.97
408" 38.10 40,13 58,60 38.60 36.83- 36.83 58.18
536 ‘49.78 48,00 L8.76 L8.76 50.80 L8.00 | L9.02
" 668 59,44 58,16 59,94 . 58,42 62.74 58.16 59.48
792 . 70.10. 69,34 70.10 70.36 73.66 69.08 70. L4
921 82.55 . 82.29 82.80 . 82.80 - 85.09 79.25 82.39
1048 90.67 ° 9hL.48 93.47 86,61 92,71 86.10 90.67
1177 97.02 99,31 99.31 100.58 103.63 . 96.52 99.99
I’04 111,76 109.22 113.03 107.69 114.30 105.41 . 110.23

1431 - 122.%3 120.90 122.42 _118.36 123.44% 119.38 121.16



. _ Table 3 27. | |
Mandrel dia. 51,27mm.( 1.6251n.). Length 26.99 mm.( 1.0625in.)
Number of stots 10, . Initial dia, 41,148 mm.( 1.620 in.)
tnttial preload 45N, I ‘

Applied Load Increase in Radlus I .Average

Newtons o Ar.,ym. ‘ _ : C Ar.,pm.
{01 . 12,70 12.70 15.24 13,46 12.70 13,46
=202 26.40 27,43 27.94 - 27,68 28,19 . 27,43
- 203 - 36.83 38,35 41.66  39.62 39.12 39,11
405 49.78 52.83 55.12 53,59 52,58 52,83
‘506  64.77 64,77 69,08  66.80 65.79 ° . 66.29
“607 78.99 79.50 77.98 78,99 78,74 - 78.74

" -708 91.9% 93.47 89.41 91,69 91.95 91.69

~-"g10  103.63 106.68 100.83 102.87 100.83 . 102.87
. 811 116.84 . 119,38 115.57 118.62 114,80 117.09
‘4013 136.14 132,33 133,38 129.79 130.55 : 132,43

Table '8.28. o : L S e

‘Mandrel dia. 60.32 mm.( 2.375in.). Length 48.sgmm.{ 1.6875 In.)
Number of slots 8 tnitial dia. 60,23 mm.{ 2.37151in.)
!n]tlal preload 45N,

-~

:5Appl1éd Load Increase in Radius - A T ' Average
Newtons Ar.,pm, . Ar.,pm.
171 9.14  8.12.  7.87 8,12 8.12 7.1 8.12

458 23.36 21.84 20.32 20.06  21.8h4 19.55 = 21.08
781 34,29 . 33,78 32.25 31,75 33.78 ° 30.98 32.76
1027 4L8.51 46.22 4L3.69 43.69 45.47 42.16 44,96
1311 62.48 . 60.19 59.18 - 57.66 58.42 53.8h4 58.67
. - 1595 76.71 . 76.96  76.20 76.71 75.69 72.89 75.84
‘1881 94.99 96.52 . 95.25 88.13 95.25 97.03 94.49 "
2166 - 111.18 113.54 101 09 115.06 108.71 101 60 108.53
-2&17 118.78 126,39 124,60 106.33 124.62 126,14 121,06



'Table,g;ﬁg_

Mandrel dia.60.32 mm.( 2.375in.). Length 48.86mm.{ 1.6875 In.)

Number of slots 10.
Inttial prelcad ~ 45N,

Applied Load
“Newtons

203
373
543
712
882
1052
1222
1392

Mandrel dia. 60.32mm.{ 2.3751in.). Length 48.86 mm.( 1.6875in.)
- 60.26 mm.(2.3725 in.)

Number of

21.33

38.86
58.42
72.389
8§9.15
108.71
122.43
142,49

slots

initlal preload

" Applled Load

Newtons

138
278
416
7556
‘694
B34

25.65 -

48.77
71.62
99.82

119. 88.
142,49

Increase in Radius

20.32
37.59

55.88 .
70,36

386.86
107.19
124,46

142,49 .

Ar.;’Jm.

20,32
38.61
56.39
71.12
§8.90
108.71
124,71
145,29

20.06
- 38.61
56.39
+70.86

8§8.13

107.44
124.71
142,74

. Table §.30.

Initial
5N,

dia.

increase in Radius
Ar.,pm, -

24.38
48.51
72.89
101.09
122,43

146,81

24,38
Lk8.77
73,66
102,36
121.92 .
148,84

22.35
46,73
71.12

99.06 -

120,14

143.26

20.32

37.08
54,36
70.35
84.84

104.90

124,20

144,02

23.62
46.73

74,17

98.30
119.88
146.30

Inftial dia. 60.23mm.( 2.3715 in.)

20,32

37.34
55.88
71.62
86.36

.107.19
124.97
144.02

23,87
49.78
73.41
100.83
119.38
146.56

.Average

. Ar.,pm.

20.45
38.01
56.13

o 71.20

87.33:
107.36
124,21
143,25

Averagé
Ar.,ym.

24,13
48.26
72.89
100.33
120.66

145.79



Mandrel dia.50.80 mm.(

Number of

slots

Inttial preload

Applied Load

Newtons

178
476
L7173
.1081
.1366
1664
" 1960
. 2257

_Mandrel dia. 50,80 mm.{

Number. of

10.40

25.50
42.67
60.45
79.50
100,33

©120.65
142,24

slots

inttial preload

“rAppPied Load

Newtons

136
273
“4Q9
550
1681
.819

~ .955
1092

19.56
38.60
57.91
77.97

96.01.

111,25
127.76
144,27

Table 8.31.

8. Initlal dia. 50.66mm.( 1.9945in.)

45N,

-Increase In Radius
Af.p}”ﬂo

10.66 11,17 10.66

29.97 29,97. - 28.45

64,00 64,77 °62.23
. 83.82 84.58 8§3.31
-105.41 105.92 104.14
126,50 127.00 124.96

Table .:8.32.

11,17

29.97

45,97
65.02

86.36

106.17
127.76
148.60 148.80 1u46.81 149.60

2in.). Length 48,86 mm.(1,6875 In.)}

-

. .Average

10.92

28,44

43,69

61.72
 80.52
©100.84
123.19
146.30

AT.,}IITI.

10.83
28.70
43.90
63.03
83.48
103.30
124,75
147.06

2 In.). Length 48,86mm.( 1.6875in.)

10 - Initial dia.50.703 mm.( 1.9962in.)

L5N,

Increase in Radius
Ar.,pm.

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

17.02

- 37.59
51.56

65.77
82.55

103,63

129,54 124,21 124,21 122.68
142.75 143,00 143,00 143,00

15,74
36.06

48.26

63.24
91.44
107.44
124.46
142.74

Aﬁerage
Ar.,ym.

17.05
36.83
52.54
6%.26
9l.u4h
107.75
1 125.47
143.12

N



Table 8.33.

'Mandréf‘dia.'so,somh.(-
Number of slots 12, Ini
fnlttal preload

Applied Load
Newtons -

5.2
105
159
212.
766.
© 319
371

20.82
39.88
60.20
81.53
102.36
122,43
142.24

LSN,

-
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2in.). Length 48.86mm.{ 1.6875 in.)

tial dla., 50.596mm, (

Increase in Radius

20.06

38.86
60.45
81.53
101.09
124.21

145.54

Ar.,ym.

60.20
382.04
99,82
121.16

. 20.32
38.86

141.73

19.586
38.86
56.38
©81.28
101.60
118,11
142,24

" Table Ts,;u,

1.992in.)
24,63 20.82
40,13 .38,.86
60.45 60,71
80.77 80.77
101,09 101,09
121,16 - 122,43

151,73

143.26

Average
_Ar. ,Pm.

21.04
39,24
59.73
81.43
101.17
121.58
142,78

~Mandrel dia. 41,275mm.{ 1.6251in.). Length 48.86mm.{ 1.6875in.)
Number of slots
inltial preload

Applied Load

Newtons

53
123
194
263
332
402
473
543
612 -
682
753
822 .
8962
1032

o\

5.8k
16.00
20,65
35.05
 bb, 45
54,61
62.73
70.61
73.15
79.25
97,28
©7115,06
124,97
137.66

3 Initial dia. 41.163am.{ 1.6206in.,)
4S5N. ‘ o :
Increase in Radius .
e Ar.,pm.

8.38 7.87 7.62 7.11 7.87
18.03 17.27 17,27 16,00 17.27
27.17 26,16 25,91 .25.40° 25,91
36.06 35.05 35.56 33.53 34,29
k5.21 45.68- 43.68 43,18 43,68
54.10 51.56 52.57 52.32 5&k.10
66.054 65.27 64.26 - 65.27  G4.00
74.16 75.69 74.16 72.89 75.90
84.58 82.55 B4.58 88.90 8l.28
93.22 97.238 97,28 100.84 100.84

104.90 102.36 .102.36 103.63 103.63
116.33 118.62 122.17 119.89 124,21
125.22 126.49 124.4B 129.54 124,96
138.94%

140,21

144,78

137.92

145,54

5Average
'Ar.,pm.

7.47
16,97
26.03
34,92
44,04
53,08
64.59
74.09

82.51
94,78
102.36
119.38
125.94
140.84
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Table 8,35,

‘Mandrel dia.41,275mm}( 1.6251n. ) -Length us,aqmm.( 1.6875.1n.)
"Number of slots 10, Initlal dia. 41,193mm.{ 1.6218 in.) =
initial preload 45N, o ' . ' ' SRR

‘ Appjled Load . Increase in Radius - "“r“'-.Average

Newtons '  Ar.,pm. L Ar.,pm.
783 16.00 20.32 17.78 . 19.56 21.59  .19.,30 19,35
- 89 27.68 33.02 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 -
7159 54.61 56.38 53.59 55,10 . 58,42 56.6% 55.79
~ 195 68.58 71.88 67.56 -72.39 75.94 - 74,67 71.84
-.229 78.74 34,00 82,29 83.05 86.61 86.36 8§3.51
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

= 335 118.11 125.22 128.78 128.78 132.59 130.30 127.29

. . S ,"

Table 8.36. o0 o T T

"Mandre! dia., 41,275mm.( 1,625 in.). Length 48.86 mm. 1.6875in.)
- ‘Number of slots 12 lnitial dia. 41,099 mm.( 1,6181in.)
Inltial preload 45N, : : S _

* Applied Load lncrease in Radius ) I Average
Newtons Ar.,pm. , - Ar.,ym.

18 10.67  14.22 18,28 18.54 15,74 13,97 15.23

36 24,13 29.21 32.25 31.24 27.95°  30.45 29.20

53 Ll.14 ku.70 49,78 Q3.k3_- L3.68 45.72 L, 74

71 59.94 62.99° 67,06 - 64.77 61.72 64.77 63.54

"89 T Th.42 35.09 87.88 86.61 8§2.80 B4.58 83.56

106 88.13 103.63 107.88 103.88 - 08.29 103.37 100.86

©123 113,53 119.38 124,21 - 123,19 118,11 122,17 120.09
141 118,87 134.11 138,18 140.46 132,08 133,60 132,88 -
159 135,13 151,13 152.15 154.69 143,00 153.16 149.13

\ ) g . T —— -t



Table 8.37.

-

. \Z:
~Mandrel Sleeve dla. 41,26mm. Length.hﬁ.BGmm. Ne., of Slots 1:
Posltion from Top - - Radial Expanﬁion Average Radlal
of Sleeve mm, _ ‘ Fm ' Expanslon pm
1 , 127 127 127 127 127
6 ‘ 126.8 124.3 124,6 125.1 o 125.2 -
11 - 127.3 126.4° 127.2 126.9 126,9
16 12,7 125,.8 - 125.,1 124.6 125.0
21 126.9 125.3 127.3 124.9 125.1
26 125.4 127.3 124.1 127.1 - 125,19
31 126.1 125.8 127.3 128.3 126.9
36 - 124,2 125.8 125.9 : 125.8 ©124.9
41 . ‘ 127.1 127.3 126.3 126.2 “126.7
Table &.38.

Mandre! Sleeve dla. 60.32mm, Length 42.86mm. No. of Slots 1¢
Position from Tap Radial Expansion Average Radial
of Sleeve mm. pm Expansion pm
1l 127 127 127 : 127 127

6 127,.3 127.6 126.8 127.5 127.3
11 g 126.8 125.8 126.3 126.1 126.2
16 125.3 125.1 126,7 126.1 125.8
21 $127.6 126.1 125,9 ‘127.6 126.8
26 ' 127.8 128.2 127.6 127.3 127.7
31 127.6 126.8 125.5 127.1 126.8
36 126.38 124.9 125.8 125.3 125.7
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o

Table 8,39,

as
~Mandrel Sleeve dla. 50.80mm. Length 42,.86mm, No. of Slots 8
Poslitlion from Top - ‘"Radial Expansion Avérage Radial
of Sleeve mm, pm : Expansion Fm
1 127 127 127 127 127

6 124.8 125.3 127.4 127.6 126.3

11 126.9 ‘126.5 125,44 126.3 126.3

16 125.1 126.8 126.4 126.1 ‘ 125.1

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 : 126.5 125.8 126.3 125.5 126.90

i
A}
Table 8,40,
Mandrel Sleeve dla. hl.ZBﬁm. Length 26.98mm, No. of Slots 8
Position from Top Radial Expansion Average Radial
of Sleeve mm, ‘ Fm ‘ - Expansion pm
1 . 127 127 127 127 127

6 126,5  127.3 126.9 125,1 126.5

11 126.8 125.8 127.3 124,9 126.8

16 -127.8 | 127.3 124.1 127.3 126.56

21 125.3  124.7 127.1 128.3 126.3

26 127.3 124.3 127.3 126.5 126.3
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L
Table 8.41.
- , ]

‘Mandrel Sleeve dia. 50.80mm, " Length 26.98mm. ‘No. of Slots 1¢
- Positlon from Top . Radial Expansion -Average Radlal
of Sleeve mm, . pm : : Expansion rm
1 127 127 127 127 | 127

6 126.8 127.1 125,1 126.5 - "126.4 -
11 126.% 126.8 127.4 127.3 127.0
16 - o 124.6 127.3 127.1 128.2 126.8
21 ' 126.8 126.9 125.8 127.2 - 126.6
.26 : o 127.3 - 124.6 12,2 125.4% 125.3
Table 8.42,

Mandrel Sleeve dla., 60.32am, Length 26.98mm, No. of Slots 17
" Position from Top Radial Expansion Average Radlal
of Sleeve mm, pm Expansion pm
1 127 127 - 127 127 127
6 "127.3 126.1 126.7 127.6 127.0
11 125.8 125.3 125.3 126.8 126.0
16 125.8 127.7 125.5 127.1 126.8
21 127.5 128.5 126.1 127.3 ©127.3

26 126.1 126.5 126.8 125.8 126.3
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" Table 8.43,

Mandrel dia. 60.32mm, ' Length 42,86mm, No. of Slots 8,
Applied Load Strain Reading Average Strain  Load Betweeh
' N pe pe Tapers N
500 L - 5 5 4 5 5.6 230 _
1000 g 9 10 10 9 9.4 - 460 B
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 8.4u, T
» Mandrel dla. 60.32mm. Length 42.86mm. No. of Slots 10, -
Appllied Load Strain Reading Average Straln Load Between
N pe ye . 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 1.4 . 570
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‘Table 8.45,

Mandrel dia. 60.32mm. Length 42.86mm.  No. of Slots 12..
Applfed Load Straln Readling Average Strain Load Between
N e pe Tapers N
200 1 1 1. 1 1 1.0 60
400 3 b L 3 3 3.4 180
600 6 5 5 5 6 S.h 270
. 300 8 8 7 7 8 7.6 370
. ?
Table 8,46, - o
Mandrel dla. 50.80mm, Length L2,86mm. No., of Slots 10, -~
Applied Ldad o Strain Reading Average Strain Load Between
N He pe Tapers N
250 2 3 3 2 3 2.6 120
500 5 5 5 4 b 4.6 230
750 7 7 7 7 8 _7.2 360
1000 10 ] 10 9 9 9.4 470
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Table 8.u47.
Mandrel dia. 50,80mm. Length 42,86mm, No. of Stots 12
Applled Load Strain Readlng ‘Aversge Straln Load Between
N . _ pe ‘ ‘ Fé Tapers N
100 1 1 1. 1 1 1.0 50
200 1l 2 2 2 1 1.6 . 80
300 1 2 2 2 2 1.8 105
LQoo ] 3 b 13 4 ‘3.6 175
Table 8.48.
Mandrel dia, 50.80mm. - Length 42,86mm. No. of Slots 8
Applled Load Strain Reading Average Strain Load Retween
' N pe A pe g ' Taper-s N
500 . 4 5 5 5 4 5.6 230
1000 10 i0 9 10 11 10.0 - 500
1500 15 1k 15 15 15 14,8 720
2000 20 20 19 20 21 ‘ 20,0 ' ‘ 970



Table 8.49,

Linear Sleeve 1 as per ffgure 2.9.

hkLoad N Extension pm . Average pum
0 0 0 0 0 0 0 o 0 ,
L9 33 30 . 28 30 30 30 - ..30.16
g8 ' 61 58 58 58 56 58 ‘ 58.16
1u7 91 - 90 84 86 81 86 ' 86.33
196 119 117 114 114 109 114 . 114,50
245 147 145 140 142 134 140 151.33
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
Wil 262 259 254 259 239 249 ' 253.66
430 290 287 . 282 287 264 274 280.66

539 320 315 310 315 290 300 | 308.33

tazie .54,

Linear Sleeve 2 as per figure 2,9.

Load N - _Extension pm | © Average pm
0 0 o 0 0 0 o 0
b9 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 o244 269 241 231 246 249 .. 246,66

Table 8,51,

-~

Linear Sleeaeve 3',as per fligure 2.9.

Load N Extension pm .. Average pum
0 0 0 0 0 0 0 0

49 25 25 28 25 . 23 23 - 24 .83

98 51 51 L8 51 k6 4o 49.00
147 76 76 71 74 69 ' 69 72.50

. 196 102 102 97  97._ 91 94 97.16
245 ST 127 127 122 122 114 117 121.50
294 : 152 150 145 145 137 142 145.16°

- 343 178 175 1638 168 150 165 169.00
. 392 203 198 191 193 183 ‘188 192,66
hil 223 221 213 216 208 213 213,36
490 249 246 236 238 231 236 - . - 239.33

539 269 269 258 261 254 259 261.83
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‘Table 8.52.

~Trial Interface Pressure Rig.

-

'TranSducer'Element No,1lh,

Mandrel Sleeve dia. 60.32mm.
Load N 626 1873
Straln pe 16 ' 41

Mandrel Sleeve dia. 60.32mm;vftu

roan f\ oliid - X873
Stra{n pe 13 hy
Mandrel Sleeve dita. 60.32mm.

Load N 626 1873
Strain je 17 41

Length b42.86mm.

3120
60

13

?

“ Length 42.86mm.

3120
62

Length 42.86mm,

3120

56

No. of Slots 8

4369
74

No. of Slots 1C

y2g

-4 N
vy

No. of Slots 12

4369
66
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Table 8,53,

‘Interface Pressure Results

} \
TMandrel dia. 60.32mm. " Length 26.98mm. No. of Slots 8.
\ :

"Apblied Load Average Element Strain pe
,ﬁ Element No, 6 - b
626 | 2y 28 3y
1247 : ] 58 69
1873 ' 68 . 81 - 97
2495 84 101 7 120
3120 ' | | 98 118 140
3752 , 110 134 160
4369 . 121 147 : 175
4995 g 132 ;160 191
5616 - : . 142 172 206
6243 155 186 224

Table 8.54, _ .
Interface Pressure Results 7
Mandrel dia. 60.32mm. Length 26.98mm. . No. of Slots 10.

Applled Load . Average Element Strain pe
N _ Element No. 6 _ 5 ... h
626 : 25 30 37
1247 . 48 57. ‘ 69
1873 67 81 97
2495 8y 101 120
3120 98 118 - 139
3752. . 121 141 ‘ 175
L369 ‘ : ) 125 149 . 180
\ 4995 131 156 _ 139
5616 148 177 _ 212

6243 157 1385 225



Table 8.55.

\Jnterface Pressure Results

Mandrel dia. 5§0.32mm..

Applled Load
- UN

626
1247
1873
2595
3120
3752
4369
4995 -
5616
6243

ftiement N

Length 26.98mm,

27

49
67
81
94
104
114
122
129
158

- Table B.56,

Interface Pressure Results

Mandrel dfa. 60.32mm,

. Applied Load
'N

626

1247

1873

2495
3120 -

3752

4369

4995

5616

N 6243

Element No. 16

12
24
32
43
49
55
61
68

72

78

Length 42,.86mm.

15

15
29
39
43
57
64
712
79
85
.91

5.

30
52
79
96

112

120
135
‘146

156

163 .

. Average Element Straln
: ‘ 1y

15
29
40
49
59
67
74
82
28
95

. Average Element Strain
0. 6 '

No. of

No. of Slots 12

79

He
oy
40
73
956
117
134
151
163
175
182
199
Slots 8
S pe
13 F 12
19 1y
26 28
35 37
L3 47
52 56
59 85
65 71
72
77 gL
83 92



Interface Pressure Results
—

Mandrel dia,

Applied Load
oA
626

1247
1873
2495
3120
3752
4369
4995 -
' 5616
6243

Interface Pressure Results

60.32mm,

Element No.

. Mandrel dia. 60.,32mm.

Applied Load
N

626

1247
1873
2495
3120
3752
4369
5995
5616

. 6243

Element No.

Table 8,57,

Length 42,86mm.

16

12

25
37
&5
52
59

. 63

67
71
75

Table 8.58.

Length 42.86mm.

16

13
24
33
39
W4
49
52
56
58
62

«V0

No. of Slots 10

Average Element Straln

15

15
29
k3
53
61
68
74
79
83
81/

-1y

14
31
Ly
5%
63
70
.76
‘81
86

91

13

15
26
39
L8
56
61
66
71
75

78 -

pe

82

12

13
28
L3
53
61
68
73
78

87

No.of Slots 12

Average Element Strain

15

16
29

38

46

52

57

62

66

68
12

14

16
30
39
47
S5k
58
63
67
70
74

13

1k
26
34
41
47
51
56
60
61
66

He

12

17 .

28
38
L5
51
56
60
65
67
73



Table 8.59,

Interface Pressure Results
-

Mandrel dia. 50.80mm, Length 42,.86mm. No. of Slots 8
Appllied Load Average Element Strain pe
- 'N Element No., 7 8 -9 . 10 . 11
313 o 7 9 7 9 6
626 C 13 18 .14 . n?lﬁ - 12
934 ' 18 - 24 20 22 15
1247 21 - 28 23 : 27 18
1561 , 25 3 27 32 22
1873 . 26 35 29 : Iy 23
2181 - 28 3¢ - 32 - 37 25
2495 Y. 30 42 3y 39 26
2808 . 32 45 36 L? 28
5121 53 47 ‘58 4y 29
Table 8.60

Interface Pressure Results .

Mandrel dla. 50,80mm. Length L42.86mm. No. of

Applled Load . Average Element Strain

N Element No. 7 8 9 10
313 . 7 10 7 9
626 11 15 o1 15
a34 . 16 22 17 20
1247 ' 19 27 21 25
1561 23 31 25 30
1873 25 35 28 33
2181 : 27 38 30 36
2495 - 28 4o 31 . 38
2808 - 30 . 43 34 %]

3121 ' 31 43 34 50

——

Slots 10

He

11

14
17
21
22
24
25
26

27



Table 8,60,

interface Pressure Results

Mandrel dia. 50,80mm. Length 42.86mm. No. of Slots 12
Applled Load Average Element Straln 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 g 20 30 23 - 28 18
1997 ' 23 35 . 26 . 33 .20
2309 25 38 28 36 . 22
2621 28 42 31 39 24

2934 30 45 33 52 27

Table 8.61.

interface Pressure Results

Mandrel dia. 41,28mm, Length 26.98mm. No. of Slots 8
Applied Load ) . Average Element Straln pe
N . 7777 "Element No. 3 2 1
313 . | 16 13 18
626 27 .22 30
934 , : | 3y 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



Table 8.62.

. 1 .
™Interface Pressure Results

‘Mandrel dia. 41,28mm. Length 26.98mm. No. of. Slots 10

Applled Load Average Element. Straln pe
N

. Element No. 3 2 1
313 - ' _ _ 18 -1 .20
. 626 : 28 22 - 30
934 ' ) . - 35 28 -39
1247 ’ . ‘ 42 - 33 L6
1561 L7 38 52
1873 : 51 42 57
2181 55 45 60
2495 ' 57 b7 63

«0Ud .95 ) GO

Table 8.63.

Interface Pressure Results

Mandrel dia, 41.28mm. Length 26.98mm, Mo. of Slots 12
Applied 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 L7
1561 , 50 . 39 53
1873 : 52 k1 S8
2181 ' ' 57 ° 44 62
24495 ' 63 L8 68

2808 , 67 51 71



83 . ¢ . !Scrap-Pad' Computer Program for the

" Calculation of the Axial Load to Produce a Diametral

. Expanslion of 254 um

Program.
Program Operation Program  Operation Program QOperatlio:
Step Key Step ' Key Step Key
1 s/s 26 4 51 Co%
2 St 27 * 52 - Re
3 2 , 28 S/S ' . 53 2
b aX 29 * 5L %
-] 3 30 Re : 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
: ii 30 b1 5/8
' 12 L, i g -V 875 g2 b
13 EXP . 38 1 63 =
1y 12 39 = . 6L +
15 40 + 65 Rc
16 5/S 41 Re¢ 66 9
17 1 42 9 67 =
18 = 43 = 68 1/X
19 . St ‘ b4 St 69 *
20 9 45 g - 70 .309
21 Re L6 Re 71 EXP
22 1 47 1 72 -
23 ® L8 * 73 &
24 S/S - 49 Re 74 =
25 St 50 11

75 s/s

Execution of Program.

Step Operation Step Operatlon
1 Press S/S 10 "Enter value lgg
2 Enter value 1 11 Press S/S
3 Press S/S 12 Enter value lgq
b Enter value N 13 Press S/S
5 ~Press S/S 14 Enter value lesy
6 Enter value | 15 : Press S/S
N7 _ Press S/S m—-. 16 Enter value lggq,
g_ Enter value L% 17 Press S/S Answer

Press S/S Wa displayed,
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Bl o Calculated Loading Data based upon the

Maximum Load used in the interface Pressure Experiments

——

8.4.1. Calculation-of the Torque Required in Thread Loading

to Produgce the Maximum Experimental Load used

It is useful th have some comparison between the maximum

load used in the Interface pressure experimentét!on and that
which might be effected by a workman using a wrench to tighten
the nut on the arbor. |

The standard formula.for thé torque'required to produce an

axial load by a screwthread against the load is gliven iﬁ (63)

- as
T = Wr, [tanX+ plcos@, |+ pe or.
l-p tanot/cos&
Where T = torque reguired to turn screw.or nut
. rm = radius of the pitch circle
- W =load
rc = effective radius of rubbing surface against which load
bears, called collar radlius ' '
v P = coefficlient of friction
pe =-coefficlient of frié¢tion .for collar
“tan <. = screwthread lead
2N r T
O, = helix angle of thread

From (63) typical values of p and p. are .15 and .3 respectively.

Screwthread details,

Outside diameter - 25.4mm. (1 in.,)
Tread form: American Threads, Uplfied. National-Fine,

Root dfa. - 22.80tmm. (.8978in.)

—

- ro - 12.013mm. (.44301n.)

_ Number of threads per inch = 12 (lead = 1/2in., = 2.1166mm.),

CTan.. = 2.1166 = ,0280L
, 2x%x12.013
“re  =0/D/2 = 25.4/2 = 12.7

Bnhn =6 = 30° since the helix angle is so small
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..{American form threads have an included angle of 60o )
for a load of 5500N (12361bf), the maximum applied to the

\k0.32mm. mandrels.

T = 655001 12.013 .028+(.15/,866) +’(.3 x 12.7)
' 1-{.028x,15)/.866

= 34,48 N-m

For a 230mm(9in.,) spanner the load required to produce the above

torque is 150N (33.71bf).

8§.4.2 Diameter of Alr Cylinder Requlred

The compressed air line pressure available in most
. _workshops _is_of_the_order of_.689 MN/m2_(1001bf/in%), the

diameter of an alr cylinder to effect a 5500N .load on the

: T T Load x4
b = fR080 X3
mandrel system is given by D J/alrline pressure x Ty

Substituting values Into the above equation

5500 x 4

.6895 x 108 x7¢

100mm,
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.B.5. ._Strain Gaupges

The‘use of strain gauges in this project was to allow
~transducers of simple design to be manufactured. The traﬁs-
ducers manufactured, proving r{nés etc.,, rely on sgralp
measurement to convert some deformation into information which
is usaple and prgsented in a readable form. It was at nb time
—required-to-make-absoiute strain-measu;ements-tq establish
stress levels etc., in components, even.when direct st?ess
readings were being taken, (e.g. load.ﬁéasu}ement on arbor), a
¥1oad;strain curve was established by calibration,_therefore it
Pz nct folt nzzoo:-

-y o
— -

wamrmmtr Aatrallad afmemar i, alos JLRa
“ [ (SN N . e o . L. -

- - - -~ -
- - - T

t-elther the strain bridge or straln gauge theory.
B The strain gauges used were foll gauge type, gauge factor
. approximately 2.1, manufactured by Tokyo Sokkl Kenkyujﬁ'Co. Ltd,
" "Japan, 'Alfhdugh“fHE"straln gauges*ﬁted“were the temperature
compensated type, the effects of temperagure on strafn readings
was ellmtna;gd fn every application by either.the use of a
ldummy gauge mounted to a strip of 'unstrained material positioned
near and In a simllar 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) suﬁplled'by the'manufactur¢rs‘of the strain

éauges, the standard procedure for mounting strain gauges being

used for every strain gauge application.








