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Equlpment to be used as a teachmg ald in trlbology .

’

has been deSJ.gned and tested. Des.Lgn data, .test results

drawmgs and suggested experlments are prov:.ded for RS

equlpment covering the specific trlbolbgy tOPlCS of frlct.lon,, '

N " ! .
o2y ‘a multlpurpose trlbo-demonstrator whlch can el
T, - \ ' ‘_“ . K - A '_

v be used to - perform dry frlctlon, pure wear’ and/
frettmg tests w:Lth the pJ.n and dn.sc conflguratlon

as well as prov1de :expersqmental-solutlons ~to T

‘Reyndlds“ equat:.on for hydrodynamlc lubrleatlon

u:ung a sec\:tor shaped pad N RS

-

3.‘ an inverted 4 ball lubrlc‘atlon and ball bear.mg o

test rlg “ : L :1 R

\ary.wear, frettlng, hydrodynamlc lubrlcatnon and ball bear.mg. Ty
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1.Q INTRODUCTION

LY

,'»,’)' .
In June, 1971 the National Research Council of

Canada set up an "Associate Committee on Lubrication

(Tribology*) with representatives from industry, the

- universities and government to examine the present Canadlan

51tuatlon regardlng research,‘development, educatlon and

. 1nformat on dlssemlnatlon in the subject and to subsequently

make recommendatlons ‘to the National Research Council and

A survey conducted by the Education Subcommlttee of thlS

group concluded among other thlngs, that:

~

l. The tlme devoted to trlbology instruction in
Canadian universities and technical colleges is at a low

1eve1 as compared w1th 1nst1tutlonal hours made avallable

for the teaching of strength of materials. and other
aspects of design technology. -

2. Tribology laboratory instruction in the majority <of
. |' 7 BN _‘-.‘
universities and technical coLleges is restricted in scope.

. \' . ‘ N )
Canadian .edpcation institutions may, therefore, be

faced with the problems of changing their mechanical

- )
N -

A N

* - Trlbology ags a term comblnlng three related subjects
. of friction wear and lubrlcatlon -

B other instltutlons that are concerned w1th %hese matters."%?
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institutions. §

Y

programs to increase the tribology content, and procuring
equipment for sufficient laboratory backup. The project

described here will ﬁbpefully prove useful to those

H

My enrollment at Memorial University came shortly
after acceptlng a. teaching p051tlon with the College of

Trades and Technology in St, John s, Newfoundland- and

i

'therefore my lnterest 1n trlbology comes from both sources -

.-
student and,lnstructor.- Also, my qraduate superv1sor,.

A - - \
Dr. J M¢lgaard 1s a member of the educatlon Sub-commlttee

on trlbology forﬂthe Natlonal Research Councml of Canada.
Therefore{ it became loglcal that the project I was t0~‘

undertake for my Master‘s-program'should cover both.fields

of endeavour and hence the topic Teachlng Alds in Trlbology
. ThlS report deals flrst with the- objectlves of my
work, analyses—the toplcs for whlch teaching equlpment could
be devised and d13cu$ses some crlterla for such equ1pment:,'
Thls is followed by general descrlptrons of. the items

\
actually designed, de51gn calcuLatlons and the detalls of

some trial runs wlth=the completed equlpment. An~analy51s

- -

of the'rssults with reSpeCt to cost and performahce is éiven
as well as a dlscu531on COVering the total pro;ect area.
The flnal sectlon of the report contalns draft manuals for

.
-

each 1te§.

«
<

ATtk pben e

O S
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. 1 .
.pOSSlble to encourage the teaohlng of trlbology and probldeg;' o

. comes from -the same Natlonal Research Councll @ubllcatlon E“fff SOR

: ‘4 . ‘
some of the desrgns glven here Wlll be useful. e Lt

ge51gning nev-equlpment in;;nstances where suitable ”ﬁ;:' s

WakTd w

'\l‘ .
. N 3
2 .}
. ' ;
2.0 ‘ GENERAL OBJECTIVES 8 , %
The overall project obJectlve was to prepare ;

-

laboratory course experlments and- equlpment whlch could be
used in conjunctlon w1th a regular undergraduate or

technlcal school course 1n trlbology By dolng thlS, 1t 13.‘ R j~\

caa

a means OfAObtaining some relatlvely low cost tribology ‘xﬁ.“1n“féf"fj—“
L - wx/ . AT ¥ . PO R X

equlqment.lyup ﬂ,;w

.;-."' Lt -
S - .,

Justlficatlon of the usefulness of suéh a progect

‘e . ’ O

mentloned earller. One’ of the recommendatlons llsted was‘?;‘
“The detalls of sultable trlbology experlments should be"

made avallable for the-use of unlver51t1es and technlcal - 'ﬂﬁ '

colleges.z Many of the lnstltutlons whlch responded to thE'A'
. A\ ’

commzttee s. survey noted the lack of sultable equlpment andfi

experlments 1n trrbology Several 1nst1tut10ns hoped to be'fJ('. ﬁ, 7
lntroduclng somé\experlments in the near future and maybe o
! b VAR [N v . \\..-'

Phases of the pr03ect 1ncluded-~ a. llterature search
to find out the tYpes of equlpment presently 1n use around
the world as teachlng alds in trlbology, asse551ng the-”

potent1a1 of these alds, modrfylng exlstlng equlpment -and -

”équipment is not available..f o s T e

- . i § AW
L e BT
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, 3.2 . A Trlbdlogy TOplCS Wthh lend T

0’

themselves to Experlments
i
> s N ’ 4 ‘

’ Of c0urse, w1th1n each tOplC 1tself there is a
. varlety of sub—toplcs whlch deserve concentrateq attentlon
':'and demonstratlons._ A llst of trlbology toplcs ‘which could

e . " :
'yjﬁbeneflt from laboratory relnforcement and demonstratlon is .

'%{?glven below-

.-4-"' ’

.of contact between asperltles

the effect of elastlc vs. p&astlc C

. L . < . K . o

”: AT G ) ;o deformatlon at the contact 901nts on

A,

d e

?;f L ,"jiva generatlon of : frlctlonal heat and flash

S e e :fv$; adhe51oﬁ aadvpartlcle transfer :
. W 5%;;;‘¥ff;yé)f abra51on and the effect of pastlcle elze )
G Dl emgbrasien’ U ro b
L f ; "; o v11) corros1Venwearrand the“cﬁemlstry of 1f‘ 1H
RN :i;. ﬂﬁ. h” 34: . h”corrOSlve Wear debrls ﬁ.‘if::‘:-T "”f'“:’Wf“n'
"t; ‘Yl;f:lu“.f fatlgUe, rolllné contact fallure and '.;.;tlf?ﬂtn‘“
: : A ,—{“ T ~1~T't s
‘% ‘ .spalllngfﬁylg%ﬁ;‘,Z,qu't:g’~1‘gj . 5':*

x). " fretting -

;vx/the mean1qg and implucatlon of real area S )3:"1

Ly S frlctlon »'wj o Coe T e

PP

¥
3
k.
-
e
wr
-
:
Y
’
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.
H
i
. 2

~0 v, corr051on S

2. olling ¢ontact Q,.
i . . .
i) contact area shape : ‘ s ’

"ii) hystersis

iii) various slip mMechanisms . A

- o v C

3. Fluid, lubricatlon

1) pressure dlstrlbution

a:ii)’ effect of attltude angle K

"3iiii mlnlmum fllﬁ thlckness te
S ..,.. ’ : . : Y N -
T dv) generatlon and use of —£ curve | |
B P S

ﬁfi;! Types of bearlng surface (baml and«journal) fallure‘

~K ; P S P o )
ti) ‘overload RS S sg‘"”e o i

iii) lubrlcatloﬁ bfeakdbwﬁ ~and contamination
iv) 1ncorrect ch01ce of materlals

v) misallgnmeﬁt . o ,)-:

N - -

. : e A X N
vii) ,cav1tat10n S T .
Lﬁ: Boundary and Solld lubricatlon A
~.f.g:iii effect of 1ubr1caﬂt chemlstry :
o -
'ii)\ amooth and Stlck Sllp motlon ‘

' Afiiii) formatlon of adsorbed layer

..

"”:'e iv)ﬂ temperature - breakdown of 1ubr1cant ’ o ,“'5

Ty effeét of lamellar sollds on lu‘rlcatlon

ii) fatlgue - R L -

TSI
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,‘sessions dealt w1th laboratory demonstratlons and experlmenta

P egulpment avallable in the Unlted Klngdom may well be 1n\“ .

Y -y A 'n
i el
) 1 .
- ) SRR o &‘ 8
A review of the major solrces of dnformation is
given first, followed by a listing of articlds with the
o A
ot -~ . N

toplcs demonstrated . W . Cot
As a result of a report concernlng educatlon and «
tralnlng in trlbology in the United Klngdom, the Instltute

“of Trlhgiogyp Unlver51ty of Leeds, held a conference on the-

'teachlng of trlbology. The’ conference reportr7 1s an

excelient resource for persons teachlng trlbology The list.}# ; ,

N

,of contrlbutors 1s in 1tse1$ 1mpress1ve. One of the ;L.ﬂ‘

trlbology, and the equlpment mentloned‘lnoludes a 4—ball

:machlne, transparent thrust and step bearlng models, Journal‘ o

' bearlng machlnes, a rolllngﬂelement bearlng-testlng machlne,: ,_'. «r,l,

f(%\“

.or

a1r bearlng demonstratlon apparatus, 1mpact,fat1gue apparatus,
. ‘l\\_
elastohydrodynamlc demonstratlon fiodel and a, tlltlng-pad o
~
hydrodynamlc rlg.4 A more comprehensiVe rev1ew of laboratory

h

-,
'order.'- S : "‘_'5 - ;; . (.q, :
, ; ) , i , . L , ‘
Slnce then, our own Natlonah Research Coun011 formed

. R N

the Assoc1ate Commlttee on Tribology w1th 1ts OWn educatlon Ty

Asubcommlttee. Ih 1973 At publlshed a reportlaof a sgivey
»
of tr1bolog1ca1 1nvolvement~3n Canadran educatlon B

'LGstltutlons.@ Part II )pf the same report 115ts suggested

.1' R

-courses in trlbology for trades, technlcal and 5pec1a11ty«.,,~
"‘u.; \ :

.¢-’

30'
(graduate) courses.. Two other publlcatlons ' onq,NRC are

i _j\'nu el e ‘ﬁ\ ~::

oty




POPRRORE o

P .
P

. 2
4 b

idesicned“to aid tribologists. ~The flrstlrs a. llSt of

practlcal artlcles from trlboloqy perlodlcals and the second ", g

. l." A I
T - . is a gulde to ;nformation sourcas ‘on tr;bology. ' The
. artlclés cover. the 1nformatlon avallable guite well I ;‘
v : 3
: - 2
(1nc1ud1ng a llstlng of trlbology fllms) and readers are 3{

- "
M“,referretho these for 1lStS of prlmary and secondary sources:h

. ,‘. i . 1{," 3 . : '. ‘.‘ ’r
S of 1nforﬁ§tlon. Not 1nc1uded, however, are two texts9 43 r,({kl?'

: g’r trlbology whereby the 1nterdlsc: 1nary toplc 1s glven ﬁ"git”
. LT ) ' N e

S

£
— et ot g,

.'lff}y_ #,..fﬁ treatment under a 51ngle cover 1nstead of belng divlded 1nto'

“;ﬂ/':?f 'ﬁf f;, spec1a11ty qons.‘ ThlS lS an ard for the effectlve teachlng'gfgﬁ“

. - ETR
e . . P
et - v o

. "‘.. . . . B H\ S » .
o "7{»\pf such a tOPle~ ::}j;ﬂ(f. T £ :}- e
. . . "—‘ § I‘ v PR -1' [ : s h ‘. '.r"f\_:‘,\\«,: P ZA
- Another uSeful rtem 1s Trlboloqy Pro;ects for ;qu,ﬁ;u,f', S
L !.. Sc@bols lpublrshed by the deﬁ%rtment of Trade and Industry-;,f“}'j~3:1;w)7
‘ in the Unrted Klngdom.“‘The pro;ects vary from very 51mple  ’ A . {f
sl ey t : ~.‘ : : ' .‘ I < '_ ".:"‘;)A
e T — -to 1nvolved thus pr0v1dihg a, good selectlon of ideas for IR K
f trlbology educators?,/"Tw';zix-ﬂ_?l: o '«’¢~»r»~l ": _jW‘i_‘”'iﬁﬁ;Q_
' . . 4 - ’ to \“4 -" ‘.'. ! "" B '. .‘”]. : -
“ I ”‘-- o Kragelsklldevotes . complete chapter (35 pages} of A ,Kgg
o ’ ' hlS text51 to laboratqu “in estlgatrons of frrctlon and ‘ ?h‘ "’.n;i"jif;
B :‘wear 1n whlch he descrlbes Xany of the varlous rlgs and ';: 3i‘";:};‘ffﬁf
f‘ Y methods-used..‘*“ﬂ.fﬁf'frl . £ f B '
3{.;1-_"E“r" il:'-'}:-‘ An attempt was made to contact the educatlonrﬁ IR
;5; &\\commlttee\of ASLE to flnd out 1f any edu&atronal teaching ; e
i e *,ff" . ,
v%; ard§ were available from it, but w1thout success. 4Two of ffﬁ"f:a;~“"
3 S S ; ' O
N A L Lts publlcatlons]3 71 are, hoWever, very valuable sources of ,»
3 T :f»lnformatlon for trrbology téachlng.n,,‘-} K
h:
i
e
N
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Oy unlver51ties and technlcai colleges, thus ellminatlng the ';f

“?used to\reduce\the cost per unlth. “f" 7“¥ﬂxi_i‘(
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4.1 - ' 'General Operational, Criteria
. ‘ '“. o . ' o \‘( - :“_‘.~ L \_‘. .
\ ‘I‘ o . -." T ) . ‘ : . e Lo
‘ The main crlterla used for the de31gns were cost,‘-.‘
o1 . '—" . m ) : R "\_' ) 2 o e

';or materlalL and components for any p;ise‘of

equlpment should not'exceed §800 00 (1378 prlcee)‘ qug

N

several of'thé experlments,,a common frame énd drlve ?r:.e'~ B

[3

T

CommerCLal equlpment avallable fo:muse 1n trlbology ;ffé{fggm‘f”d”

}}n llterature 1s generally used for research and consequéntly

Al ‘s

ftoo elaborate for the purposes here.r The equlpment descrlbed :w§n¢'

1n thls BrOJeCt can be fabrlcafed 1ﬁ\the work shops»of most

"

m nufacturer S‘PrOflb._ Pa;ts Which can be obtalned ea51ly

.cheaply (car parts, etc.)~are uged wherever possrble,

s \,)
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or yséd by students to cénduct laboratdiy experiments. The
experiments in some instances follow the philosophy of
traditional laboratory assignments,_i.e., the belief that by
observing the dependencies of certain variables in ‘the
physical situations, the student is better able to retain

the knéwleage. However, in mahy aspects of tribology, the

Coe \

fundamental thgofy is not eaéily dehonst;ated‘and in those
instances it is felt it is better to demonstrate some
physical dccu;rénce in relation to the materials commonly
encoghtered ih tribo&bgiqal situations. For example, a
séudent better appreciatés wear failure by compariné the
relative wear of materials guch as miid steel, cast ;ron,
aluminum or nylon; or by observing induced failure,%n rolling
elements as a result of lubrication maniPulatiop. ’
It is for thig reason that som& of the experiments

demonstrate. a particular phenomenon by comparing different

-,

materials. in the same situation.

The equipment is designed to be used either by
instructors for démonstration purposes obr- by students during'
regular laboratory periods. The %ength of experiments which
can be perﬁormed is generally limited to a half-day (3 hr)
laboratory session, if possible.~ |

It is not intended tﬁat éhy of the equipment be of
sufficient sophistication for researcﬁ or .commercial use.

At least—éne—experimént has been conducted on each
» . .

-piecé of.eqﬁipment for a test :un and the results,of this

. - o mdy e
- =, T ET s

o T VAt S <

oL
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experiment are given. Other suggested experiments are also

given; and the,userg/may well decide to design experiments

for their own special interests once the equipment has been

.completed. - " s

In instances where improvements in the design are
evident after testing the prot;types, they will be made on
':the drawings or mentipned in the text.
r

8.2 e ‘ Priority of Topics

* f“ . Topics were chosen from ‘the major aspécts of
'trlboiogy whlch could be demonstrated u51ng equlpment whlch L
fulfilled the design crlterla.
. ~Friction, wear and lubrication are of course the
major aséects of tribology and therefore friction was the
first topic investigated. It resulted in two designs -
dedidéted,towards‘the coefficient of friction. The first is
a novel Soéfficient of friction device which provides a kit
"for cémparing tye friction of various materials.! It : ,
. . cbmpleménts thevclassical friction experimenés (seé Sectigh
4.3.1) in that 1t provides instant comparlsons of friction

- “values whereas the others are concerned with pethods of
determlnlng these values. The second deSLgn, part of the
multl-purpose trlbo demonstrator allows more analytlc
anglyszs of friction dprlng the wear process.

-

This led to the use of the same gear for the wear

studies, and by prdperly choosing the configuration the same
- :

ol AL s P S
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basic gear could be used for demonstrating hydrodynamic

lubrication in slider bearings. Hence all three major ﬂég

aspects were covered within the same simple rig, satisfying
the design criteria.

. N P
Because of its compatability with the existing

°
desién, attachments were added to provide a capability for
oscillatery motion for ﬁhelmglti—purpose tribo demonétrétor.

Hyd:odyﬁamié slider %garings,?althoqgh very

%important‘and interesting, are not the most- important pbpic'

1

in lubrication. Lubrlcanh propertles and related element

fatlgue fallure holds the major interest of trlbologlsts

o

Hence more lubrication lnvolvement in the designs was -*

necessary, and a 4-ball failure aﬁd lubricant test rig was

-

developed. : \ fe

Design Units !
i
4,3.1 Novel Coefficient of Friction Device

The first contact most students have with tribology
is their introduction to friction in early. physics courses.
The main concepts learnt at'this time concern forge of

frlctlon, normal force and. coefficient of frlctlon, along f‘

with the laws of statlc and slldlng frlctlon.- Laboratory

expérlments with friction at this stage generally involve

the determination of the coefficient of friction between two

“ materials using a series of friction and normal forece'

PR e

_ _ et s o -
S AT, W ey o e o o
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‘measurements; subsequent graphing of the data and the

determination of y (coefficient ofAfriction) from the slope
of the graph.
The two classical friction’ experiments being

conducted ‘in school laboratories are shown in Figures 1 and

2. These experiments are simple to conduct and\dlso reguire
very little 1aborat6ry equipment or\space. They are good
2 - , - \

intrdductory'experiments and are very necessary to illustrate
the 1mportant facets of elementary frlctiOn technology ‘The

T

dev1ce descrlbed here complements these experiments.
The experiments previously descrlbed are intent on

showing the relationship, f o N, and in'fact give the

1
|

coefficient of static friction. It is. simply described as
the proportionaiity Fonstant and the student is told it
depends on the choice of materials, and that the values for
Qarious pairs of materials can be found in the tables of most

handbooks. The device dESarlbed here can be used to quickly
: b 4 N - | o

generate such a table of values and 1n so 601ng lmpress upon

the student, the 1mportance,of the materlals being used.
. ’ \ o . .
This device 'is unusual among simple devices in that it

provides values for the coefficierit of kinetic frictibn.

no

Many other more elaborate dev;ces are’ descrlbed in

.

the literature for the study of friction and wear and

reference to these is glven in section 4. 3 2 whlch deals

W1th a larger rlg for studing wear.

"‘\"."”—.,». 2 SGcan C b



v

 Figure 1 Inclined Plane Coefficient of Fridtion Determination .

_ Figure 2 Dead Weight Coefficient of Friction Detetmination

PR

- gslider to move and the

The angle is increased
sufficiently to cause the
block to slide. The,

tangent of the angle

required is the coefficient ..
of friction:

4

ive- tan 6=u=_f_
N .

\
o .
b ‘-

ki

Enoﬁg,h weighi:s are - _
suspended ' to cause the:

ratio of the suspended .
weights to the total load - . 3
1is the coefficient of :
friction ' '

1
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The idea and mathematical analysiins.taken from an
artlcle in the Bulletin of Meéchanical Engineering Education
by G. Boothroyd . ‘ " - 4“

Refer to Figure 3. ‘

The horizontal forces acting on the slider (1) as

"-the straight edge (2) is moved relative to the surface L3)

are shown 1n Flgﬁre 3- The frlctlonal force between the '

.

sllder and the surface acts Ain opp051tlon to the dlrection

1,

of . the motlon across the 5prface. Tbls dlrectlon 1s 1nclaned

AU

iat an angle W to the dlrectlon of motlon of the stralghtedge.;f”

:

Thus from Flgure 3 ‘;.,:" '_f' o i f, .

_N_é ui3 W 51n (9 + ¥ ST (l)

F'eu13Wcos (e+qJ) (21 —

’ where'u13 1s the coeff1c1ent of frlctlon betﬁ%sn the

slider and,the surface and W is the'Welghtpof the slider.

?

Né”w\_ul*zeF/N R ) I ‘”..,p,

-

‘Therefore, substltutlon of ' equatlon (l) & (2) in equatlon

e
LIRS "y . ‘ . ‘s

_(3) glves T, f“ B
- ¥y, = cot (8 + ¥) , (4)

EXpandlng and solv1ng for W glves ( f‘; -g'

~ s tan T = 1=y, tane AP ‘}hA_‘
o + tan ) S )

..nlz " U . O

It can be seen that the dlrectlon in :which . the sllder moves
is 1ndependent of both 1ts welght and the coefflclent of”

BN

frlctlon between~the sllder and the sufface.

O 4, o R

e

Sty s







stri’aightedge ’

of frlction.', S ;-

,‘.'nafter a: Specifled amount of fravel of the stralght edge S

' the test materials (c) in the form of a flat bar.~

19

Equation (5) may be used to construct the required

. scalé for a given value of 6. If 0 ‘is 450, a convenient
. b ' 'S o

value when 0 < Hio < 1, equation (5) becomes @
1My,
tan ¥ = 1A+ 12
Hi2

o

\ .

Further, if t:he scale is arranged parallel to the

then the scale is’ l:mear Wlth respect to coeffJ.c1ent

Y
x

,; Therefore, _when the stralght edge (2) 1s moved along
o ’

"the constralnt, the sllder (l) w:Lll move down and J_ts pOSlthI‘l S

(Y

\

-

sllder and the stralght edge and is ;Lndependent of the
- 2

frlctlon between th able and the sl:l.der.
i . \ )

Usmg the foregOLng as a bams, a coeffrc:.ent of -

frlctmn dev1ce was desugned and constructed

The prlmary conslderatlons wene that the test

- spec:unens be eas:.ly changed and -the motlon of the sllder be

L - . . ST K - " KEN o . ‘K
smooth. . ‘&-’ ; . . !
. <y

N Con51der that ln F;Lgure 4 a carrler or trolley (a)
. it

runs 1n51de a tray (b)/mth ralsed sides. The-'51des act as’

gu:l.des for the trollex -On'. the trolley is attached one of

‘A portlon‘ :

of the bottom of the trolley 1s cut away so that the sl:x.der ,.} e

bar may push the sllder (d) ahead of J.t w1thout touchlng the '

«

[ ‘ LN N
A L . P L. \4.
) . “ - O

-
s
<Y

AR

,'depends only on the coefchient of fr:Lctlon between the . T

e e e
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trdlley. The other test material (e) is cut from round

Al

‘- use. Also, plex:.glass makes fabr:.cat:t.on neat and s:.mple

“on osc:,llatory motion) such that a common. frame and drlve

© Frame . . . .00 .. ' W

B of welded J.&f" x 13:" X 1/8" M.S. angle. Two sets of crqss-

.per experimeﬁt and reduces -the space requlrements, in the . ‘ _ )

[\EP/—-"

\

sections and fitted in the slider.. The holes in the slider

dre countersunk to mate with the sPecJ.men and prevent

rotation. A scale is etched on the floor of the tray and

the graduations correspond to coefficient values.
N ) - . .
The device is cohstructed of plexiglass. Mechan‘ical
propertles were of minor 51gn1f1cance and plexxglass was

>

used beca,use the surfaces ‘'will not deterlorate when not in
w1th the flnished product appeallng to the eye CR
4 3.2 Mult:t.purpose Trlbo-demonstrétor o .~ NI S
(Three Exper:.mer?ts) .

cOmmon Camponents S - R

.

Conflguratlons, speeds, etc. are selected' for three_

experlments (sliding wear, hydrodynam1c 1ubr1cat10n and -wear

may be used for these three. This reduces the average cost’ - "

\ . . . R , , R . . . .

laboratory

Refer to Flgure 5 fer the next items,

The structure 15 essentlally ar 20" x 20" x- 9" box frame

e <N

member angles run hor:.zantally through the’ frame, one at" 9" <







i
TR

. maximim moment-l»s glven by oL oo e

. ) . : AN
elevatlon and the other at 4"'ele’vation.‘ These support.a
shaft in bearlngs. Qn top,of this frame is a welded s-upér-‘- ,

structure for var:g.ous attachments. - ; ,

A quiek check sh'ows l&'}_ is sufficient to support

.the load. The only loading of ‘concern is the load from the ’

" hydrodynamic’ assembly - suppcn:t. ' ThlS total load is -

.approx:Lmately 30 lbs- L P . L - : S :-"; . | \ 
B ’j‘ “The load, shear and moment dlagrém .1s gl;len. J.’n ;

Flgure 6 SEL N
" \ A v -A. .o L ... -

For thJ.s statlcally 1ndeterm1nate 51tuat10n, the

i3 o
‘e

: g_ V-‘Mmax'. "'PL'. ' . \:5 ' R - - ’. o L E .
.8 N > L | .
30 1b.' x 20.in. IR \ | s
8 ‘. T, | '

75 1b.=in . : . = S o %m’_

.\.
o

g
5
»
"

Moo 0y
A ’ .

T £95 db.edin. o L o7

i
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Shaft: DeSLgn for Deflectlon- . cL ' S

!

Provuied adequate strength is avallable (whlch w.1ll

be checked afterwards) p shaft end deflectlon is cruc1a1 only

+

cer=

to the h)idrodynamlc rlg.' Here, the deflec‘tlon :Ls llmlted by

. S

the tollerance one can put on the measurement of the fllm
thlckness. Thls w1ll be: llmlted to 0001"‘at the bear:.ng
Pad-\ T X EURTREE

L~

ot

the support. By s:.mple geometry the shaft deflectmn at the

: : 7}000067" (Refer to. Flgure 7) SO

l wa; '*-“aﬁart:" f'rom shaft eooEntrieities (w-h:i."dﬁ will ‘be'*"‘ :

small J.n comparlson), the moment on the end of the ‘,shaft

w:Lll be the max1mum load on the pad,‘ approxlmately\S 1b

(page65) tJ,mes the average dlstance toiit (6") ot -~ . -"\
- L " \ .

'i.'e".- M= 5 1b. x 6" il A

, i . Ty
. ,’ .=30_lb.—in = ‘ . 0::
: . s St ! " ) > .."

(OPEN

e : e e . \\\ ! AP TN . ,. :
P Cons:n.derlng ﬁhe shaf‘l f:l.xed fat the bearing, the, X

.7\

loadlng _19 s:unply a unlform moment even 4" oiagbe’shaft. . TE

B

the shaft cross—sectmn J.s constant, . then the deflectlon isg’

glven \b.y

: :._ The pad lS 6" from the shafb at Iheight of 4" above =

-
,
-
-~
N
"
, .
~
: -
b
s -
.
R

“-r -
[
. .
) e
. .'..'
A -
[ ]
N
/.' »
" ot
-k
N
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_ 32 Mx ¢
7ED3
e (32) (30) (4)°
€+ ¥ = {3y (30) (109)p4 in with M = 30 lb.-in
E = 30x10% 1b/in?
7 /
' ~
. 5o\ ‘fiex107? ,
y -
; *16x1074 ’
.o 6.7x10"> a
, ‘D= 1.25" o v C
‘ : « - N . \
The shaft cross#sectipn is altered around this value
‘ to £it the .other drive components. a
: .“‘ . . e
Shaft Strength’'Check * . " -
A shaft to transmit .5 hp .at 500 rpm via a 2" *
. : 4 * + '-“
timing belt pulley drive is.required.. The pulley is
v ‘~fastened using % sled runner keyway. Commbnly stooked
R .,@' ", ‘ 'u .'. )
" . ‘material for shafting ig plain carbon steel with carbon content
’ . ’ ‘ . v ot
between 0:30 and 0,40 percent. .?.hUse.ﬁhe_mechgnicaI
‘I' Ve s ' o Y
. . broperties of ATSI 1137 which are s, =85 ksi ,
Ceg : . “ . ' . !
§ ' = 50 ks -
£ L v : L By t
f' e Take Sy, ‘= Su/2¢ F‘N4?:5 ksi . s
“F e . . R ‘ ’ :
S ; * Refer to shaft assembly drawing P, 192 for dimensions.
B ‘qum the hp. equation we have: . o S
1 . . _‘ ‘\ a 5 . . o -
\ : _TIN . =o.s. . T .
1 a . N6‘3000 ’ ) ’ -
. . . . . R
:; ‘ N . " " : ' ° v \
:"\- . ’1.8. '_(El-F..rz) (r) _‘N"’-J‘l—‘f -5~,‘ ;C;\ ‘o R -
b ' 1. . ” - ' ) .
i : e 63000 . p
> b- . r -‘ v ]\V rl a ni
LI . ; ~
A - p e B e R e Y o

e

P P
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| (Fy=F,) (1) (500)
63000

-5 - where F; & F, are belt 4ersions

2
r = pulley radius

Assume the bending force to be

F1+F2 f 2(Fl—F2) , (Falre§, 33)

F1+F2 = 126 lbs. - .

Load, shear and moment diaéram is-given in Figﬁre 7.
, . -

\ - .
Maximum bending ﬁoment occurs at B

S v C. c
, P : .
] ¢ - :

My =,126 1b. X 4 in = 504 in-1b.

This will cause an alternating bending stress at B

i.e. S, =Mc =M where 2z is the section modulus °
I Z - .

” WDB/BZ =- 16128 pSi
Vv = ) ' "D ‘
: . 4 ) -y, s ; ; ;
Should get an equivalent stress Sé . kf = stress concentration fécfpr.«
» . Sn = endurance limit 4
S .
. N o ‘. . 8. = yield stress
S =g~ S, + k.S . v 31 »
where € Sy M ; 8 and S, = mean stress .
Since there is no discontinuity at B, kf = 1. . - R
Also the bending var;es'unifofmly, i.e. SMﬁﬁfO .

5. S =8 .= 16128
. LI |
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_Assume steady torque

. .Sas = 0
: = Tc_ T. - + (63) = 1010 i
and S = —= = = = === PS1
MS J Z mD3/16 mp3
(where Z' = polar section modulus)

Must also get an equivalent shear stress, Ses

where 5§ - _
e Sgg =

[t}

Assume S

Sys‘
Noté:‘

Also kfs

\

.Ses =

fi

" Substituting

EHE SMs + k. S, ‘ S L
s fs ns and subscript s denotes shear
ys , 1

.6(42.5) = 25.5. ksi.

.6(50) = 30.0 ksi e,
. . . ‘ . \
These values are similar to those used for

"octahédral shear stress theorya

-

1 ‘ | . ¢

25.5 |, 1010 pngi +
555 =3 psi 1x(0) \

558 psi _ L

these values in the design equation, and

including a size factor .85 (expecting D <.5 in) and surface

" factor .85
. l‘-
N
~ ' v
N =

’
\

G

[N

' 2 N
/- A 16120 \+ (——3—2227;) 1.
MD3 . 85 .x 42500 x .85 "D~ .25500

* ]

-
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At B, D = 1.125 in

SN = m(1.125)3 = 8.5 >
".526

A high factor of safety is expected because of the-

rigorous deflection demand previoﬁsly placed on the shaft.

Bearing Arrangement

The bearing arrangement as‘it now exists, consists

a

of a 51ngle row angular contact ball bearlng above (nearest
the d;sc) a full Journal bearlng ‘Power is supplled be;ow‘

the ] ournal
 This may not.be the best arrangement, but it was ’

\

used for convevlence during testing. . 1.

)

§
aring in place of the Joyrnal. "This did not provide the

The original arrargement used a self allgnlng radlal
£

rigid arrangemént desired./ Howevéfh journal bearings (from
the frettlng arrangement) were avallablé ahd}of the rlght
size. One of these®was used, rep1a01ﬁg the self: alignlng
bearing - Although not entlrely satlsfactofy, this did WOrk
A more sathfactory arrangement, especlally con51der1ng the

hlgh,demand for rigidity would have con51sted of two pure

radial bearings below a pure thrustvbearing;

a3

A\

The bearing designs which follow are for the rig as .

- . \ . L.
it now exists. ’ e '

L& ’ ‘ -
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Journal Bearing Design

For the journal we have low speed and light loads
™

. with negligible temperature rise. This correspofids to ASA

::'4‘. @-}W‘ET:W"“:': DS e Farh A bt —Teeeente s Set

assification‘RC 3 which gives hole and shaft tolerances

b e

espectively as + .0000 @n'
N . + .0005 1 ;
i
and - .0008 in ’

- <0013 1n

The correspondlng shaft flnlSh is approx1mately
125;1RMS ihe. the outsrde llmlts of hlgh grade machlne work.
Because of the type of use for thlS machlne, 1 e. vertlcal -
drlve Wlth very lntermlttent use, 0il would be continually \‘ ;. \'t'
leaklng from an 011 system between experlments and the | |

' addltlon of the 011 feed system would be costly and
cumbersome. Also}_the\machine‘will seldOm run.at the
'S ‘design speed of’sﬁo rpm. Hence it appears the best solution
would be to allow the bearing’tq run in boundary 1ubrication
with the operator giving an application of grease when
necessary. A de51gn requlred for full hydrodynamic

’

lubrlcatlon is nonetheless given below.
\ o
From the class of_f;t, and for central distribution °
A .o “ ' s
of the manufacturing process ' o ' -t

I

€a

L0000+ .0005 - (-20008 -..0013) ‘ ' N
. 2 2 .
\

.0013.in"

\ .- -

S ccl/2 = .00065’,._say .0007 in

». i, ‘ ‘ \\

- now B ATE




N
(¥
b
.
-

3~).

Assume h
.o

&

i.e. | ho/c

='.428

= .428 & L/D = 1, Sommerfeld Ng. S = 413 = UN [

where P = W T e

2xL

32

* -

.0003 in.(.0001 absolute minimum - Faires, 33)

N

For this bearlng p = ” 227 . : 2 '

o . 2(L125) . 125) =180 21 1b/m o
. . "2. \ ’ o J ' ' .
“Ns = SQo_rpm'= 8?3 rps .- e
Cre=L5625%in o -0 Tele R
- . ‘..\ o i . ' ,. o " ‘ ' - - v
C. = .0007‘1n - : o .
- /Thie gives:
| wesgsp [c12
N Fr
. ! ' 2 \
= (.13)(180) . 0007,
8.3 .5625
u %‘4.4x;0f6 reyns. (very light turbine'oil)
Co T T C '

Ball Bearlng Selebtion’ L :" ' -,; , ;1 -' . ;I " \‘ -
<. ‘"\ ThlS bearing must take a comblnatlon of radial and'
:thrust 1oad1ng. An angular contact ball bearing w1ll do
lthis;‘ wlthout any fear of thrust reversal, a single bearlng
. is suff1c1ent. - _' ' ‘ \' ' . . ’

;\ : Slnce the shaft has been selected, thls W1ll

'ifdetermlne the bearing size, but ltS 11fe w1ll have to be
O\ ) < :

FRTSETARRRS SN e
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. belt drlve is used.\ Slnce thlS will be 1n an 01ly

R modern automoblle englnes haVe tlmlng belt dflVes and the

"pulleys were scavenged from a ]unk dealer.

v

0 rlngs are’ used to ellmlnate v1brat10ns, Wthh in this . B

1nstance should not be a problem. Hence a more conventlonal

ot o
S

‘

checked. From SKF technical data, with an I.D.. 1.125 in. we
. [}

A Dt it S

A%
get Bearing_No. 7206 B, I.D. = 1.1811 and basic dynamic

—_

load rating, C, of 3550 lb. _ ‘

Since the radial-load is much greater than the

.
L. -\_‘.;<:_1\,‘., e M

thrust,lthe.eguivalent load, Fe = .P = radial load = 101 1b.

‘ : \
(see Figure 7). ) o . ' : . S

N th.e"lo’ad rat:.o C/5>= Bigg'=' 35 . N

] Checking the design nomogram we .see -this will:

practlcally gLve 1nf1n1te llfe._“ :; '_' L ' 5 g" : f ; i o [

Desmgn l;fe for equlpment 11ke thlS should be around o _,?T’
SdO hrs (Falres) whlch glves C/P 2.5 i.e. C = 253 1b.

However, this would requlre a change in Shaft size.

\

i
Drive

Since the rig is being\designed;to use a motor \ ’ \
which must be available for other'ﬁurposes, it cannot be ) N f S
. ¢ . . .

attached and therefore requires either belt or 0-ring drive.

. .
} ,
R L . Vo
enV1ronment, and sllppage could be a problem a tlmlng belt

drlve was selected Thls lS fortunate 51nce ‘some of the

: - 4 . . . " .
TR TR TR TS TS T ST T



Motor

. b4
both 1nvolve relatlvely mOV1ng surfaces, a device whlch

fproduces frlctlon necessarlly causes wear and could ‘be used

'frlctlon and wear is the type of material comprlslng the

' ' \ : * 0
.such as hardness, shear strgngth, etc;‘and the dependency

\'of frlctlon and wear can be lsolated Yet in deallng w1th

* Silqon‘Controlled Rectifiery

P

34

The rfés arefdriven by a SCR*speed controlleé
1/2 hp - 1750 rpm general purpose motor. The pulley ratio
is 3?5:1 which reduces thé maximum speed to 500 rpm, hhich
is needed for the wear rig, see.page 42, Also from other

calculations, page 47 and page 66 we see the power

requlrements are much less than® 1/2 hp, but it was decided

to purchase a motor w1th potentlal capablllty for any other

pleces of equlpment to be de51gned 1n ﬁhe future,

/ .

Pin'and Disc chhine fpr‘FtiCtion‘and’Wear ' L0

Friction endlﬁeat’arevtho éhenemeha‘ﬁhihhlare
nearly alwaye‘deelt withl%}multaneouely;' In feet the entire .
sciehéé of tribology. deals with'frictioniand wear end thec B
reduction of each.. }et Phere\is no‘knownégeneral fanctional
relationship betweenm friction and wear. Fe;\this reason;

‘e

friction and wear studies should be separated; but, since

to study'elther fr1ct10n‘or wear or both; ' K

Perhaps the most important factor 1nfluenc1ng

sqrfaqesm_ Naturally each materlal has'its own propertles

.'-_1 T

\

a known" englneering materlal the name-seems “to carry morb o

\
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significance than a resume of its properties. Therefore.a

.
R

friction and wear device that allows comparatlve aralysis

with other materials would appear to be most appropriate,

especially at the undergraduate level. Detailed analysis

of the effect of any one particular property is usually

reserved- for. graduate or industrial research since careful
control is required over ail the other properties. It is,
however, poss1ble to have a relatlvely simple deV1ce whlch
does demonstrate some functlonal relatlonshlps. Wlth this
dev1ce, the dependency of wear ‘'on speed, load” ahd type of‘

.

mater;a; w;ll be demonstrateﬁ., Also, 51multaneous '

. measurement of friction can be achieved.

Confiﬁﬁration

When choosing a test rig for wear studies, choice

of a suitable configuration ‘is the main concern. Some of

these confiqurations are shown in Figure 8. \

Many rigst%sing the above configurations are
’ , S C y 2 . .
described in the literature surveyed‘and are,llsted in the

reference*Section. _The most comprehen51ve works are found

; and a catalog publlcatlon by ASLE.l3
~
In hlS text on frlctlon and wear, Kragelskii devotes a

in a text by Kragelsk115

complete chapter to laboratory 1nv%st1gatlog\\of friction

'and wear.‘ ‘He descrlbes the parameters of 1nterest as ‘well
\

as a w1de varlety of rlgs presently in use.f The ASLE 5.

’

'-publlcatlon is’ a catalog of frlctlon and_wear devices

o . o S - - e

W
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- presently being used for testing. The remaining references

are to articles of individual researchers who have described

their equipment in their publication. ' )‘
© ‘ ‘ - In selecting a configuration for the test rig.here,
" several factors were of paramount importance. iFirstly, to
) naintain,the philosophy‘cf\thelseries df experiments, the
test pieces must be readily changed‘and:have a simple' . Y
geornietry so that different materials can be ea511y used. .
Also, the configuration should lend 1tself to adaptations L

al -

t@"‘-' ‘ﬁa. . for- other experiments. The other pieces of equipment with '
- 3

Similar drive and structural reqU1rements are*the hydro—

3

R dynamic and fretting rigs;. The drive and frame was choeen g
;to eatisff all thfee,'anddthe wear configuration most'snited~
to the common requirement wae'the pin and. disc. Using this .
as the basis, the assembly shown in Figure 9‘and»deecribed
below wasidesignedﬁ' The,particular.design decisione'and-
calculationslfollow‘the‘de@criptionf' ”
t ' In Flgure 9, the dlSC (D) is a 10. fn diameter, l/2 in
- T .: . thick mild steel plate w1th an oil trough (T) machined near
' the outslde c1rcumference. A replacggble hardened steel

lining which is. screwed to the plate acts as the disc wear- )

surface (S) The other wear surface,.the pin (P), fits\into.'

i
{
!
£
‘tg‘ ' .v " a holder Wthh slides throﬂgh a hole in the holding bar ®. .
- S . v -
Dead weights (W) arerplaced,on the pin.‘ The holding bar 15 N '

L pinted at.C and held in place by two wires attached to two

fib ) e vertical-oantllevers. Strain gauges (S G. ) are placed on

T
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[

. the cantilevers for friction measurements. The cantﬁlevers,
N N . ) ] . ) . . . i .
,bar and pivot are fixed to a holder which is bolted 'to.the

¢ : CL : o
frame. The}éolder can be moved to give wear at different -
dismeters on the disc. Speéd.is controlled at the SCR

controller and measured. by a-stroboscope'or‘other conveniept

.

rpm mea surement ?évit:e . :
o
Wear measurements are made ‘at spec;fled tlme

1ntervais, and then u51ng the speed and wear’ dlameteg, T "jf'ifff

-

AT cofrelated to the slldlng dlstance.i y' ,Q. T . B i
‘ ’ ; . ! ' s ! . - S ' : ‘lx. o .“«. . ; T e
e L. . .. IR . PRI . . 0

SRR P Loadlng .frﬂ' fj“g ~-"w ,Z m,' :';u4~‘j ¢ " “HT”-*n}:fﬁg" :
}*ffﬁiﬁj. /5“4xﬂ‘f fft'- The slmplest and most accurate type of loadlng ig

~
\ oy

Cof course dlrect dead welght loadlng.‘ Thls requ1red the

:g_. - K . construction of a 51mp1e platform to hold the welghts, bu-iﬁ

Ea L - few problems are 1ntroduced becauée of . thls. It does, : ) {
_ however, ‘limit the 51ze of the loads Wthh can be used to : o ‘?
.. S - v approx1mately 5 lbs. Larger forces would requlre some 7 s ) &4

v 1nd1rect method (levers, screws, hydraullcs etc ) and

) T compllcate the 51tuatlon moré than 1s necessary for o

L ‘ type of experlment. Also the load remalns constant, EVenﬁf, I 31;

. s T R .
.-'-'»\ N L - 1,' \.,, ,
IR \ ’~,; 1f the dlsc 15 not properLy allgned s\nce the welght 'igﬁflj:-_j:*ﬁfﬂ~ir X
. ‘ o . X "‘. . 3 - ) A i . : \ L :;":, " . : 0 B
“Y‘!: - 'T . ”floatS" ’ o ' - ; ) e ‘ ‘

3 g . (- 4

3 - . L ST e .0 T

b0 speed Ty T v L h el e

i .,‘ . ’ i ) . - : . )‘. B ‘-- ) 4~'. . - _;. REEE .r‘. . (~;.t_.n

S The machlne should be ahle to produce measurable\

fl'. “giﬁ_”{‘~' wear\on an\average test pln in a short perxod of tlme, say

(ﬁ” v --'-f l to 30 mln. The total wear*over that perxod of tlme should
v L ) e -3 ':.
= i e s et e e




‘ 41
‘ Using .0l in. as the minimum wear length to be

resolved, (l/iZ‘S " being the resolution of an ordinary vernier
caliper) then for 5 wear measurements, the minimum wear
length would be .05 in. A su‘itable rangle woul(; be from .05
in to .5 in. I‘f one assumes that the length worn away is
.5 in on a .125 in diameter pin, thent . .

v=.785 (.125)% x .5-in °

'= .00613 in’ - .
. and N = 00613 M to achieve th;s//’-
v . 30 KPD
: . Taking 2 lbs, as the design loafl, and with a wear
circle of 8 in::hes'; we °get: ‘ _ R
' \ | ‘N = ,00613 lPM- )
WB x K
o = 4.x. 10 “6p,
For Ahoardened ste;I on hardened steel |
K=1.3x 10 - |
T . éM= T.21 x 10% psi ‘
) <o N = 37000 RPM ) . | s : ’
N - . " For mild steel ) \ N
' .A,K=7x]:0.-34 A \ .

P = 2.6 x 10° psi e -
M Lo . \

-

S. N = 160 RPM
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the specimen.

-

estimate of a suitable speed for this machine.

Kragelskii's data was used for a rough

be sufficied¥ to give a reasonable wear vs time plot for

40

A\

'\'/'\‘

Kragelskii gives the design equation for the amount

of wear as:

v

L

M

EP  yhere V
P

L

K

B

P

M

volume of wear

tength of sliding

wear coefficient

load °

flow preSsufe (hardness).

This.equation is.valid for high load/area contact,

i.e. pin and disc. The X values are givén for sliding

against hardened. tool steel and .the flow pressure is given

for the softest material.

These values were obtained when

the end of a 6mm (.236 in) diameter cylinder was rubbed- against

a ring of 24 mm (.945 in) diameter at a load of 400g (.88 1b).

The wear mode was not mentioned.

For a didc of diameter D in. rotating at a speed of

N rpm we get:

R

L

Substitutipg this into the design equation we get:

‘N =

\

S

=

DN in/min

v PM

—_——

30 TKPD

o

. » for 30 min, L= 30 7DN inches.

S

o
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For 60/40 Brass

K=6x 1042

_ 5
Py% 1.4 x 10° 1b/, 2

. N = 900°RPM

For polyethylene

k #1534 1077

= 3
Py= 2.4 x 10° 1b/, 2

SN = 74000 RPM v

Obviously the extremes ‘are far apa}t, but for softer

¢

. S . ‘ ’ . . ,
materials such as brass, mild steel or aluminum, & design

.speed of 500 rpm would give wear rateg that could easily be

measured during.an afternoon laboratory session. Also with

higher loads, a longer time period and a lesser demand for
. L] »>

wear, other wear rates for harder materials can be obta;ned. °

However, the design speed for this machine will be kept at

- A

500 rpm in order to avoid the high speed problems of

vibrations and safety,requirements. S .

]

/

| . TN
The wearing surface of the disc must be replaceable.
. K - . .\ ' s N
This is accomplished by having a suitable surface screwed
‘to a thicker and permanent plate:. Hardened steel would be

>

preferred for the wear surface, but it could be made of any

material desired by»the.user}u A circular saw blade (Rockwell
C*62)4w§s prepared as'ﬁgll as a'hildﬂStgél'diééf

Ad

PR

i e e g A
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Friction Measurement

Any number of ways are available for measuring

1]

forces including spring balances, counterweights, pressure R
sensors etc. However, for tﬁis experiment, vibration should
be kept to a minimum and unless one wisﬁed to study stick-
slip friction, a reasonably rigid s&stem should be used.
Herg\thiS‘%f acComplis?eQ by transferring the force,to a set

of cantilevers, on which strain gauges are placed to detect

the force. .
N N .

, Cantilever Design:

-

Refer to Figure 10

Neglecting the torsional effect of f, we get:

w

- 2.5x £f=P x 1.5 T I

[ 4

~'But £ = uN where yu = .3 (average)

N = 2 1bs.
y - / A}
. P=2.59x .3 x2
1.5 .
= ] 1lb.

B

If the g§yge.is applied l\iﬂ'below P, we get the moment

It

at the gauge = 1 1b x 1 in =1lin-1b _ :
o \ ‘

Now: . | v
o o = MC ¥
.= MC . .
max T Ny ‘
=y ‘ \ |
and’e = g = MC =M , )
E  EI FEz '
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Figure 10 Friction Force Measurement SyStem
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For a

. h =

If one
output for a 2

voltmeter one

45

I

. 2
rectangular crossxsqsfion Z = bh /
6

6M
Eeh

designs for a wheatstone bridge with a .lmv

V D.C. supply voltage, using a high impédance

gets; referring to Figure 1ll:
~N

Rl N . 3 N «
V. = - v
c R1 + R2 s
since R+ R, =\ comst = 2R - S L
4 » T . ' P ’
AV ='AR . '
. C 1y |
: : - \ '
Similarly for the second path of bridge, and hence we get N ?\\
Av = 2AVC‘= A Rl v . _ . \
8
Rv
i.e. AR=AV
R v,/
s
Now & = (%gi) é vhere G; = strain gauge factor
L3 f
e=4v 1 :
S Vs G v . ‘
. __4 ‘ N
with. AV =1 x 10 V and V,S = 2V & Gf = 2 _ 7
: e=1x10"%=25x10"° ' \ N
2 x 2 : .
If we take the baserf the section 6 = .5 in,'theh
I U )
1 h = ’ 6 xl - “ Y " ’ - ) _
- fToxTo xQleGFex.S 7 .22 ;.g. use'l/4 standafd. :

The strain gauges can be installed on the cantilevers

1 .

b, e LT M
T RN &
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and then calibrated in situ with known forces on the pin.

A

Power 5 R
Hp = ™ where T = torque (in-1b)
63,000 N=rpm .
=1 1lb x 4 in x 500 rpm
63000
= .02 hp

b

This estimate does not include a value for the
‘ N p

bearing and other frictions, the sum of which will clearly
still be small. ' - . . \

e oLy

L)

‘Hydrodynamic Lubrication Rig-Pad’Bearing
.. » N

The primary function of this eq.uipment‘ wlll be to
demonstrate the pressure increase and profile generated in
the plane slider bearing. It will therefore provide an

experim‘ental, quantitative demonsﬂtratioh of the soclution of

Reynolds' equation in the simplified form of:

X Ix]  dylu ] ' 9x

JRAS LR ARNEL

e e ;‘i's_-«-

47
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" in the literature.
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S
where x, y are surface co-ordinates

hix) is\~ theQilm thickness

h =
. ' H = absolute wviscosity

P = pressure

U =

U(x) is ,v@elocity

\

Solutions to the equations for the conditions imposed
by this particular appa:ratus are to be provided in a form
useable by an,_under'graduate- student for the experiments.

Experimentation dealing with hydrodynamic lubrication

. . A . . - i " -
requires some mode of relative motion between:two surfaces

\

forming a \v}e.dge.. -The depéndent variable .is of course the
pressure (or load carfying capacity) generated betﬁeen the
surfaces, Its dependence on "%uch variables as speeci", angle
of incline, minimum film thickness, viscosity (and/or
temperature) and. éurface properties should be demonstrated.
Depjc_anc'iingk oﬁ the extent of the experiment .énd the
variables to he exemplified, various equipment and

techniques--although by nc means plentiful--are described

A

{

If o@ a quantitative demonstration is required,
ribed by Boyd 5 should be sufficient. He

models as de

describes a rather inexpensive and7effeétive way. of 1~

N \

demonstrati-ng the buildup of ,preéssure ‘using transparent
plastics, simply by pushing a tapgred block with holes

drilled into it (the slider) along a lubricated surface and
- . \ :
N




mpmgs
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-method of continuous motion and variable manipulation is

‘may be used (see Figure 13). This makes the work slightly

e . s .
IR N> ST AN
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observing the lubricant rise in the holes (see Figure “12).
This type of mot%on does not, however, provide a means of
continuous obsexvation.

If more quantitative work is required, as should be
the case gt the university and technical school level, a

A

necessary. The most thorough of such work found by the

author is-described by Kettleborough, et al’?’in a 1954

paper. Here, hbwever, the equipment was too detailed' and e

the ‘treatn‘\e{nt too éxtensivé for undergraduate cencern, -but:

more for research effort.. It is nonetheless an excéllent

. reference, -y S L ' \

. .
DOWSOI\23
N

A

refines Boyd' s,s;uantitative- work slightly .
a

) !
by controlling the movement of per spex slider along an

oil bath in a 30 inch trough where oils of various viscosity

more quantitative; yét: the' short duration of am experi_ment
and the _limited c&ontrol of the variables ~rémove ‘this

apparatus from consideration for detailed laboratory
E - . _ /
experimentation. .

’

The .only t}}’pe of equipment c?}ié._co?ered! by the author

with contindous motion speed corntrol and ‘variable" \

manipulation (except for Kéttlebo‘rou:;h's) .was ldike that .
described by Qr. Akers ani? pr. Cameron.'® Both use an
endless belt moving under an inclined pad.
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\ Dr. Akers' equipment (Figure 14) appears to “be

fairly easily reproduced however, it too seems to be

o e

designed for quan'.tiAtative work--especially with respect to °

load carrying ability and pad friction. Measurement of the "

~

pad angle or the pressure profile was not mentioned.

R N S ST e
" ond oo AT

Dr. Cdmeron's rig. (Figure 15) is by far the. most

— mtamam

. versatile, with variable epeed,' infinite tiltl\control& and .
pressure profiie-measuremeng:.- He mak’ea use of an endless
k ‘-‘belt carry:Lng a thln fllm of lubr:.cant and rnov:.ng under a
- stat:l.onary pad. The belt is drlven by a Varlable speed j
- { "motor. . Holes :Ln the pad allow fox: pressure taps from a. - S
manometer stand above the pad to be connected a‘nd the pressure“ -
. - profn.l\e ootalned . The 1n1et and outlet gaps are measured o _f

directly with mn.crometers. ' When accurate film thickr\mess '\-" J

measurements are made good experimental results can be -

e

- cbtained in terx\us, of the two important ‘parameters,.'filr_n

¢

Py ' thickness ratio and velocity. The design does not, however,

AN IR WP

K provide a qulck method for varylng v1sc051ty or of measurlng- )

it

the load (except 'by integration of the pressure prof:.le) T j
\ This piece of equ1pment is not eaea.ly reproduc‘ed,‘ -but is : '
available. commercxally. ‘ . . - S L o

The task therefore is to de31gn and produce, as . S
o \ . A""!.
cheaply as. posmble, a plece of equlpment capable of o

e e e T ST

:mcorporatlng as - many -of the above features as poss1ble—--

N ‘plus others. - e

) .
. ~

.
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s 0il into the manometer tubes (MT) . The\tubes are located to

55

The assembly shown in Figure 16 and described below
was designed. The'particular design decisions and calculations
follow the description and detailed drawings are given in the

appendix. ‘
| In Figure 16, the glass plated diec (DS rotates

under a sector shaped bearing pad (P). The pad is attabhed

to a cross—-member (CM), the inclination of which is adjusted

by fine threaded screws (S) at the ends of the bar. 0il is

fed to the plate surface from a reserv01r (R) ab0ve “the apparatus
and it moves under the pad, the pressure generate@ forces the
glve the pressure proflle throughout the be%rlng. Tﬁe gap ‘
between the plate and the pad is measured w1th common thickness
gauges. The 0il is collected in a trdugh (T) and replaced in
the‘reserv01r.“The assembly is supported by an angular ‘contact
bearing and locatep.by a journal below it. Power is derlved

through a tlmlng belt from a .5 hp motor controlled by an

SCR controller. ,

I - -
Configuration . s ; T 7

1

)

The first step . in‘the design was._to decide on a
partlcular conflguratlon to be used. :Continuous.nmtion with
varlable speed is needed and can be obtalned elther with an
endless belt as uSed by Dr. Akers and Dr. Cameron, or by :
using a rotating disc.. The advantages of the endless belt

are that-stralght line motlon is obtalned and the 51mple

support lends 1tself to very hlgh rlgldltYw. Howeyer, the

. .o - .
, ) B v N
. . . .
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_p0551b1e * The governlng size here is the bearing support

- for very smooth operatlon; On top of the steel plate, a'\

~sheet of 1/4"'plate glass 1s glued to prov1de the 'smooth

surface requlred. : : : A L
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belt is compressible and also does’ not resemble the
situation which may be encountered in industry. If a

rotating disc is used, 'the pad can be sector shapd@} thus

it
resembling actual industrial pad bearings. Also the surface

of the disc can be specified to a very fine tolerance,

- .
used for the disc surface. -Finally, this/ configuration can
\ oo A .

be used for experiments in wear simply by changing the disc

allowing for closer working conditions. ;lass plate can be

¢

to a wear disc sé%fing up a pin and disc experiment. For

these reasons it was decided to use the horizontal, rotating

v

disc'cbnfiguration. Of course, this introduced a slight -

/- : . .
complication in that the motion is curved, but this can be:

tolerated.

Disc

Space being a major consideration in most
laboratories, it was decided to make‘the rig as compact as
.

/

or disc. A size of 1§ ;hch diameter was chosen, with a
th}cknese of 1/2". A pié%e-of g“ x 3" éiametervsolid etoek
was welded to the disc Y;tﬁ ghﬁsegs as shown to-aid in .

: ! ! 2 A
machining and alignment. Also the increasedfinertia allows
\
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'eXperlmenQ.] ThlS was. the reason that.a simpler methob
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Bearing Pad

The main considerations g%{ the pad (apart from its
functional design) are that it be arge enough to accommodate
a sufficient number of holes for thebpressure taps, and tha£
these holes do not interrupt the continuity of the flow.

A sector 2" along the radius and 5" along the outside

circumference was chosen with 9 holes along the mid-

circumferential arc and 5 aléhﬁﬂthe mid radial line. The
inlets to these manhofheter holee are only 1/32" in diameter
and snould not disturb the %low. The'surface:was gronnd
smooth and lands machined underneath to allew'for slightf
iniet preesure buildup and prevent st gving of the\bearing.
A wiper was also attached to Help'di ect the flow unaer the

pad. / /

Pad Attachment and Film Thickness Measurement

L -
When conventional gap meadasuring instruments are used

the apparatus either tends to-bgcome cluttered, or the -

4

gauges themselves-ére often not working properly. ([This

'can be annoylng enough to undermlne the purpose of the

was sought. The ‘solution decided on was to have the pad

clearances measured\w1th th ckness gauges.' Originally it

sized gauge blodks.unden the ;e

{
i
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- conditions. Ca - C ’ : N

drained into another réservoir, to be returned to the

‘original reservoir. In this manner, a Small quantity of oil

supports at each end to eliminate thickness measurements
altogether; however, the infinite control and simple

fabrication of an adjusting screw mechanism led to its

selection. 1In addition, one end of the beam is free so that
i .
it may float if the pressure is high enough. \[If this were
/ .
to happen with the present appara%us the manometer tubes

must be deliberately plugged to avoid losing the o0il at the : .

high pressures invelved in this condition.l This would give '

- .
»

a direct demonstration of measuring of- the load carrying
ability of the oil film. * R '

LY

‘ ' Y .
Pressure Measuring Device

N

The pressure measuring device simply corisists of a

bank of manometer tubes held in a plexiglass rack and
fastened to the cross-member. The height to which the oil

. R . v - i
rises is used to calculate ‘the pressure.

0il ‘Supply System- e ' .

The o0il is fed to the bearing from a reservoir (1/2 4

N

gallon can) placed abave the apparatus. The outlet from the

reservoir has a shut off valve on it. After pasqing

through the bearing the oil is collectéd'in4the'£roggh and ‘ .

\

is being used and can be changed qhickiytf For cglduiation
of the o0il flow rate see the following section on opérating .

oy

. - " : IR A T

Y o .

BRETIL ¥ e bl T L e e ot T DT g A R e A R T




P i AT TV Sy
: : A

. —
The frame, running mechanism-amﬁ %otor, etc., is

“  that dealt with earlier.
Oﬁerating Characteristics

Solutions for sector shaped pads can be approximated:
by those for rectangular pads if slope, speed and pad length
are measured at the averaqe:radius.

From the Standerd Handbook of Lubrication Engineers, Editors

-~ * O'Connor and Boyd we get for a rectangular pad- .

-~ e

il

f =y UB. [G(a—lj(lfxl) X
(

 BP=ulU | . . .
RN h, atl) (a-ax,+x,) 2] o ]
‘and P__:= u U B 1.5 (a~1l)
max — 3 (aF D)
h2 , . .
where | = absolute viscosity
U =

= velocity R —;:>
"B = pad length ' - t

2 exit film tﬂickness

ol
]

inlet £ilm thickness

oy
| ad
" it
o3

'-Pmex can be calculated for a2 given set oiﬁ\peratlng

;

coﬂaltlons, or conversely a.requlred parameter (e g. 5peed)

can be calculated to glve the maxlmum pressure tolerated

. Q-
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for an infinitely long bearing.

o st L i b

' Fuller36 reduces the equation for pressurs

Lo

distribution to

RETEETY

oo Po= EJLHiﬁ_ k where k_ = £ (x,a)
N P P
2 N

Y

e Tt G A,

/ Values of ky in terms of X/ and the slope (he uses

. ) h . . i . ) '

. —— e e

M' = El - 1) are calculated and plotted and a reproduction. |
A : of his values is éiven in Figqure 17. v

‘The use of a finite w1dth lS accounted for by the

T Lt

'A

~use of another factor, no y
6UUBT\ X . . ' . \
\h\ . P ' .

PRAPREPERSTEN 3]

A limited number:of values of N are given by Fuller; .

.- T

[those taken from the experimental work of Kingsbury and

Needs which are applied to total- load] aﬁd'a.QEry limited

humber taken from the work of Michell to be applied to the
. \ .
pressure distrlbutlon. : - !

- A : Interpolatlng for this rlg Erom both sets of data

we get n = ,25. Slnce these values agree s0 well it would
: o R N T
N . . Dbe reasonable t0vassume n = ,25 applled.to the pressure

dlstrxbutlon should grve acceptable results Tor the bearlng

- pad-used here.” Note that these are for inlet fllm thlckness

. . . ey .
. .t equal to tw1ce the- exlt fllm thlckness (1 e. M' = l) and
A therefprexbest.results would‘be obtalned at this ineclination. -

8 . o .
AN . : .o .

v ) \ :

T . ' N [ . ;
-\ B . . \ ~
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; Figure 17 Plot of pressure coefficients
... for, slider bearing
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n is, however, relatively insensitive to M',

: Thus

P=6"yUB (.25 K
2 p
. h,

b

In terms of the RPM, N; the height in the manometer,

H; and the kinematic viscosity v, we have:

U = 7Nr ' : , -
30 , .
K N ‘ .
P=pgH . .. . ' N L
- ' ' and M = vp n
N s . . . oo ’ ’ /
Substituting we get:
- ’ q
2
N = 209 H h,
T vB r K
) \ P
Typical conditions imposed by this rig are:
. H o o =30 in \
h1 = .020 in
! h, = .010 in ) A
2 .
Mooo=hhy o g2-.01 = L0026
‘ B T 3.82. :
- . M' = 1 which givés K. = .042
4( \ . pmax . ] - .
~ 3 B = 3.82 in
. 'L = 2.00.in
\ e ”:-' . ' Y
xr - =6.00 in. °
‘ ) . A
‘w,;'.“' - ) >,~. ; . '
- : NI N )
e - } \\ N .
. - . ’ ..‘\ -
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|
If SAE 30 0il is used v=355 cs @ 20°C

= 3.55 cM% x 1 5 in?
sec 2.54 CM~<
= .55 ini
secC
Then:
N = 20x32x30x (.01) 2x12
Tx.55x3.82x%x.042x%x6
N = 14 RPM
If SAE 10 were used y = 80 cs = 34 inz/ R
. C : . . sec
Then: . : .
. Va ) ! '- . v

1]

N = 62 RPM
| Tﬁ%ée are representatf%é opérgting speeds and at
thése speeds a stop watch is all that is necessary for
meashrihg.R.P.M. simply be counting\the number of revolutions
for a specified time interval. |
Other operating gpndiéions then become ' (still usiné

SAE 10 oil): N s

Loadfcaéacigx ‘ >

=uvL an? . \2(a-1)]"
W = U gA(a 1) Cw where Cw - 6 ) [lna - _E?T_%,
o M ' ) . (a=1) < :

o - A
¢, = 1512 [m . zj_z__>]

W (2- 2+1 -

158
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U = p v \

= .9 x .'8‘pois'e x 1.45 x 1073 reyN/poise

=1.04 x 107° reyN [ lb-sec )

' £r2
i.e.W =1.04 x 107° x (1x 1% 6) x 2 (2-1)2(.158)
" (.0026) 2
= 18.3 lbs.
\
4

To include‘the effect of 91,de leakage _ ) ‘ '

W =118, 3ﬁx .25 1lh. |

» { \" 4 . / ‘
. W=4.6 lbs.g; _
oo ) ""':';"._‘ R ol s

fsing equation f‘rdn\"‘Ful‘ie'r

'ﬁ =6pn U B21=n kp where n = .25
by k.= .0261 '
: ‘ P

) =6 x 1. S5 x2 w1x6x (3.82)% x 2 x .25 x .0261
, 1 on? ¥, ' |
= 4.5 lbs. '

. Chs
o where.K = 773

R F—uLB\hzfo

= 1.04x 107 x Y. 82 x 2 x 21 x 1 x 6 x .773
0L ; :
\f\‘ »
= .23 1lbs. = . _ o
‘ RN A ST
) . ”\Q

Y’”i" o St Ty A
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Wear -~ Fretting . '

Fretting is a speclal type of wear between two

—

surfaces caused by a slight eyclic motlo of One surface

\
over thé other. ' It is perhaps not given enough attention
. ', . \- : ‘ﬁ o‘ -
in literature; however, it is a very important type of wear
4 . ) . . '
phenomenon. It manifests itself oftenton non—operating,
. \

but loaded bearlngs where the bearlng enV1ronﬂbnt may bE{
\

mov1ng. Also, w1th1n machlnesmbplplngs and/or llnhﬂges are ‘
often run close to each other, ‘and Subsequent operatlons h
ii: brlno theh ;nncontact Then, pump or‘hotor\operatlons.could
. e3511y start a cycllc mOVement between the surfaces\and .

causé frettlng.' Loose bolts on operatlng machlnerg‘are also

S

subject to frettlng.., " “ﬁngj*, L I

' PR Lt .
L'

A fretting experlment\was chosen for thxs serles-?;,

3

for two reasons. Flrst,\lt exposes students to anotherA.
1mportant aspect of wear and secondly 1t 15 easy to adapb'

, the exper;ment to the qulpment requ;red for the other
'l,/ =3 , e N ',..“ 4 V- r“

' experlments' , } NP _-\i e -
Frettlng 15 con31dered to be -an oscxllatory motlon

o

e .

of very small amplltude. The osc;llatory motLOn produced-
"1 -
i 1n thls dev1ce has a somewhat 1arger amplltude, but ould

AN NN ' 1
o nevertheless be of Lnterest in lnstructlon,‘prOV1ded the \

'\ are much 1arger‘than the‘bsc111at10nraMplitude.\

. dlmen51ons of the contact area between the test spec1mens Ce N
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‘Power

P=FU

W

23 x 21 x 1 X 6 i
12 %7550 : .

\ -

"

.0013 h
N P ’ - 7 1

Runiing power  is negligible, but ‘much higher'hp is
needed for starting. ‘
Flow Rate o A o .
.- Q=BLWU. C.. whereC.'= a =2
= 3.82 x 2.x 27 X1 X 6'X..0026  ,
IR - . L1 N B . &
A o o 3 / \ <
\ A = - -
. _ . _.1 3 a,.., N
.5 l? /sec
* 1 gallon every-10 minutes e . "
Thus to allow for extra flow which does not pass
through the bearing we need gpproximately ¥ gallon evéry 5

to 10 minutes. . - -
» The témperatgre'rise fdr”the power 1ossxpreyiously

"

calculated is obyiquly negiigiﬁie.: R T n {;ﬁ

N . '4.~ - L

RN
K
- .
e
* ’ [N
- > L8 =
- - ¥
LN
-
¢ o
A -
e, Y
’ 4 ’
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. . . ‘With an eccentr101ty of

. 68
b : The pin and disc apparatus is used with a few
additions. .
K Refér~to Figure’18. _ ) '

A second shaft (S) parallel t6 the main shaft is,

@
fitted to the frame “and supported.by two thrust collars (C)

It is.driven from a tlmlng pulley (P) on lts_

at the frame.

lower end An eccentric (E) is fixed‘to thé upper emd. A

¢ o
follower (F) is rigidly attached to the ‘maln shaft and as:

+

the second shaft rotates, the-wear disc vibrates. A retur

~ . spring (RS) is attached to the disc and fastened to the

frame. An angle clip (AC) is bolted to either side of .the

holding bar to prevent any motion of the test pin dur@né

testing.

.
ConSLderatlons for the design atre essentlally

o1

. : geomedric. No design data is avallable for such experlments,

. . ‘as far as the ‘amount of wear is concerned in a fretting ‘ o
“51tuatlon so 1n1t1a11y the main concern 15 to get two

ffetting surfaces which can be analyseﬁ Frettlng wear

rates, mode and debrls ‘can then he analysed in 51tuatlons

o

- .of partlcular 1nterest to any experlmenter.
125 in and varlable 1

.

p031t10n1ng of the wear pln. frettmng amplltude can be

'varled frOm approximately 02“ to .125"

¢

the number of cycles. Vib;atl'if
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f ‘necessary, at some multiple of usual pump .and motor speed, _%

) . . o\ .‘j
i.e. 1750 rpm._ In this way, wear (and failure) can be &
- b . 1 . 2 4 :1.‘%

" : related directly to time. #

“2 4.3.3 . Fatlure Appafatusx— Four Ball Machine .o %

: , 1 ; - i

J : .~ + Failure ,of rolling elements, both ball and roller,

Gl 1l byt

is' a phenomenon which all mechanical engineers, techniFians,
. ' . S ‘ N . |
g ] . ,. and tradesmen must learn to live with. Repeated operations

] . f R . '

& even under perfect conditions Yill eventually lead to fatigue
failure. However, few bearinés die what may be called a

"natural" ‘death. Operating conditions such as-load and speed

et . N

o J i —

‘ coupled with énvironmental conditions of lubricant viscosity
\ .

- (temperature}, ehemistry, cleanliness and,appropriaﬁeness‘,

SR N IO AR

-

determlne “how long a bearlng can functlon. A test rig is A'e '

‘o,

therefore desxred to show the 1nf1uence of these parameters

v ) AN

on rolllng element fallure. ',-. o . S

g
'

f Slnce most of tﬁe parameters mentloned above ‘are

V. qyalltatlve, or-at least the1n.1’pendenc1es are- not clearly

CoL s known quantltatlvely,\then -a test‘rlg,to produée accelerated

>

fallures w1th\reasonab1e control over—the varlables 1s

oy b e w .

de51red so that a student may observe fallures caused by f.; “f”

\.~. + ~_ R XA - = o t‘\

varlous sets of condltlons."

EURN . R
'G' g '-., ;

unsatls—

anE R
PR R SITST AR
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To perform failure tests on ball and roller bearing

elements, experimenters are free to design rigs -which use

& <

actual com@ercially available bearings or they may make their
‘ . N

own configurations. Test rigs using actual bearings are

typically designed to show\frlction characteristics of the;
‘bearings, and using such a rig as a’ failure machine would
“1imi€ the tester'tormanufaoturer's &imensioning and egeice

‘of materials.

would have to be removed from the case before exam}natipnm

Also, after failure has -occurred the elements
In order to increase the versatility of the

‘equipment so that more experiments can be performed.:
s . lu " . .

.1% experimenters:use free~rolling elements. The most popular of
g X | such equlpment descrlbed throughout the literature is the

fi%; ; gpdern1f0ur ball wear tester, or'some varlatlon oﬁ it. Its
?\. : basrc form lS a. pyramld of balls as shown in Flgure '19.. e

|}

]

~ B

”upper ball: 1s nested 1nto and dr1Ven on three lower balls.‘

'The lower three run 1n a hardened race and
,constralned ‘in some ﬁanner, such as by the

materlal spacers

.1.

. user and alsgo states that there are” approxlmately 400 such .

N P

addition of .cage

Oof course, the conmlete assembly is;

-.,...éé?%mlle_dj L

- LR s
'

quotes Boerlage 1n 1933 as the orlglnal

encapsuled so that the env1ronment can' be

1:;i£.' E.D. Brown®’

} . ) 1

- .:iif_ rlgs 1n use around the world.

Hls artlcle grve

Y

\

A

.

s a very

‘brlef descrlptron of the hlstory of the four-ball ap
. AN .

R M ~ -
R T

and llBtB lts\essentlal features, along w1th Lts app

paratus

may or may_not be

lrcations_;-

R
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" for lubricants and‘materials for rolling elements”. ,A"very

Mr. Watson of Warrlngton Technlcal College sald that

73

to research problems. ‘ '
Scott and Blackwellﬁg'describe the use of a four-

ball machine to provide "accelerated service-simulation tests

good deecription of their equipment is given, along with . »
some results of their experiments which demonstrate the
usefulness of their rig. Also mdéntioned is the cone/three-

bali»arrangement where, the upper ball is replaced'by a cone. ®
. AY

The_operation is similar, yet the cone can easily be
fabricated - especially helpful if.it is to be made of - K

material which is not readily.available in ball form.

70

T.E. Tallian also gives a good descrlptlon of a

A

is primarily

modern four ball wearltester. “His artlcle
concerned w1th the rolling contact failure theory and an

excellent and concise preCLs of the tOplC is gld%n. Also

g

given is an exten51ve llst of references, 63 in all. o L
‘ 17 N
At the teachlng trlboloqy'conference sponsored by  »

the" Unlver31ty ‘of Heeds in 1970, Dr. Cameron of Imperlal x
Y o
Cohlege revealed that a - 51mple four-ball apparatus drlven by o

LS
‘two speed eleotrlc drlll was belng used at hlS college and

\
N\

a rlg ﬁe(

R LI N O AR o T

51m11ar to' Dr. Cameron S was. at use at Warrlngton. Alsé\ R R

‘*“/\'l"‘ . 3 » ' .
lxge

n wrltten contrlbutlon to the same conferenee ‘Mr., M. H ort 0
e 0. SRRINER Sl e L
" of the Unlver51ty College of Swansea glves another “:f; L B
' v S el W TR e R S
',.1nterest;nguvar1atlon.[ It con81sts of a drlven cone; but s N
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. | . .
instead of three balls it had three %ylinders. Besides the
ease of preparlng these sp;%hmens, it allows the four-ball
‘ machine to be used as a-pure wear tester. y
In,Canada,-a four-ball rigrdesigned especlallf fog\_[
college laboratories is available from Experimental
Engineering Equlpment lelted in Ontarlo. .ﬁ:: o ®

L/
o . : : From the study of the llterature, it was-deeided to'

1.,
v '

‘ des;gn and construct our own four~ba11 machlne.' . B
o .. .

The class;cal conflguratlon is. for the top ball to

e

be fastened to the shaft and drlven 1nto the three nested

PR

g balls. However, while gearchlng {:zésuitable ball and race

e s

i

6{-;,

material, it was dlscovefed that a set of four small ball ~

¢

'bearlngs nested—perfectly into the top cup ‘of a hydraullc

LA G NG SVege~ e

. ‘ valve llfter (whlch ig already hardened) ln an 1nverted
?. . positién, i.e. the three balls on top of the oneu This
' cohfléuratdgn was chosen‘apd~¢herefore the balls are~dri¥en
- hy the flat ended hardened shaft. Test(materlals, both

~

race and ballsy are thus readlly avallable.' e “?f\';

gembly shown -in Flgure 20 and descrlbed below

S oere

. Lo The as

t
T . ) .o
i :

: ’ was deSLgned. The partlcular desigﬂ dec1s;onq and
B T ! ~ . -
3 'caICulatlons follow'the descrlptlon.~ : L
' Assemblx .;‘1%“ ; . ’

] N 2 ' ) EN “."-H-;.‘.-’-l" A

,}i. ﬁiﬂf_ft“”, N See Eggures 20 and 21 "_{!' .

’

K

b ;-1}5[ ':':" ~A hardened race,.(AJ [valve 11fter cup] 1s pressed

"v""" 1nto a hrass cup (B) on a. lqadlng head (C) ’ ThlS loadlng










Using a 3/16" ball, we find this is the one used )

for a deep groove single row ball bearing of the 200 series

P ' w:.th a rated load of F_ = 805 lb at 1 Mr. “This bearing p
o .~ contains 7 balls. S Coe f“‘f.ﬂ' . R
oo Strlbeck‘s equatlon glves the most heav1ly 1oaded SRR
i I . e : -
TS T e ,ball ﬁor the rated \load as', S e ‘ Vi
Q = ‘4,.- 3?Ff‘“ "., ‘ A '

i R R 1 : Tt ..\*’ LT .
LN TR . BN * R o N

': . , 2 \"' \ . . . . . . . . |
' In th:.s conf:.gurat:.on, there are’ three such cbntacts.

v \ o ‘
Now 1f we con51der thlS to be the iead requ:L-red per ball to. L

) "d T " .‘gJ.Ve B~lO L. Mr then : we can dec;.de on the load requxred for

'y ¢ BggorB

)
I

. . : . . ‘\ L c -‘f_ :.' R " “ ‘\'-“,
90 ceT IC I EEE

Cv

’

ar, e

i opre 5032 FOEY R A
)

T Select ‘a deSJ,gn 1‘1fe of 3 hrs @ 5000 'rpm. ]

oo s ~ 1 ) =, : s '
TR SRR . demﬁn - 3 X 60 x 5000-=. .9. Mr. S

‘u

3
e S e e ety

~

P e ‘ o .AIf we want 50% fa,llure J.n th:l.s time, then B .9 Mr, e Lo

] 50 ; :
- L "‘ e’ ‘ e N
g v v But.BSQf'— 5: Bl.O '[S.oree users’ prefer 4 08 Blolv . T
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@' f’ A
' A € e ' - , g
o N where S = cumulative probability
§ f (=29 vV >
2 h of failure
o .
f = exponential function

max. alternating stress

-
e
’
I
i

: ~ ﬂngde;pth' ef A | |
N = number of cycles
-’ L . , ' V = gcdling féctor )
) o vt ¢, h/e = constants . . y
’ , ' ‘ »Experlmental study has provuied Vvalues of the corfstants .
\ ‘ needed for the dlstrlrbutlon. Hert21an contac_t stress. theory
\ ' can Ee' used to obtain values of “Ao and Zo'
\\ : "fhe problem here i's to decide on the load required

to glve accelerated failure w1th life perlods short enough

to allow the t:Lme for student laboratory experlments. .
~ .
Howevet., our .conflguration (Figure 22) is certainly not‘like .

e, ey KU

g
M

any conventicnal bearing.configuration ‘and therefore the. . - §°
~‘\.experlmental'»des~1gn;ﬁdata' available is .not 'rea¥ly applicable T
’ ,',‘ M Y “ L. . ™ .ot o ) '

here., - .
o - ’ :' ’ N ' R \/ . 4
o - ’ I 'J.‘he mach:.ne belng des:.gned w:Lll therefore have to . a
5 o be. used as a comparat.we deV1ce and the fallure crlterla .

. = R L . s TN
sl o w111 have to be establlshed agalnst stanQard O.'I.lS.

The des;.gn load /decxded upon here w1ll be of,order L ‘

of magnltude onlY,. . B ) L b ) N

i o _x e F As an- ‘1nit1al estlmlte, let us compare a ball 1n 7

.

thlS conflguratlon to oq,e m\a standard bearmg
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head is put into a hydraulic ram which is secured to the

< I

frame as shoym.‘ Test balls, (0) are placed into the cup

[N

“and the ram is raised into contact with the shaft end. A

\.
protectlve case surrounds the balls and is. fllled w:.th the

test oil. The shaft (D) ls supported by . two radlal’ bearlngs
and one pure thrust bearmg. It is connected .to the motor

: '."(E) by a flexlble couﬂlrng\ (F) Flnal testlng was performed ,

E)

-G

using the electrlc dr:Lll shown (G) but the orlglnal

; o a intention was to use a vacuum cleaner motor and control the

4 %

 speed through a variac. Further dlscusslons on th:Ls w111

N

be found in the ‘test resul‘ts;

B S Provisions. can be made for the addition of heater

: ‘ blocks in “the contact zone. Also, probes for contact
'resi"ste.znye measurements~and revolutio'n counts. mey"al,so be

added. - . . o

Load“Ana-ly'sis e N

The fallure of roll:Lng ,elements is a complex

.. B . . "

‘. _phenomenon.' If a bear:l.ng recelves' "proper" attentlon, then

R ~

‘\.,

of the fallure Wlll follow a stat:.stlcal d1str1butior\ -'g
_Much study and experlmentatlon has been done £0 . prov:;.de |
_ﬁ.gdeslgn data on tlie load’ llfe relationshlps foi'\ bear:.ngs. ” ‘

Lundberg and P.almg.r:en61

proposed the following distr;but:.on

the fallure wn.ll ult:.mately be due’ to  Eatigue and the nature L

Ve

©ne
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' If one wishes to design for 10% survival, i.e. Bgo !

» ‘fhe Weibull distribution must be Lised#.‘ : ",
k) ' ' ’ Lo : '
AN Inf1/p) DT g 1.2 g

where b <Lz BT
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Hertz stress J.n the~ contact zorié‘.*

Allan 21 glves the"splution ‘;6,
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Prax = 23 F where Poox =}max1mum contact stress
T a ’ ] )
P' = load (Kq)
3
and a = .0318\/P:ﬁ' a = radius of contact circle (mm)
. ' d = ball diameter (mm)
For this rig 4 = %, "
16
Substituting into the equation and converting the units,
the equation becomes:
T Ty D 3 . - - . 2 ~
Prax = 1.9 x 10 X V/? wherg P oax 18 in }b/ln _
i ‘ . o
. Lt P is in 1b. '
: . v B - . -
- . . o PR . . \ A i
# + "% The design load will give .
,:;‘ . ’ = 5 3 g '
; Pax 1.9 x 10° x { /1225
" = 2x 10° psi Al
Some other ball loads and contact stresses are
»+ tabulated below. '
: N
' ‘ -6 o .
. Foad ?er ba;l, P, Lb 'Pmax,IESl x 10 7] ‘
1225 2.06
.
; i " 1000 1.92
" 500 1.53
4 100 .89
3 ‘ ' ’ t
3 50 ' L1 i
25 56 ) Sy
, ¢ Lo . ) g
F wr ; PRNELNN WAt NS I,’v» AN AT AR T T -
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'result is +then:

'<Hertz stress of 5040 ton/ln

\

. ' -
/ For the reference ball, in the 200 series bearing,

N

we could expect a stress of the order of 500,000 psi which
is-taken by some bearing manufacturérs as the limiting design

stress for their bearings.

’. 25 1b/ball is the load to give equivalent

N - .
conditions in this rig as in the reference bearing. The
. A

.

F, =25, =44 1b for 508 survival =~
T P L o :
e
) . ‘ - ° . \’. AN . : b
and Fe =25 . . =61 1b- for 10% survival -

,\‘

'i,e. total loads_Qf 130 lb to 180 b respectlvely

« ,

Also, Goodman. (in 2 ) points to the fact, that 3 point

contact (this configuratioﬁ) leads to qoicker failure than

[

‘2 point contact (the reference ball). Again the fatigue life

would be expected to be lower.
No consideration has been givén to the.possible
effects of.the lubricahts,'ﬁhich will affect fhe ball life.
- For their rig, Scott aqd Blackwe11® ﬁSe.maximuﬁ

2 (10 .psi) in a conventional four-

‘ball machlne to glve failure times from‘lo to léo\minutos

!

at 1500 rpm, deggndlng -on the 1ubricant.“ For~this rig}

this corresponds to a 51ngle ball load of 140 1b or a total

" 16ad of 420 1bs.

I3

’ \ N . .
One :could expect,the{efore, results close to these.

~

N

B

-

b e b T s S e R o

e
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The foregoing results did not necessitate a change
of the design load, since it was considered desirable to
have an excessive load capacity for several reasons.

Firstly, 1t is much more convenient to speed up the

test by 1ncrea51ng the load 1f it becomes necessary, 51ﬁhe

, }y}ime is important to the students. “Secondly, should an
. : . . ’ /

experimenter decide to increase the ball size, the loéd_’

‘flncrease by a factor of-
1, 1.8 .
%

n
o

3
A6

. capaclty W111 be helpful. : : / - . ﬂ;' ,
A ' . / . T
A " The most convenlent way ofpattalnlng oads of. thlS

Ff\ order of magnltude &1th good control is to ega‘small

| hydraullc Jack : The load belng applléﬁ ce7/then'be .

callbrated dlrectly on a pressure gauge. by
‘/ . . . 3 =
In order to make the .rig portable, the ram . 15 placed

|

Aiheide a reaction frame, such that all forces-remaln in51de d

~ the unitr- Tg.acedmmodate the tamzdimensione,‘ét least a-4"




andiman i e S e, L -

Tt o T v e v g

’Hbecause the load is not dlrectly along the center llne of X ;;»{

_ for both radial and thrust load.

radial—thruet bearings (i.e. angular contact). Tbe o ' -

) angular contaot bearlngs are prrmarlly for,radlal loads} in",

. the’ axls.

: max1mum eccentrlclty would neVer be greater than .125 1nches

of ]ournals for the rad1a1 load. = °

space  is needed.

Frame analysia‘and bearing selection follow. ., - %
4

5earinq Selection ) . .

The bearing should be able to suprrt/the ¥otal

C Ly i _ L
thrust load plus any radial load which might be encountered‘

It is ea51er toede51gn for the eccentr1c1ty, than

.

to design for near perfect center lrne loadlng.l Absolute RN j'f;é“

“but it could temporarlly be.thls hlgh lf one of the balls ‘”:I PP
. B
should spall or\fall completely ‘and cease to be a load Qr".°
. ‘- i o
carrylng;member. a o - e
. ‘ . o .

Therefore, the~beariog layout wikl have to allow

. The load here cald be- . . :

taken witR pure thrust and two‘radialubearings or'oohbinea

o

poes{bility'of eccentrio end loading eliminates consideration U O

The complete arrangement has to be compact in order

to fit inth the allowable space, i.e. the 4-inch width of
the channel. ' . .

P N N . . N
If angular contagt bearlngs are used, the

conflguratlon would haVe to be’ as shown in- Flgure 23

Since

\ A\

3 ' : S , . RN L

o g€
‘ f R
. .
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" In order to keep the size of tl're rlg small yet give A
' reasonable experlment tlmes, we can use lemallexuballs in .
) the cup fI‘,he dynamlc capac;.ty of a b'allf is ‘prdportional to i
»the 1.8 power of its diameter. Therefore, if 1/1.n diameter -

balls are used in -tlj(e": tester, the dynamic -capa‘c.'i-ty is teduce}

.. ~

Y

"'—-—_g »

:
. e At
‘-\- Ll N
- ,_V\-_..\-\..\*.\.,\“,“
I

Hence the r’eq\;lred load becomes_4\’0 x 2000 lbs. p

S :I.E)‘ L ,.(
A ‘The llfe wn]th 51406 then becomes.j,‘;-‘.

o

L 12500
P 2000
'R

g, 25

-:1 -

0 |

andBOv

™

;480 Prs. .'whi‘_ch': 1s cc;}mpl‘ete-iy abceptab;e.‘

Radial Bearing ' ... 3 o } :
If di’mensiéh.A "="2" [Flgure ‘24] then - -

125 % 4000 BRRRRT o

_ | i 250 lbs. R
RN For 4oo hrL @ sooo rpm c B NG =5k 250 0
et e i = mse ;bs
Ty y_ The most aiproprlate size bea‘rlng w1th thls capac:.ty.-'
‘ is SKF 6003 To ayoid a separate 1ubr1cat1ng system, the L a
pre lubricated llf% t:Lme sealed type was” used ﬁi:»_-
i SR S dees 0 6,Q03/2 RS. ;
oL ) ' | ’ R 1/
N L j : : 4
. A. -".. . '_‘ ! ~ . ﬁ . : ) e N \..-..
. K ' . ‘_ .' . ‘ « ' . .‘ K ‘ ‘ ‘; - ..‘;“i
IR RN A n T
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qéin> D (in) H (in)

s +
W

.~ .6693 " &.378b‘ .7 .3937

The stress analysis can now be done. o o

Lubrication - - 4 e ”
o | The radial bearJ.ngs are purchased 11fe time lubr:.cated o
T R ‘ : \l\ O L
o and sealed.. The thrust bearlng mustw owever, be lubrlcated

N .- tT K X. i . :: ;
s

.-Apart from obv:.ous cons:LderatJ.ons ‘bf cleanlmess, and unless e

x"‘,.""“special env:.ronmental problems are 1nvo/lved the oil seI’ectlon"':

h o tor/ ball bear\:.ng is. “°t really cr:.t:.cal as long as ‘an’ -"f
Ny ,'.-.I'.'adequate supply ls‘prc»v:.ded ThlS amm}mt neeNPo be \]_arge
h'-:and in, faCt for hlgh speeds it should be kept low o avoid %-ﬂi;,-n‘ :'higf
Co ;:hurnn.ng arid 'Overheata.ng, AS‘ a g‘ulde to the lubrlcant L l
l‘g" o selectlon, the product speed (rpm)\\; bearlng dlamete;c (mm) ;':

e is used: U,smg the orlglnal de31gm speed of 5000 rpm, the-,

T product ND= 30 x 5000 AR ,i¢ e SR
. , | R |
=, 150 ooo : . o

o _ From Flgure 16, p.-19 ll of 0! Connor and Boyd,sg, the. o

) S "l‘«recommended v:.scos:.ty (at-100°F) would be 15 cs. ! L o

“ .-.A"

. S IIf 1000 rpm 1s used, wh:.ch was dlscovered to be suff:.c:.ent'; y
ot EECERD . R D SRR S
V ‘.’durlng testlhg, then ND —-30 000 and the recommended\ / C ;

L vmcos:.ty becomes 55 cs. These flgures suggest an: 011

s

2 ,‘\ /80mewhere between a. v‘Iery llght turb:.ne 011 to, SAE 20,
' - dependlng on the speed the operator WJ.shes to run the r1g EER
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The thickness could be reduced, but since the cost
e ' : . " saving would be insignificant we can maintain the: .5 in
. thickness. : .

*

3 ' .
Q- . Frame Cross Megber- Analvsis ’
. [Y

L]
¢ o

LA S Two 4 M.S. channel cross menbers support the total load.

s S ,“’Each )l—lll therefore caﬂrryyeﬁtral load of 2000 1b. The ' o

..-‘3‘ o A ,i - Ioadlng, shear and bending mement dlagrams dre ‘given in (

k3
Iy . '. - X . e

, ‘. Figure 26. \

§ .. : ’
L E . - . . v -

1000 lbs . o

» N : A o :
L (({4 =M, ='Pl = 2000 1b x/(75 in S

L

ol =
1]

*»
It

22q0 in - 1b. : ’ .

~ Maximum>¥ending stress’ o = MC .

- > - . A

w
]

mt
o
o
o
[0]
v

~ A This is negligible. : M o . -

rept AT ety e ae s S
1]
B
—
w
N
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1000 L\

W

, 1800 ¢n-/b

22000a-% T ' . .
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2200 iv-A "
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/ . S
- ’ /’ . ‘ - B
o~ 1 ‘ SRR
Fiqure 26 Loadifig for Frame Cross Manber
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Vertical Member

The vertical members are Elso 4" channel. Each
member will have to take the reactions from the cross-members,
which include a“tgnsile load and a bending moment as showq
in Figure 27. The maximum tensile stress will be the direct

tensile stress plus the stress on the tension side of the

‘ peam due to the moment.

- o Tension in top| fibers due to bending:

A '.'_"‘ ‘ I . ’ o BN '
= 4200 in-1b x .46 in
| ‘ .32 in44
= 6000 psi .
' Uniform tensile .load *
d . » ! o “ee A
o = 2000 1b, = 1300 psi. ' i

1.056 1.!‘32v : A

6000 + 1300 = 7300 psi..

"

Totai stress

€ ' Using.a-yiel& strength of 50,000 psi‘fér steel, the
) | factor of safety bECOﬁESQA S A .
: N ="50,000 = 7. ®This is sufficient. : o

Power Requirements - /

The power required will be that necessary to drive

the balls in the cﬁp along with friction in the bearings. °

The friction in-the thrust bearing will by far bevthe
« larggst. Eéires33 gives tﬁe Eoefficient of friction at the
shaft diameter for. ball thrust béhfingslas .0013, - This'
| R Lo .. .'; _ ~. ? :.”1 . . N

3 4;‘—11:1 -._'..‘ R B R R e S R T T e e R e e el T el
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gives the power as:

[l

Hp = T N where " T in-1b \_//’//f—’¢

63,000 ,

N = RPM

(4000 x .0013)(1.26) (5000)
=

2 4 2

63,000 !

I

.05 hp.

Any remalnlng power requirements will be small T

compared.to that in the thrust bearlng”mhlch is- rtself very

small The speed 5000 rpm Was chosen aS'a practlcal desrgn :

.speed whlch can glve fallure in a reasonable amount of time:

-~ N
There are several commerc1a11y avallable motors from power

tools whlch are 1nexpen51ve and sultable. " A .5'hp, ‘vacuum

-
ry

cleaner motor, capable of approxlmately 10,000 RPM was

chosen. ;. It is a universal motor and can therefore bé speed

N '

controlled with a varlac.

' Note: This proved-to be a rather unfortunate choice,

A
since the fan had to bg removed from the motor in order to

mount it. Of course, with the'fanﬂscooling effect gone,

the motor contlnually overheated, and 1t was 1m90551b1e to

run the machine loaded for any perlod of time or at high

<
speeds. at all. Fortunately, the speed and farlure tlme

" estihates were high, and it was p0951b1e to get satlsfattory

fallures w1th a %, hp drill drlven at. 800 rpm.- A better
-, ‘B

'ch01ce may have been a common handyman s router, but the

drill was avallable at the time- and-it performed well
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',nload along ‘a cxrcle atxthe centre of the bearlng surﬁace.,u

S lBn exp*e591on must be obtalned‘for the bendlng moment along ;f;

.. T
- do- . . . [ B
@;,._‘, Lo o s .'A.,;_ Lol S ,
A -, . S R . o S D
: con . g c - . el .
. - g .

- the shaft radlus.';.'f;:

- : ' * 100

Shaft Design - o ‘ ; -

The selected bearings determlne the shaft dlameters.
The shaft shape and nomlnal dlmeA51ons are’ shown 1n Figure
28. The crltlcal loadlng lS from the test balls and the
thrust'bearing reactlon. Thls can be consxdered a p01nt

Ty - ! .
load P at tpe centre of the shaft and a dlstrlbuted 11ne ."~, PR

NI

':. S - _' s N R R B
[ } [ .v;‘AA\'.‘

Take an elemental rlng dr as shown Ln flgure 28

Lettlng the moment at r be M ' then at r " dr, the ﬁ};l"

N
L

. ,moment is M . dM. Summlng the moments on, thls rlng, one

a

¥ . - ,

gets: ’ S A A T U

M_ + aM + par *

=
i

“aM-= ~Pdr | .. - 7

e

M=-pr +c¢c - .. .h \ L Aw'.. ”ff\

But M = 0, when r Frg.

i.e. M = P(r =-.r) ' .
r "o, Loy i .
S N ‘ R ﬂ:' ,; T S N N
_ - If P = 4000 lb,then at the root, ®, ' .» ... ... ,:ri R
' PR R P LU TPER I AP B
Mr;=« P (ro —4 r) . .’ . ,." . l " ' P , ; ! . vt .
\ =d000¢l92 & .6) . v o Lt T -

/ .. ¢ .
/ A . g , e, - ™ PR . :
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. T .
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’Gnalded ear ‘was able to detect the fallure of bdlls by’ a -

+103

i i -
,

;Pj// The' loaded end of the shaft had‘%o be hard enough
to act as-a bearlng surface This was accomplaﬁi@d by ‘pressing -

~4

-an lnsert of~hardened steel 1nto the end of the shaft.

s

Atlas hk:hardened to Rockwell c 63 was used. . ~
| Lo T

Failure Measurement |

It was hoped 1n1t1ally to detect fallure by measurlng

q\ . L &

e \,
.thhe dncreased torque resultlng from the hlgher frlctlon of
'fuffalled balls. Two methods were attempted the flrst u51ng

a sllght shear pln wh1bh supposedly falled when the frlctlon | '

'i \ “.\ M
/became tGO*great and the second was an qlectromagnetlc‘jf

r

motor starter whlch su%posedly cut ofﬁvwhengghe supply

. current 1noreased agaln because of the frlctlon increase,

Nelther method proved practlcal for thls r1g
C It was then decided to rely on"the n01se levels of. .

the failed balls and this proved very successful The

' very\sharp cllck at the tlme of fallure. Thls requlres

, constant v1gll by the operator, however, but if one des1red o

}
somethlng more elaborate, an acoustical plckup could be

.

' used to_mon&tor the,no;se level-and prov1de automatic

'control.'AOSCirlations in the 'loading head pressure also

s gives an.indication failure has'taken place. . Vo

\ ;
R . , . o

e e gL e . L
— N e g e T .
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_Results '

d : )
| 104
| , ¥ ‘

5.0 '\ - EVALUATION
5.1 Operafion Tests and Performance ' S
o . . (%
5.1.1 Test Run Novel Coefficient of Friction Device = - -

. v . ! ‘ .
Procedute and Comments o R ‘ .

The devrce was set up and the experlment to measure

.

the coeff1c1§pts of frhctlon for var1ous materféls was

s~

55; conducted . Flve materlals (Braés, Mild Steel; Alumlnum, x

Nylon, Teflon) were tested 'Since the test»pleces are made’
1n both pln and bar form, the coefficient values are entered
1n the table to reflect whlch form the materlals have for
the run. Each square of- the table contalns_three blocks as

. S ¢ y
shown in. Figure~29' “The lower left block contains the Y

. values w1th the ordlnate materlal in pin- form and the

absc1ssa materlal as the bar. ‘?he lower rlght block contalns

‘the value fqr the.oprSlte situation and "the top conta1ns

A

A total of 4 values were obtalned for each

comblnatlon of materlals, each mater1a1 Eelng in bar form

.

twice and in gin form twice. These’ are shown Jin. Table 1-

o o -
s . . . RO
o . . .
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.Coefficient of Friction Test.Results
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"'4 values. The :esults obtalned on dlfferent days dlffer_f.\

Ty

result °f SUCh a,test and aS'can be seen, the holder moves 'j;}”:

Y . A (o]
/ N A .
:“ e -1 ’ ) - ‘1/
) 3 , : a
. g“l - . o
- -8 107
' o 2
. ) - (Y ] N >
4 . , L 7 S :
Discussion . . R R !‘,U h §
The flrst attempt at the experlmeht ylelded Valueﬁ
which were 1ncon31stent.J The reason for thls appeared to be
dlrty surfaces and after the surfaces were cleaned (metals fh~\
sanded and the plastlcs washed) the scatterlng of results _____ ;:
decreased Occa510nallyy-because of stlcklng, a value was,,‘”li'fiﬂfﬁ
obtalﬁedfwhlch was hlgher than usual and the experlmenter'x o

lower than the uaual value of about ; for most materlals f s %
o Con51stency wrthln a run was checked\by taplng a” tt}:” o ff;%f‘
a'{sheet of paper on\the tray and marklng the p051t10n of the i‘*l{!ﬁ
holder at varlous‘trolley locatlons, '\Figure 30 is. the ‘j R .. |
1 P RS e o ’ oo 2]
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(3
surfaces as a result of oil films and oxides on' the
specimens. "For consistent results each specimen should be

thorcughly cleaned and degreased.

-

The experiment was also conducted with the trolley
T - ’
" accelerating (hard push with the hands), but the effect on

u was negligible.

5.1.2 Test Run Pin and bisc Machinev

A .
- -

Procedure and Comments

B T .
The apparatus was set up according to the
instructions given in the laboratory experiments section.
Using a stroboscope, the motor was calibrated and the

calibration curve is given in Figure 31.

o

For the trial runs a soft steel disc was used while

-

. a suitable hardened steel disc was being prepared.” An-8"

circular saw‘bléae (hardness Rockwell C-63) with the teeth

dround off was eventually prepared as a suitable wedr disc '

\ ) *

but neither experiment has been conducted with it yét, and

‘the results given here are for the soft steel disc.

1

Also the strain gauge circuit was not set up for

this run and only the wear measurements were made.

Test pins of aluminum,-brass, mild steel and nylon

. were dsed for this teét.

-

-
4
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Data for Motor Calibration Dec /15
RPM
Controller Setting. No Load 1 Kg
10
. . 20 . !
. 30
40 . 187 195
50 - 295 284
60 .. . 3771 . 375
L 70 Yo, 451 sy
80 | . s1s 515 -
X T - 552 550
100 . L
Results '

The wear rates for the aluminum and brass were \

severe while the nylon showed no appreciable wear for the
: !

~duration of the test. No results were obtained for the mild

steel since it turned out to be harder than the disc and it

was the disc which wore. . The data is givén below and
: \ :

plotted in Figure 32. - :

\
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Test Run # 1

~

Materials aluminum pin on mild steel disc

Load ~ 1 kg (2.2 1b)

Speed
Orig{hal Length 1,49 in

375 rpm (Setting 60)

Time Length "(inches)

0: 1049
1 min ¢ . 1}43 ' "
2min . 1,27

. N - o ) .

2 172 min wo1.21

-3 min 1.13 o

Test Run # 2

Materials brass pin on mild steel disc¢

Load .

Speed

OrigiﬁalALengtﬁv -1.50" - . ‘
; . v ! \

1 kg (2.2
.g ( ‘2 1b)

390 rpm- (setting 65)

Time . - Length (inches)

H
.

~

0 o 1.50 ¢,

2 min - \ 1.42
4 min . 1.37
6 min R U T >
8 min ‘ 1.26 .
.10 #iin © 1,20 o
' 1.16 -

12 min,

113

‘Amount gf Wear-
{(inches)

.06
.22

.28

.36

Amount of.Wear4
(inches) -

.08

¢

.13
o L,19
" .24
a k 030
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Test Run # 3 . {

- : Materials. mild steel pin on mild steel disc
-——L"—u—.——— .

\ : B\
, Load 1 kg (2.2 1b) _ : .

Speed . 375 rpm (setting 60)

<
‘original Length  1.508 inches .
C L - : N
IR 'The steel pJ.n proved too hard for the disc. and the / : B
' test could not be completed -; R Lo P -] TR ¢ J )
N “7‘f,-.- “."- o sed sl Te SR
C B o o 'I'est Run # 4 & o no A '
PR v S A PP SR

B © Materials ny‘io’n‘}’ on rni,ld steel . o SEANS o . ‘.

. . - . ~ o,
. Load 1kg (2.2 1B) ' - i '
- ‘ Speed’ 375 rpm (setting- 60) oF _ &
original Length 1.508". e N S
4 . . . R - - . . -
T - & . =

- After 30 minutes no-‘meesure{ble wear ‘had tapken\ plaige'.:

3 ’ ‘ . N - N '," : ... "‘ Ty -
. in the pin. - - e ' o . . 3 N

Dls cuss 1on

-3
‘

H

The wear apparatus performed sat:.sfactor:.ly for the " o

L

: above experlment and acceptable resuli:s were .,obtalned from

.
=
.
e 3
-

_'the graph wear rate As’ obV1ously proportlonal “to the- le.dlng

) ) 4o
. . dlstance. " The wear mode for the alum:.num and brass was ‘/\
. b P

- bv:\.ously severe, wh.lch is- expected for such materlals

—~— . 3

ru‘nr_u.ng on .dry mild steel. Flgure. %-3 is a. plcture of ‘the o e

) Wwear specimens used. - Co R o

. . PR -~ . .

kS
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L iy R

: With the hardened disc, more complete experiments

can be performed and if desired a quantitative value of the

wear rate coefficient can be obtained from the graph. % . .
. . '

PEOR

5.1,3 Test Run Fretting Apparatus

i -7 CE.

v

Y

Procedure and'Comments

‘t,i'; The apparatus was set up accordlng to 1nsdruct10ns

v

R iamniee L SNPGRS

:glvenxln the laboratory'experlments Sectlon. The:maln concern~.q
3_here 15 to test the runnlng gear.x As mentloned for the dry ] '\gf § f”t

45‘?13wear test the hardened plate was not ready, so the mlld “-. ‘ fi NN

. . e
. N 5 a ¢

isteel plate was. used‘ A brass pan under a load of 2, 2 lbs S

R IR ‘ | R
‘ 7 (1 kg) was uaed." o [‘ o D

.

L] gegilts . .
v ' Theé;ﬁparatUS performed well up to 2%5 rpm; abov°

N o o whlch separatlon of the cam and follower occurred The . ) ' J,

.apparatus was run at 250 rpm for 15 mlnutes, but llttle-bulk

wear occurred. The. debrls was very flne and dark. . I '% '
\ o ‘ ] '.( ) - >' ’ ‘«

]
\
. . . .
. - . o - - . . .
P ~

P -Dlscu551on o ﬂﬁm:"f?-‘i ‘
.|§...'-'v "+ . -‘c-' _'_'.< .l,”

»'~A'”\, - :/,- Vlbratlons from 0 - 275 c/sec should ‘be satlsfactory
A - for thls type of experlment.: Even though large quantitles" B

e T

'of wear d1d not occur for thls experlment, longer experlments

Ps

\f-.¢'w1th other materlals and condltlons could produce gl Lo o ;4; g
é
:

e Lk TR

- P
N
p

e LA
FYN

‘1nterest;ng.wear‘resultb. It does prOV1de another source o B

.
.
-

ﬂandrtypeﬂof“wear-phehomeha,:

- . et
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-The debris formed was compl\etely different from the
debl':is £or similar wear in pure -d‘ry wear ‘(section 5.1.2).
It was very fine end dark. This i_s possibly due to
oxidetion.

"'Experimen’ters can, if they 'wish, éhd if the
euxlllary equipment 1s avaJ.lable, analyse the debris-to

determl\ne exactly the compomtlon of what is formed durlng‘

f;_et_t.:.gg'_sn.—tu;atlons. I T

N - R A B . .
. N " . . - . N :

D . .,' . . . T ’ _’ . L. N o
_5.1.4 ,‘I\‘ést Run - Hydrodynamic Lubrication Apparatus
. - E oy B g S T, - R - =,

et N , , - r

Procedure and Comments I

T~

°

v The equlpment was set up aceording to—’the 1nstruct-10ns

MY

given in the laboratory experiment section. The r.upning
gear 'ﬁerfor}ned weli bl'l.t some clli~fdficulty Was ehcountered
w:Lth -the allgnment of the bearing pad over the disc. .
Flrstly, the dJ.sc al:l.gnment was not perfectly true and

varlatlons of .004 in. were measured at the pad ra.dlus.

Another allgnment problem arose as a result of the guldes T

o Ve

.used ‘at the end of the cross-men’xber. l?.ln/ were used as

guides and these were not; su‘ffz.cxent to prevent slight .
rotation of the bar. - Therefore, the film thicknesses shown
in the results are actually average thickhese_es during a ‘

In spite of both of these i)roblemsk, threes test runs \/\’Q
were. per formned 'succe’ésful"ly and the results are within
reason. - These results are given below and plotted on

[y

R e
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Figure 34, along with the theoretical results, Figure 35.
A pho;ograbh of one of these teét runs is shown in Figure
36. L
N :
Results

Test Ruh'#‘ 1 . ’ )

~

'0il: Esso Kutwell 45 (Light cutting oil)

Temperature:. .20¢C .

‘Viscosity: v = 410" SSU = 90 ¢ = ."14|Ain2'/lis'e'c:': SO V.

' (Measured with Saybolt Viscometer)

Speed: 25 rev in 36.6 sec = 41 rpm
Speed . ! |

h. = .020 in. . - - .

'Manometer #
. Y o : .
1. 2 3 4 5 6 7 -8 9 10 11 12 13
Hedight )

h, = .013 in.. ° o - e

. (in) 7.5 13.0 17.2.16.4 16.4 14.9 13.9 10:7 6.7 3.3 11.9 16.1 7.0
\ > ) 4
T " Test Run # 2
, 0il: Esso Kutwell 45 (Light cutting 6il)
.t Temperature:  20°C .
]é " Viscosity: v-= 410 SSU ’
? . . . ’ 5 : . !
e f ) <\
o -8 d: - r =
f ‘ Speed: - 25 ev'm" 44 sec 34 rpm
; hy = .020 in, ' '
; } T . . Co e
¥ ) . =" 1 T . \ N
13 - hZ »013 in. S . R . )
o -E
43 s -
F‘%‘
O \ :
LY L. , ~)7/. A}
. v R T A S PN T S A ,'f?‘:—,,"\ DRI

T e g it B
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] .
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. "I Manonieter Humb
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- . : , 122 - * .
- ' - . . . v. 14 ) e . '.. )
-~ bll‘anomet'e;‘::-'#" S o . B
. 1 .2 3. 4 5 6.. 8 9 10 11 12 . 13
' Height 6.2 104 16.0 13.7 13.7 12.2711.3'9,3 5.2 3.5 9.8 13.7 5.6 o
(in) A’. 3 . . ' . -
Test Run # 3 RPN »
. oilk SAE 1ow—3o (Lubrlcat:t.hg 011) - )
Temperature'-' 2_Q:°C ) » v NI IAPRREI
V:.scositx v = 825 s\ec ’— .281 J.n /sec T - IR
. Sgeed & rev 'n 41 7 se =' 3_6-;"rp;;_ll-.~' N e S m
h]_ . 020 ln - "_ ,.\ : . . W "; SRA ‘
R T
* L o © * Manometer # R e e ' o L
) i1 2.3 L4 8" .- o 9. 10 11 12, 13
: b S - - - ot Lo
- Helght ’ . > St
3 (in) . 9 5 14 7 18 7 l7 0 16.1 - 14 4 12 4 9 8 5 1 4 7 1.2 5 14.9 5.9
o Theoretlcally\ ) . .. \ S . .
D H=Tf erBﬂK r'P.“' L
Gl e sy . [/ gec T
.o Ty Cws s . 3 82 ln N
LY o ' [
A iM hl e 1 6 ln N X
i ‘ L hz L 32x12 1n/sec2 T ; C
o - ; . ' ‘5 J.nChes v -
¢ : ! . I N J ’ .-
K . - = 1nches .-
. - ‘ - I= 25 ’ . .
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Substitg}ing'these values into the equations, we

get for each test

H, (Kp) =

1

il

H, Kp)

Hy (Kp)

Values of

graph (Figure 17) and values of H are calculated and

run:

318 Kp
264 Kp

781 Kp

.
1

.
’

.54

.54

.82

Kp for each manometer are read off ‘the

plotted. o ’
Manometer $
1 2 3. 4 5 6 7 8
Kp, . : , .
(interpolated). .015 ~.026 .032- .033 .032 .028 .023 .016
S 4.8 - 8.3 10.2 10.5 10:2 8.9. 7.3 5.1
' Ve Vo T . « v
Kp, \ .015 .026 032 .033  .032 028 .023 .016
" ¢ . ! ' * - .
Hy : 4.0 . 6.9 8.4 8.7 8.4 T.4 _6.1 4.2
L3 / N = . .
Kp, .020 %034 ..038 .037 . 032 .028 .024 .017
S e e . '. '
| 15.6 26.5 ‘29,7 28.9 25,0 °21.9- 18.7 13.3
2y 3 : - . . b ‘ ° ¢ .
; ot
. &
r —_\ - . .
’A. . N - +
. ;

LRI N
Tt

r’_p‘,;,m‘._\m ‘.,'u s e

i

i
!
'
H
4
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Discussion . o
The apparatus certainly performs well enough to
" conduct the experiments for which it was designed. Even
13 . . +
with the aligngent probleﬁs, the characteristic pressure

profile is definitely evident, although the agreemeﬁt

P
.

=t -

between the test results and the theoret;callvalues;is poof
(between 30 and 50% deviation); The aliénméét'problem'caq
bF-sélbed simply witﬁ’a closer check Auriné.the éonstrth%Ph,
and by qhanz}ﬁg the guide pins-to pgopéglf mqéhinéé'ﬁiat \

guideéf‘ With these cnanges,fithis felt the results . can he
N ' ' Yy A .~ ‘.. AN

4. T -
brought to within reasonable,agreement with theory. o
© : - - ’ N T 5 ) ) . ’ -
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5.1.5 Test Run - Four Ball Failure Apparatus

Procedure and Comments

This rig has actually gone through several design
iterations to reach the present form. Problems were

. )
encountered with the bearing system, the coupling and the

cut off mechanism. .

\

. The rig was originally built using journal bearings
instead of the radial beérjngs as shown in the present
design. :

\ N
0il passed through .the journal bearing down to.the
thrust bearing and into the test area. While trying to run
the rigj the shaft continually seized on the journal and
scored both shaft andubearing.' This may have been due to

misalignment of thé shaft when it became loaded and 'the oil

being used could not support the radial load placed on the
M

bearing. Also, there was evidence of debris getting into
the oil. It was decided therefore to incorporate radial
ball bearings into the design and to have these permanently

sealed.

S ‘ '
The shaft was originally connected to the motor

with a very soft wire connector which failed in shear when

the friction became too high as a result of four-ball-

‘failure. The broken coupling also activated a micro

L] ’

switéh which interrupted the motor current and operated as

an automatic cut off. This system worked, but not

-

[T

S e
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satisfactorily. The coupling itself was cumbersome and

a nipple in the beafing block.

126

r

difficult to set up, and it did not. always cut off the

motor when the wire connectdr sheared. For these reasons

FIERR R TR PRI

a conventional coupling replaced the connector.
]
It was thought that a conventional, adjustable

cut-off current, motor starter could perhaps act as a
!

failure indicator, but thls has not been incorporated as

yet.

It was decideq\to run the rig as it was to.make
sure it would produce ;uitable failures with the configur— .
ation used, and to leave the automatic ¢ut off and timing A
for future reflnements. Failure was to be de01ded by

periodic visual checks coupled with close noise level

monitoring. Fortunately, the noise level was all that was e
~

needed, and the unaided ear could détect\failure? (with

just a single spall) quite easily.
. s

Lubricant was applied to the thrdg} bearing through

|
The four—ball rig was then tested.

The' vacuum cleaner motor had previously been

checked and ran unloaded at speeds up to 10,000 rpm.

At first the thrust bearing was completely fllled

with oil (as much as it could hold) and the rig ran. This ,

proved unfgf%una.e because there was too much oil inh the -

..

-

bearing. The excess oil (without circulation) caused the
Sy ‘ ,
bearing to get hot and the motor to overheat. Also,’

s




'for more testing.
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[

because no o0il seal for the bearing was provided, o0il was

thrown clear offthe‘rig, -
A closer lock at the oil ptoblem‘led to the sealing

configﬁration shown in Figure 37, fhe hyion ring (N)

becomes the wear and sealing surface against a‘steel ring

(R) attached to the bottom of the shaft. The reason for

this particular configuration was.to minimize the friction

torque required for seallng, i.e. the only friction would

- be from the welght of the nylon on the steel

_The thrust block, shaft and loading head wére

medified to accommoéate the seal and the fig wa$\reassémbled

F

This time only a small amount of 0il was addéd”to
the thrust bearirng. The motor’was started (controlled
through a variac) and broudht up to abpfgximately 2000 rpm.
The test-balls\45/3£" diametér) wene bfought ub against*the
shaft end and load applled Qhe motor speed was extremely
sensitive to *he load .and attempts toe go higher than 175 1bs.
and 2000 rpm caused qverheating of the motor. It was

decided to run the rig at this load and speed to see what

happened. This was all that was needed and after

‘approximately 12 minutes a sharp click, which turned out to

be a spalled ball, was heard.

‘e

A second run prdduced similar results, but it was

obvious the vaduum cleaner motor was having trouble.
1 e i

. ’ /
- ) /
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[y

Figure 37 Sealing Arrangenent - Four-Ball Apparatus
S ' (schematic only)
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x{ N

Encouraged by.the low load dnd speed requirements it was
decided to try another, put slower motor; an eleétric hand
drlll A rough frame was made to mount‘thé motor and a

sawed off 5/16" bolt was used as a shaft to couple the drill

‘tﬂ the rig. It ran at approx1mate1y 800 rpm. At this low

. ) \
‘speed, ‘the seal was removed to see_how bil would leak.

The Trig -was then tested agaln. This time eVery-‘

thlng performed satlsfactorlly. The fallure of the balls
could be detected even abOVe the normal (n01sy) operatlon of
the-electrlc drlll The 011 leakage was tolerable pIOVLded
too. much wasn't used . S L "”. : o

For these f1na1 tests, the size of the balls was

lncreased from 5/32" dlameter to 3/16" and 1/4" ‘The

results of these tests‘are given below and figures 38, 39,

and 40 are photomicrographs of the failed‘'‘balls. Figure 41

is a photomicrograph of a‘sballed piece off a ball.

~

- ' : . }
Test  Ball ' R _— . Speed Time

‘No. Diameter_ 0il Used Load (RPM) . (Minutes)
"1 v 3/16™ . sAEle;-3o 260 1b. - 800 22
' ' Esso Extra - E c )
2 3/16" » 260 1b. 800 45
¥ 1/ © a0 1. 800 115 .
ro ;

..'\
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Prior to these tests several other sets of balls

were run to failure, but as these were the initial trials

3
\

during which time the load, time and speed were not

accurately recorded.

Discussion

The tesu%thiconfirm that the inverted four-ball
configuration is'suiteble'fcr failure testing. The failure
'mode as_seen from the photomlcroqraphs is clearly
characteristlc of the fatigue” fallure known to occur in ball
bearlngs. The)hardened cup and shaft showed no signs of
fallure themselves durlng the. testlng. ."A‘ '

There are, howeVer, des1gnaproblems which must be
resolved. =\ , ' o ’ ‘

Although not statistiealiy significant, the above
results do put in place the order of maqnltude of the speeds,

loads and times requlred to produce fallure with this rig.

-
) These are lower than the orlglnal estlmates, and hence it is

EERN

\p0551b1e to scale the r1g down or %?nversely increase the

hall size. Incteas;ng the ball slze too much’ is not

. oo \

practicai unless anbther, larger hardened:cup is readily

aVailable. In any event, the range of the 1oadlng mechanlsm

3

/
must be brought in llne with that used durlng the eventual v

testlng. N

The‘problem of oil leakage can easily be résolved by

4

using an oi;ﬁcub and wick "as mentioned in the design section . -

i P
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and .shown on the design drawings. .

-

Design additions which are needed include an
‘ .

automatic timing and cut-off mechanism. The most sensible

recommendation for this would be.some form of an acoustic

sensor and controller. \
. ",_' .

Spegd‘durihg the testing was measured with a
stroboscope.”” As a simpler Workihé tool, it may be better

to use a constant speed motor which would avciauthe ﬁioblém

© of speed cont;dl and monitdriné. R

» e »

5.2 - . % Cast Analysis .

The. following .is a breakdown 6fj§hé materials costs_ .

! ) . .. . , N N . i
.for each design unit. Some of the items were priced in

© 1974, but by 1978 the costs had escalated drastically.
1978 estimates are given. “ | | |
It shouldlbeindted that costs for qgr;aiﬁ‘items
vary substahtialiy;with locality.' . | ‘ ) ',‘

The prices quoted here are, in the main, .only

estimates:;

‘: - )
I
\ \ .
) a
\
~.
.o N @ ‘ .
- X T
‘-.4 \
‘, N
- o .
- ~N
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5.2.2 Multipurpose Tribo-demonstrator

Common Components

This includes the cost of the frame, motor. and"

o . Y I s e e e U Lo T A e oy et
tem a W g, S Se CpliiS il
P

-

drive for the wear, hydrodynamic lubrication and fretting

experiments.

et

Item . Quantity Unit Price x -
3

S.C.R. Motor Cont. 1 160.00 $160.00
1750 RPM D.C. Motor- 1 " 210.00  210.00
Angular Contact 1 7.60 .7.60

Bearing (SKF 72068) ’
Timing Pulléys 2 5.00 10.00
Timing Belt . 1 5,00 5.00
Steel Angle 35 1b. ~.25 8.75
Steel Plate \ 8 1b. .25 2.00

S

Round Steel 7 1b. " .25 1.75
Bearing Bronze 1 1b. 2.00 2.00
Miscellaneous 50.00

(welding .elec-,

trodes, fasteners, ;

etc.) ‘

h
$‘ \ . 5
Total $457.10
09 .
/

T AN ety
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Pin and Disc Machine

Item Quantity  Unit Price

\
Plate steel 20.0 1b .22/1b. ¢ 4.40 »
Channel 2.3 1b. .25/1b. .58

Brass .4 1b. 2.00[lb. .80

-

Fasteners . 5.00

Strain gauge |, 2. . 5.00 ea. 10.00
. r

\
Miscel laneous ' : 3.00
| . “
: Total $23.78
ol
/
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Item

1/4" plate glaés
1/4" plexi&lass
Steel

Glass tubing
Plastic,tubing

Shpt—off valve

Aluminum

Fasteners

MiscellaheoUs

. f 3
Hydrodynamic Apparatus
Quantity Unit
1.6 sq..ft. $3.70
1.5 sq. ft. 5.06
70 1b. .25
25 ft. " .05/f¢t.
2 ft, - .30/ft.
4 1b. v 1.50
\
)
Total

AN

139

Price
$ 5.92
7.50
17.50
1.25
.60
5.00
6.00

'5.00 -
4.00

'$52.77,

e e e e e i . o
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Fretting Attachments

Iten Quantity Unit ! {Price
Steel 10 1b, $ .22/1b. $2.201
Bearing Bronze 1 1b. 2.00/1b. 2.00
FAéteneré . 5.00
Miscellaneous | 2.00
: Total $11.20

Multipurpose Tribo-demonstrator Total Costs:

Common Components ,$457.10 ¢
\ Pin and Disc 23.78
_ - Bydrodynamic 52.77
‘ Fretting | L 11.20
\ . Total $543.85

2

. v
Total cost of Multipurpose Tribo-demonstrator is $543.85

plus labbur. S
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5.2.3 ) . Four-Ball Machine
Item Quantity
.Steel ‘ 80 1b. -
Brass .3 1b.
Radial bearing
(SKF 6003/2RS) 2
Thrust bearing -
(SkF 51406) 1
" .Hydraulic }ifter 1
Motor 1.
Motor Starter Assembly \ 1
Enerpac RCH 121 C;., 1
P14 Hand pump 1
Hosé Assembly I
Adapter | 1
Gauge 1
Fas;eners
Miscellaneous

© Unit

.25

2.00
3.59

14.90
4,00
2500
50. 00
90.00
50.30
22.74
12.04
24.50

Total

Price
$ 20.00

.60

$364.26

>

’r

Total cost of 4-ball machine is $364.26 plus labour.

141
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5.3 Gen;;ET\Biscussion

Tribology is a difficult subject to teach. It

covers many disciplines (physics, chemistry, thermodynamics,
materials science, etc.) and at many levels (motor mechanics

to research scientigts). It is an equally difficult subject

to learn. What often happens is that one's total energy is

..devoted to some small aspect of tribologx} partly because it

is so difficult to keep all aspects in one's iind at the
: )
‘same time. . ' = o

"Much tribology is. hidden. The parts im contact and
3

. relative motion on machinery.are seldom visible and the

tribologiét must assemble his)practical knowledge from dis-
assembled machinery, broken parts and the warehouse. Even
when the "situation" is visible the important action

!
N .
(e.qg. .E.P. additives) is often microscopic.

It is here that experience reveals itself as the
real, practical,@ribblody teaéher, since only through
experience can one see the variety ¢f components, and their
actions on each otﬁer, involved in fribolpgy.

Naturaliy ; triboibgy laboratory cannot auplicate\
this but it can set the basis for good questioning and deep
reasonlng when tribology related problems occur. \

Industrlal tribology experlence_does not giye the

\ ™

instant reinforcement of the pure disciplines.” Mix

\ ' [
concentrated acid and water together the wrong way, and one

L

-




'equipment for well under this amount with the total cost for

'co‘n,struction. During the testing stage it wéé difficult on

 times to coordinate, in spite of good cooperation of the

143

kngws immediately something went wrong. Select a wrong

bearir\lg or lubricant and it may take months or years for the
associated failure to occur, and even then, it may not be

attributed to the proper cause and proper responsibility

. \/\\ \ 7
assigned. .

LN

It was the intent of this project to design

. Vo
equipment, at low costs, which would provide for students a

sampling of some "hands-on" tribology situations, and ‘in\a'
manner which provided. immediate reinforcement. The equipment

. \ S .
described here awcomplishes. this. L \

" All of the'équipment provides for some mannar of

v

. Vo R .
quick comiaarﬂfwalysis in addition to the demonstration

of "some'-fu‘ndamental rule or law.

) The equipment was to be built at a materials cost of

less than $800 per unit. It was possible to produce the -

13 ¢

the three pieces of equipment (5 experiments) being .

approximately $1000.00.

A couple of minor problems did arise- during th

machine shop design changes as the design progressed.
\

Anoﬁher problem was lack of materials locally.

and controller used for-the testing was actually borrowed

Nl N

from another laboratory, because t\he Set ordered riever did \

arfive. '_Simiiarly, the:test balls for the four-ball machine

1 . e

'”«-M.M‘*’N‘mf"’. R L g T IV
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had to be ordered from outside the province.

Each piece of equipment fully satisfies the

functional deSign criteria. There exists however,

. . e aBlaniv o
1 s Cae T LA e T

with each, the
opportunity for extensions and refinements.

i

- The coefficient of friction devices provides an

unusual but effective method for studying ‘friction. 1In fact,

with'slightly more sophist‘ication it can be used for rather
ekéiting, low'normal\for‘ce, dynarpic frict;u-)n studies.
X Since- the normal force. exerted on, the slider depends on the
‘ coefflclent of friction between the holder and the tray, and
the weirght of the polder this nprmal force can be made
qulte émall smply by reducing this coefflc;ent

. ' . jre. N = yy3 Wocos ¥ (section 4.3.1).

i3 can be reduced by using lubricants or even by

making the holder dn air bearing. But the problem of

.

measuring the small friction force doesn't exist, since the

holder need only be tracked to get the correct friction

-~

values.
. /‘

The multipurpose tribo-demonétrator .operates ,
successfully . The, pin \and disc malchin'e-allows ‘for very

eilﬁple but effective wear measurements and comparisons, and .
the hydrodynamlc rig prov1des more than adequate facJ.lJ.ty b
: ' 'for demonstratmg hydrodynamlc lubrication.  With the sllght
: : changes prev:.ously mentloned for ensuring correct alignment, ‘
; : . it will certa:.nly also provxde results ﬁ:ﬁ‘better agreement S
1N | | $.with 'the\- theory. : ; . | \

- . N - //f
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The concept of a multipurpose rig is economical but

it is now felt that’a slightly different arrangement might

_be better. The major expense for this rig is the motor and

contrcl, If two frames and drives were built using exactly
the same design, then it would be possible to keep the
hydrodynamic apparatt;s set up on one and both wear tests set
up on the other. The same motor would still drive both. In
this v;ay," there would be no loose pieces on the benches to

o .

get brcken or lost. In fact one could build a second frame

as cheaély as he could a propef storage box for the parté

not in use. N

\ ° The in.vertéd‘ four ball tester is probably the most
useful delsigr‘l. It m\akes av*ailalble for a relatively small
amount of money, a m‘achine‘to be used on topics for which
few simple and cheap edu::ational pieces of equipment existed
befo?:e. Despite thé need for design additipns, the equipment
as it exists is ft.}lly operational. Its greatest value may
well be realized after it has been used for several years
and féilure data collected. It may be uleful as a ﬁesting
tool as well as an educational item. |

<sﬁhe items desc;.ibed here will conﬁinue.to be refined
at Memorial's tribology laboratery. An immediate project
is being organised tf’ carry out further work with the four-

~ : }
ball rig in an effort to/make the necessary design additions

"and $6 do extensive testing in order to.establish significant
1

failure criteria. ) . )




‘Euch traditional topics as thermodynamics; mechanics,
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3
Of interest to colleges and universities who do not

wish to do their own fabrication is the fact that a local
fabrication company has already expressed interest in the
commercial productidn of the equipment.

Z It is only recently tﬁat tribology is getting its

recognition as a mechanical engineering entity along with

R

+

structural analysis, etc. and” hopefully with the availability

of t‘ri_.bology texts such as references 19 and 43, and

Ie

o N LY N
cheap and effective equipment for.tribology laboratories,
tfribolpgy coukrses will soon start appearing in the
engineering curricula. The equipment designed in this

project can serve as a stakting point for §dch trib\ology'

laboratories.

6.0 TYPICAL EXPERIMENTS

i

This section is a compilation, in laboratory

experiment format, of tribology experiments which can be
: <
performed with the equipment designed during this project.

&,

Not all the experiments described for each piece of
apparatus have bheen performed}J but at least one for each

section has been done in order to check the equipment

functions. ®
[} »
Users can start with these experiments.and this

format and then change to those which best suit their style

and program as they gain familiarity with the equipment.

A e )

NS e S
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v

6.1 Novel Coefficient of Friction Device

Theory:

Friction is defined as the resistance to motion
encountered when two contacting surfaces move relative to
each other. It is a force whose magnitgde is given by:

f = UN where f = frictional force
p = coefficient of fricfion between the
two surfaces
! N = normal force between the two surfaces

The direction of the 'frictional force is OPPOSlte to
-4

”~ .

that of the relat{ve motion.

The most popular explanation of friction today is
]

- based on an adhesion theory. By this mechanism, it is

bélieved that the friction force arises‘from the force
required to Shear‘a "cold weld" formed et-the junctions of

\ contacting asperities - the weld being caused by the adhesion
between the two surfaces (see Figure 42).

Other smaller coqtributienf to the friction force
are a roughness\component which %s;necessary to "1lift" the
load out of_the asperi;ies; alplgyghing component necessary
to breeg inteflocking~asPeritiee and a hystergis component
for' internal ene;dy dissipation. The role of each va}ies'
with the type of material ard situation. b

The’ffiétional properties of the system will also

depend on the characteristics of the oxide and contaminant

PRSI e B e G b S et
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films which will most certainl}é exist on the eur.faces. . B X
Part I
. Ol:jective _ ' i ' .
To determine the coefficient of friction between ' 3

h)
\ )l

various sets of materials and g‘enerate a table of coefficients

of friction for these materials. ' . k .\' el
Apparatus o . e L \ 1,

s

- Coefficient of friction device complete with test .
'pins.
. . -

Procedure

Set up and level the carrier tray. Then,

starting

with the brass bar a\md brass pins, place the bar on 'the'

trolley and the pins in the slider. Arrange the trolley so

that the datum point on the slider is at the start’ poeitiod.

Push the trolley foxward belng careful. not to accelerate it,

untll the datum poxnt on the sl:.éer intersects the scale.. '

'I’h:n.s value is the coeffxc:.ent for. th:n.s comb:qatlon of
materxal-s. Enter the value in the table below in the. hox
correspondmg to brass - brass.. Note there are three spaces - ,f:"‘..rf
for each pair ‘of materials, .one each for the materlals as

bar or sllder reapectlvely. : The \main block is. then the

aVerag\e. Repeat systemat:.cally untJ.l all’ combmat:.ohs have '

been tr:.ed and the values entered Cw B L *
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. part II

Objective

' ¢

To determine and demonstrate the values of rolling

frictionrs : ‘ . ;
» ]
Procedure u
Using the same apparatus and procedure of part I,
0 ‘ .
replace the slider with either a ball or cylindrical roller.
Determine the céefficient of friction for these materials.
Part III .
Objective i T
To demonstrate the independence of the value - .
. . |
determine on the friction between the tray and the slider.
. : r / -
Procedure ‘ S ' "
L e . »
Lightly lubricate the tray and .the slider and repeat _f
a value determihation for one- set of materials. Compare the
value with that obtained in Part I.
. Conclusions
\_,\‘ . \
Prepare a laboratory report for the above set of * : v
T . . - . & [
experiments. ‘Compare the values obtained with those expected T
. N . . . A

and’ discuss any discrepancies.
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6.2 Multipurpose Tribo-demonstrator

Pin and Disc Machine for Friction and Wear
g Theory . )

Wear may be defined as the removal of material from

. v .
solid surfaces by mechanical action. . '

. There are ‘four main types of wear éenerally

1)

recognised, and these are: d
1. adhesive‘wear - during which the particles are,

pulled from Qhe surface to adhere

v
.

. \ . to another

N “

2. abrasive wear - duriﬁg which the particles are

ploughed out from the surface

- 3. corrosive wear 7 increase in wear rate due to a

’ chemically active environment
X .
o £

4. surface fatique wear ~ during which the wear is
caused by repeated applicatiofi of
P 'strgss to the surface %n sliding or
rolling. . -«
Other manifeStatioﬁs'of wear ocgpi as f;etting,

‘erosion, cavitation and brittle fracture wear. )

.

Also when wear occurs it oan occur as either mild or
severe depending upon load conditions, and changes‘in the
N :
mode can easily be observed on the wear rate vs load curve.

Because of the nature of wear, analytic relationships

are not‘ali-encompassing nor readily available. We can,

NS M RN PR v T M A TS TNt - A T IRAEE R

AR AR S




" plastic conditions (i.e. high load: area), the volume of
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i

v

”
however,‘formulate'some empirical relationships. For

4

wear is believed to be proportional to the load and length

of sliding whilst inversely proportional to the hardness. -

-

i.e. ValNL where N = load ’ ';;,r*i
P ) '

M L length of sliding

= hardness

PM‘

’ or V=K g where K = wear coefficient

M .

.
5

The wear coefficient depends upon the-typé& of

material involved. ‘ - .
A

el - - s TN,

il
8
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Part I

Objective

d
-

To demonstrate the dépendency of wear volume on

sliding distance; and to compare the wear coefficients of

-various materials. :
- .

- ' Apparatus

. s -

Pfﬁ.and disc wear apparatus complete with variable

3

speed motor and controller; test pins of varying materials;
. . . - “ ' [

vernier calipers; stroboscope if necessary*; tleaning

compound {acetone, etc.); grinding ﬁaste or paper; ﬁeights.
\ B
rooN

" Procedure

Set up the apparatus with the wear\disc in place. -
Start the motor running at low speed and with acetone degrease

the wear disc. If the disc shows signs of material transfer

L

from previous experiments, use an abrasive to remove the
material.. When thé&disc is- sufficiently clean, choose one

of the test pins and .insert it into the holder. ' Place the

i

. weight on the platform and run the®nachine for a short .

N period to:lap the eﬁd\of the pin.to a smooth finish. Remove
' I N A N
the pin and using the vernier calipers medsure its length.
®

. +

¥ The motor may be-éalibrated in rpm previous to the experiment:

. N\
or the stroboscope can be used to measure rpm directly.

FAC s A A PR i Rt o S A R Y T R i e
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Replace the pin and weight and repeat until a sufficient
number of time and wear measyrements have been made and
recorded. 3%\
Plot the results and from the graph obtain the wear
coefficient for that material. ,
| Repeat.for other ma£exials and plot these values on

a

the same graph. Compare the various wear rates.

-

Part IE

Objective
To demonstrate the effect of load on the wear mode

>

Note: This experiment caq,be very time consuming

and in order to save time and make the experiment practicable,

only one value of wear and time per load can be used to get

_ the wear rate. Also, with constant cross-section pins and

constant speed the wear rate can be given simply as length/
s ¢
time. The shape of the wear rate vs. load curve can still

be seeQ.

Prgce&ure

- 12

Set up the experiment as in Part I. Starting with
\ .
\ . . .
a 100g weight, make a measurement of wear for some set time

interval. Then increment thé load by lOleénd'make another

measurement of wear and time. Continue. until sufficient

g : - :
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recordings have been made. Record the data in a table like

Table 3.. Piot the information obtained.

~

Conclusions

- !

>

Prepare a laboratory report for thée above set of

experiments. Present all the data in graphical form and

comment upon the results. bompare with what you expect and

s N

discuss any discrepancies.,

Y .
N\
N\
N N }
\ .
/%
\ ' ) -
-,
~ ) . .
\, .
4 ‘ . )
4
o - l .
i [} , "
4 . .
n \ !

e
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Material
Sgeed
i
}
Load
LY
i
§
B |
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Table 3

Date:

Original Length

»

(

A
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Recording Scheme - Wear Mode Test

-

PR

Length

Time’

At

Rate S

ALy = Dye1) sae

-
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. Hydrodynamic Lubrication Apparatus

Theory

Hydrodynaﬁic 1ubricationlmccur§;whe@ the shape and
relative motidn of two sliding surk@ceé (with lubricant
between éhem) cauées the formation éf a fluid filT having
sufficient pres;ure to maihtgin sgparation between the twd S

surfaces. ' The ;gsistance»to mot;on in this instance arises A
solely from\hhe internal friction df viscosity/gf the
'Iubr;cant. This principle is used in the construction of
various types o% plane slider, and jourﬂal bearings.

| ‘Bearings similar to lhe one used~her; (i.e. sector
shaped) are uéually~found as a circular group in hydrodynamic
thrust bearings. For eiample: the turbines in Churchill
Falls are supported by such a'configuration.

The theorz‘governing the total operation of the
bearipg.pad yields the very complex Reynolds equation.
However, if we assume the flow to be unidirectionai the
equation cgn_be‘simp&ified.* - ?

For a.plane‘slider inclined pad, Reynolds' equation
-in one dirgction sim§iifies to: q ’ . \

' ¢ 1
. S ) : R

* Boyd and O'Cgnnor agree fhat a Sector pad can be | .

.approximated by a plane slider if the parameters are -
" calculated at the mean radius. ' | , '




' Hydrodyﬁamic lubrication rig complé%b\with S.C.R.
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ar 6 Uy kh:ﬁ) where U = velocity
dx h3
¢ = absolute viscosity
: h = film thickness
* h="film thlckness at max1mum

pressyre

wAs can bé \seen, the pressure distribution is a'
\ . N . ) ’
function of speed; vi sity and slider. geometry.

K
’V\: -
e -4

AW

Apparatus

\ A\

v

controlled motor drive; SFSP watch; thiéknesg auges; o}ls

. of various viscosity; scale.. .

\#’ { : . / N '

Part I

{] .A
Objectid%
* To verlfy‘kAynolds equation in the 51mp11f1ed form
appllcable to a plane slider inclined pad bearlng with one

dlrectlonal flow.

. 'S
- . ‘ K ' n,
M g e
“ , - h
o ' . ™\ - '
) ' ~ 'm ) -
Procedure - : , : ¢
SEOECANE

? : : . '
Set up the gpparatus-and usxng the thlckness gauges,
’ set thg 1nlet and ouuietkfllm thlcknesses., [Around hi = .020

J [
in and h2 —‘.010*¢n 1s a good startlng point.] Open the

Senbadh AL e T
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valve from the o1l reservoir and when a thick film of oil

builds up in front of the bearing start the motor. Adjust

the speed and allow sufficient time for the profile to

-become fully developed. ‘Measure and record the oil level in

~ the various manometers,

Using the stop watch, measure the time required for

25 revolutions and calculate the rpm. Alsd, measure the

temperature of the oil to get the correct viscosity, or

measure the viscosity directly. Record all the data.

~

"Results

¥

Using the data obtained, plot the curve of P vs X.

From this curve, locate the position of h and determine its

valqe.

v

QEtimate the value of dP at each-manometer station

ax

from the curve. (Manometer levels can be used directly as

the pressure valves if qnly the shape of the curve is of

interest. For quantitative'énalysis, proper pressure units

\

haveg to be/tised).

v

: Estimate the value of dP at each manometer station

dx

from the curve, and U?lnglh = (hl'hz).x + hz caL‘Flate the
NS N

| value of h at each station.

[y

B

¥
i . N

‘Arrange the data as shown in Table 4 along with

the calculated values of h-h
' 3

A

PO

e e 1 i
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Table 4 Recording Scheme - Hydrodynamic Test

ap/dx h (h-F) /h’

»
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Plot ¢ h-h
dx: h3 .
!

This %hould yield a straight line, the slope of

which is 6 U y.

Part II

Objective
v 4

A i 1

;1o demonstrate the effect of speéﬁ on the pressure

generated wi%h Q;plane'slidér bearing.’ 4
‘ p - ;‘n' - ' o i

PrchEure l C .

SN a0 ) )

%, Set up the apparatus and adjust the speed to give
Y ’ :

maximum height .in.the manometers. Record the speed:and ~

k)

height in one the hanometer, tubes (say station #3).
Withqut alterind the film thickness setting, reduce the speed
so that the level falls sligh;ly. Aga;;\record the speed

and height. Continue until‘é suffiEient riumber of speed and:

pressure readings have been obt;z;;E\tq plot P vs U on a
. 2

graph. Recokd all data. #. .

-

Results

™ : :
From' the data obtained, plot the curve of Pvs U
-3

for the selected manometer.
>

This should yield a straight line, i.e. P o U,

. s

- 1
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' If only one 011 is used' a .viscosity . vs temperature curve should
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Part III
Objective ’ N\
\ . :
To demonstrate the effect of viscosity on the .

pressure geneyated within a plane slider bearing.

[y

Procedure

‘ Repeat Part II except vary the'Viscosity with speed
| y '

and film thlckness settlngs constant. This can be done

either by changlng the 011 or by heatlng the reserv01r and thus

changlng the vxscosxty In-thls case, 'recorad the temperatufé.vf

P

\be obtalned prev10usly. Record all data. ' C ’.‘l.lf

LY

e

From the déta obtained, plotithe cufve4o§aP=vs U.
. . \ ' '
This should yield a straight line, i.e. P a .

Part IV | | , f

Objective . '

To demonstrate the effect of slope on the pressure
generated with a_pléng'siider bearingjr i
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"

happens with respect to what he, expects. -

Objective-w.. . L ‘ L R RN

'those predlcted u51ng known solutxons to Reynolds equatlon.

dimensional lenyeh;x/B to, give: . ..f ' ’ . N ‘4;.

Fuller and attached But this lS for an inf;nitely WLde 1 R
bearlng, and flnlte dlmen51ons are accounted for by a form ;tlﬂ
A o - BN -
faqil:OI_.f,_, 4nm‘.' D L L
\ - ’ AN > y : o
¥ A \ SN b - \J_'- »

. . .
. 164
/
Procedureé
Start machine'running, and afterza suitable profile
has been generated, vary hl and h2 and observe the changes
in profile. It may be necessary here to‘altet speed also.
. \ s LY

No data need be taken but the student can descrike what

. . o : Y «_,th@’E
Part V (optional): -~ .3 T e ';\nw.fzxk,

To compare the results obtalned WLth thls rlg, tQ

o

~ . s

Refer to Figure. 43 N
Thehsimélified form of Reynolds' equation can be -
solved in'termsfdf'the‘slope,jM’ = ﬁl—hz*,'ana the non-

N o oo

3: e E4E%%£iiﬁkp' where the pressure coefflcxent § g
. y 2... ‘_.:. "Q"l; \\ ". et L KP = f (M' X/B) . A ‘. ‘. " .,.~‘.. o
< ','°A plot of the pressure coeff1c1en§s is taken from '

B B TR A PO UEID R MR E  E
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Hence . o
P=6y U2B n Kp
. h ‘
2 .
In terms of the head of o0il we’ get: ;
since P = p g H where p = mass density
k N .
W=pV ‘ Vv = kinematic viscosity
3 o : ) )
.. u=qfnwnr .
.' 30 -
4 f-"
P : -
- . . 3
For this particular bearing n = .25 and B = 3.82 in. )
Results
. Select either set of data from the previous section.

X - 2 .
For a particular manometer location and the slope used,

. determine the value of Kp applicable from the attached graph.

“ With this, and the values of N, r, B, ¥ and'h2 used .calculate

the value of H expecteé Compare thls value to the height

Y N

~
actually measured for that manometer w1th those conditions.
- -
‘Calculate the per'cent dis repahcy. . \
] 'l . . ~ . . 1 \ ‘
Conclusions - ’ .f. i ~ L DN % ‘
',;’ , ' \ , - ,\"
: P eparé a prOper laboratory report,for the~ab6Ve set -ﬁ.
. ' \ . R . -_.4

of experiments.. Present all data in graphlcal form and
2 N
compare the results w1th those expected 1n V1ew of. theory

‘and emplrlcal relatlonshlps g;ven. Dlscuss any discrepanclesfff«V

- N L ‘ - . . . -‘. -
=xand comment on the results. : Coe e K
;»é( SRR L . PR
. M N - . X v
v “ ~ - W .
N N i R T ) .
. . -
! i | Lt ERN
i ' . . B - K ,
- v o N .
A : BN ' L ?‘ . = SN v,
- . ; AR , . - :
b - N . A ! . " y
) o L P T ] ) e
- Y e TR tTER LT 2 TGN b
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Pin and Disc Machine for Fretting Wear

N . N\
Theory ' N
. \\ 1 ’ '
Fretting is a type of wear between two surfaces
eaused by a slight cyelie motion of one surface over the *
: , ' \
other. Because there is no neﬁ translation or rotation of )
the surfaces, any Wear debrls or other substance which gets
' N
trxapped between the surface%ﬂcan influence the wear mode. T
Thus the wear regime may indlude not only adhesive but also |’
abrasive and corrosive wear,
Part I * A} '
- . § PN
Objective S 4
. ‘ N 'l~ . " .
. - ’ . ' T . ""‘ l [
+ To demonstrate the phenomena of fretting wear in a ..
dry environment. - - . o B TN
EEara us e N POV S
. I TR ST
| .. ‘ : ,
,- - > Pin and disc wear apparatug completd?with addltlons
, ) . ?
necessary for frettlng experlmentuu S S LT
-‘, T ' NN ‘
B ‘ \ : - "‘- ., A PN N " \“ ) i
-Pracedure . s " . 5 <,'=f—i_. ~
LR . S - .
\ v » e - » ‘ ,-. B .

Set up the apparatus as requ:rEd for frettlngni Start
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a

Set the motor running at about 275 rpm (1750/8) and after

making a series of time and wear measurements, plot the

Pl

results to get the wear rate. Confpare this;with the values

obtained # for &iy wear. Also obtain a sample.of the wear

debris for inspection. - : ' p

. ‘Part II .
‘ i ‘ -

. Objective’ = C .

To demonstrate the effect ‘of the environment on the’
fretting wear rate. '
:\ .
Procedure S~ - "

Repeat Part I but use salt water or a "weakly acidic

A}

¥
-

‘msolutlon on the dJSC.A Aqaln cgmpare results, and collect; a

sample‘mf‘the deb;is.fbr inspection. . U N
~ Conclusions T TR g

v

of experlménts.‘ Analyse the debr;s and speculate on 1ts.

s ava}lable '

(X-ray dlffractlon) at the 1nst1tﬁt10n a prbper determlnatlon

nature and chemlstﬁy. If su1table equlp,en 2

o, ) -

of debrls comp051tlon can be made. ,Comment on' the results.hgf

;Prepare a properslabbratoryﬁreport for the abOVe'Set:
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2 ' .
6.3 Four-Ball Machine -/Failure Apparatus a:
" \ ]
Theory ‘
¢ . Dl ) -,
. . < - Rolling elements can fail in a variety of ways and
the faifure may be instigated by one or more of several .
-mechanisms. The illustration below outlines some of the
. . . ' . ! -~
A © major causes and/or forms of rolling element and jougfal \ N )
. ’ . . t‘.' j . H
Pearing failure. @ ¢ A ' .
ool - . ,
‘ Bulk failure\\ ' :/;//paéé/;nstigated Cavitation .

OOerload—:g————Joﬁ nal - ‘

\\\\\\\\\Mhsalignmént ’
. P a
Plastié Flow forrosion

'\ \ - Lubrication choice

Wear . & breakdown‘ .
' . . Fatigue Materials
Ve S e Electrical pitting
\‘ ( w . ' r t.

Detéiled descriptioﬁ of each should ﬁe'given>{n °

- -agdq@panYing'leetu eé and'tﬁe manual onAbaLl_roiler:beéfind

| éapagb - "Interpreting Servicé D%ﬂagetin R61lin§‘Type ’
Bééf&ngs" publishea ‘QTASLE i; an’ l

. v\
@nValuable'aid while
.* . T

?'lgﬁ,interprgting the results.of the®following experiments.

o The experiments %hoéeywhgﬁe'serve to illustrate - S0 f
Y . Ty . ’ & . kg ¢ N AL : A. PR e : i L e
oo T e N T ' o o
o~ (primarily the effect of load an@;iubrlqant;se;ectlgn~on . ‘ . N B

bearing life. 'The student ,?;y',-“"jhoWever ., in Gonsultation with -
R
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N \
his instructor design his own experiment concerning other {
aspects of rolling element failure.
Part I .

Objective A : ¢

) ‘ ‘To demonstrate the effect of ,Aload'on‘ failure of T
. ¢ . s
ball bearings. : : ‘ o
. » .
» _  Apparatus ‘ .

t

Four-ball machine complete wi th hydraulic ram; test

.l

?
)

L}
balls; stroboscope; test lubricants; stop watch. o
g . ,

N N
\

" Procedure

The apﬁ)aratus should’ alreédy be assembled. Be su_re\

7 .
the shaft end and Hear].ng balls are thorouthy cleaned, and

the oYl to be used is fllteged Flll-the bearing cup and

PN .
holder W1th the 011 to be used and wa‘.th t.he balls in place,

put the load:.ng head ‘unto .the ram. . Apply 'enough pr‘essure

to the hydraul:.c ram so that the balls just come in conta,ct : .
0 /

oo, with the shaft. Start the Aotor runn:.ng and allomthe rig
to run slowly under no load, to be Sure ever{rthlngkls%runnlng - |
- Pl T T e R T S
f oo "*_‘ These ’experlments can be Very tlme consum ng | and would . i

. best be performed is a term prOJect for a small grcup of

’\q* g oy g
‘.z.— ‘l‘p‘“1§&f-‘l§l



; ‘ .4 171

t4

. .
h ] [ "

-

smoothly. Tuen inc%‘a{se the speed (if speed ¢ontrol is T .
available) and load to the desired settings and start timing :
1 the operatlon. When the machine has atta;.ned a steady[ speed : ;
_I : ' use the stroboscope to measure the rpm of the shaft. - Run SR S
. the machine te failure and note the tlme required, ‘Rel\:eat‘ a 4 | f

i

until enough values are obtalned to be s:.gm.ficant {5~10

- ) ) A . depend(zmg on spread) Increment the load and rerun the . .
N [} . N
r"' experlment; Contlm\e untll a number of sets of fallure ,
s ‘data at dlfferent loads have been obtadined ;' ] - .
7 ' o ' - ‘ E
{-' P Part 'IX '. . P '
g-’ e \ . ’
i Objective - « . - : _ _ |
{ .- To den:onsti:ate the effect of lubricating oil on
F'.' v . . . a . .00 . .
' failure of ball bearings. . - . .
i . N . L
[ ¥ . + N - N <N )
A ' v g P - \ ) " N . .
s EBrgcedure- - ., . - - L . .

‘ -7 Repeat the pmceduze of Part ‘I, except this’ time
_ ' . make all Jrune‘. at ceustant load\but with’ dlfferent 1ubrlcants
' o eaeh tJ.me. D:Lls th\.ch .can be used can bé of Vary:mg grades p
v .or :.n various dond:ttmns.- For .example, unused motor o:.lks " ‘ ‘

4

. serv:Lce . (R
. AN .

R evaluated..z

. . N ,‘ can Qé comp:l/ed to the same o.‘tl after a per:n.od of tlme 1n
. :

the effect of adc';lt).ves J,n the oxl can be S VY N
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Conclusions -
-——-.—_s:__-.'-— . LJ

.  Prepare a laboratory report for.the above set of

o ~

experiments. Analyse the data of Part I to try to determine

a'functiénal relationship between failure time and load.

N
, i v . ’
In ParﬁaII, try to compare the relative qualities of the
oils,u%ed;. In both cases, .dpalyse the balls th mselves-and
try to identify,tHe.;ypéQdfifaiLure,_and check to\see if ', - 'f
) S T, B : ) . -
failure mode changes-with load or lubricant.
. : : ‘ < X I
~ L .
7 - ‘ X . 5
= “
N
A
/
- ~
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