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' 'SYNOPSIS

The thesis describes a theoretical and experimental investiga-
tion into the transfer lubrication technique as a means of

eliminating stick slip vibratory motion.

The experimental apparatus consisted of a replaceable disc
fastened to a rotor supported in air journal bearings. The

disc was driven rotationally via an elastic member and radially
loaded by two diametrically opposed pistons pneumatically
pressed against the disc circumference. A metal piston pressed
against the metal disc induced the stick slip motion whilst

the other piston consisted of‘a dry lubricant compact providing
for the transfer of solid 1ﬁbricant to the metal junction.
Instrumentation was incorporated in order to measure appropriate
stick slip properties and the major parameters of the system

were varied.

Unlubricated stick slip experimental results have been compared
with znalyses based upon upper and lower bound linearised
dynamic friction models. Corresponding theoretical stability
relationships have been @evelbpédrfpr transfer lubricated con-
diFions and experimentgiJcompéfiSon also made. 1In addition
detailed circumstancesvwhereby stick slip motion is successfully
eliminated by transfer 1ubrication have been defined’including

limiting load ratio and oil contamination conditions.
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" NOTATION: -

angular displacement of driven disc

angular displacément of driver
Blok parameter 'CTS—_T}-:)—
viscous damping torque proportional to slip velocity

= Dynamic friction model gradient = (Ts - Tk)/emax

Negative damping coefficient = CF/Z/KJ

viscous damping coefficient = C/2/KJ

inertia of disc and rotor

torsional spring stifness

slip time

slip .time period

acceleration slip time period

déceleration slip time period

friction torque at zero slip velocity (static friction)

friction torque at maximum slip velocity (kinetic
friction)

damped natural frequency of system subjected to viscocus

™

damping (/X/J -(C/23})
natural frequency of system (VKJ)

damped natural frequency of system subjected to viscous

and dynamic friction model damping (vK/J - «C—CF)/ZJTD.

slip frequency = 27/t,



" 'CHAPTER 1 ':" TNTRODUCTION

1.1 Stick Slip Motion and Transfer Lubrication

Stick-Slip vibratory motion is a phenomenon occuring between
slow moving bodies in dry.frictional contact when one of the
bodies is driven through an elastic member, and can be present
in the rotational or translational situation, as shown in

figures 1.1 and 1.2.

Self generated vibrgfiohg are b%éuéht about in such systems by
the variation of friction force between the contacting bodies,
- the friction force depending upon the relative velocity of the
bodies. Wheh the frictional contact is befween stationary
bodies there exists a resisfance to motion due to friction
which we shall call "static friction'". If a force, and hence
motion, is applied to the free end of the driving elastic
member, the member compresses and stores energy continucusly
until sufficient force ~ is available to overcome the static
frictioq force, at which point the driven body is caused to
move. As this motion proceeds the frictional resisting force
in the static situation ("static friction'") falls to a lower
level of frictional resistance ("kinetic friction'") in the
moving situation. This drop in friction force effectively
increases the energy available from the compressed elastic
member and induces an acceleration in the moving bcd&, thus
causihg it to move forward sharply, and the elastic member to
lose some of ifs stored energy. Acceleration of the driven

body continues until the decreasing force available from the



elastic member falls below the resisting kinetic friction

force level so causing a deceleration of the body until the
point where motion ceases ('"stick"). When the driven body

comes to rest the friction force is once again that due to static
friction. The process is repeated and continuous self-generated
vibrations occur. Since most drives in general engineering are
transmitted via elastic members (e.g. leadscrews, hydraulic oil,
etc.) then the vibratory motion of stick-slip can.be seen to be
a phenomenon which can produce difficulties in situations

where accurate motion or positional control is required. 1In
addition to the well-known undesirable existence of stick slip
vibrations in machine tool tables and drives (1), other
observations df the phenomenoﬁ in practice are common. Catling
has described the torsional vibration problems associated with
stick slip motion between threads and textile drafting rollers
(2). It has also been observed between steel wires and dip
rollers in the galvanising process (3) and Thompson (4) has

recorded its presence in hydrostatic extrusion devices.

Dry lubricant materials have been used as load carrying

members hitherto for their low friction and anti-stick-slip
properties. A recent development, however in the lubrication of

- friction junctions rigidly driven relative to each other has been
1ubfication by transférred films of solid lubricant. The solid
lubricant is located away from the friction junction,and pressed
on to’thevmoving member of that junction. Wear cf the lubricant
causeé transfer to the friction junction and consequent

beneficial modification of the friction characteristics.



1.2.1 Stick-Slip Motion

The basic cause of stick slip as the fluctuation in friction
force at low relative sliding speeds was first observed by

Thomas (5) in experiments on friction forces at low velocities

of sliding.

Bowden and Leben (6) also conducted experiments on friction
force fluctuation at low sliding Speeds, paying particular
attention to the variation in static friction force due to

normal load and friction junction material variations.

Further experimental information was provided by Morgan et al
(7) who measured kinetic friction force against sliding
velocity. The method of measurement appeared to be rather
unsophisticated, involving conversion of slip displacements to
slip velocities by the taking of gradients. The results
demonstrated a drop from static to kinetic friction force for
all materials tested, with a long transition period for steel

on steel.

The time dependent nature of static friction force has figured
largely in experimental and theoretical work to date;

Rabinowicz (8) and Kragelski (9) have shown experimentally that

the static friction force is dependant upon the time of metallic
contact. Rabinowicz demonétrated a reduction in stick slip
amplitudes with increase in drive speed as a consequence of lack of

.junction growth i.e. reduction of time of metallic contact and



hence static friction force.

An analysis of stick slip motion was performed by Blok (10) in
which the dynamic friction model was one of a constant kinetic
friction force during slip following an instantaneous drop from
a constant static level. By considering an additional viscous

~ damping element in the system he determined a limiting condition
for the persistence of stick-slip after which smooth sliding of
the driven member occurred; Derjaguin et él (11) developed
this approach further, to the extent of demonstrating the
dependence of this stability condition on two dimensionless
groups - viscous damping coefficient and %szgﬁf—y. In
~addition they also attempted to consider th: Vargations in
friction force due to juncfion growth. A further dynamic
friction model involving an instantaneous drop in static
friction force followed by a negative damping relationship
continuous for the slip period,was also considered but cannot
be considered practically realistic. No experimental

evidence was presented.

Brockley et al (12) investigated theoretically the existence of
a critical velocity to bring about stability, for .a time
dependent parameter situation including viscous damping,using
the Blok dynamic friction model. Reasonable confirmation with
experimental results was achieved although soﬁe scatter is
evident and the number of results taken were quite small.
Banerjee (13) proposed a purely kinetic friction concept, mod-

elling the dynamic friction characteristic with a continuous Znd



order polynomial based on steady state experimental results.
His analysis showed the exisfence of a critical drive velocity
and demonstrated the way in which the velocity of sliding
returned to the impressed velocity under such conditions.. No
experimental confirmation of the analysis was included however.
By careful measurement of stick slip amplitude and comparison
with predictions from a non-linear analysis Symmons (14) showed
the drop from static to kinetic friction force during slip to

0.5 for aksteel on steel

be proportional to the(slip velocity)
junction. Bell and Burdekin (15) have produced a theoretical
analysis by considering two linearised dynamic friction models,
both based on a negative viscous damping concept for the

accelerating part of the slip; A negative damping gradient is

T. - T, :
defined as (7§—~——£)‘and a negative damping coefficient as

_.(Ts - Tk) bmax ) ] ] )
—=—————. The first analysis considered the negative damping
fmax 2v/KJ
effect to be continuous throughout slip; whilst the second,
a discontinuous model, considered z constant value of kinetic
friction force to be present for the decelerating part of the
slip period. For both models, relationships between maximum
slip Veiocity and negative damping coefficient and stick-slip
frequency were developed. Comparisons with experimental results
for a cast machine tool table were given. The stick slip fre-
quency graph failed to provide an adequate comparison between
theory and expefimentél results however, since it represented
the time interval between the commencement of successive vibra-
tions. A large proportion of this time period must be made up of
'stick time' and therefore it is difficult to assess the merit

of the analysis from this method of presentation. For the

former graph (maximum slip velocities) for values of negative



damping coefficient up to about 0.5, there was close agreement
between theory and experimental results. Experimental results
showing dynamic gradient as a function of impressed velocity
were negative for all natural frequencies examined (metal to
metal sliding). By'the introduction of polar lubricant the
friction dynamic gradient was modified and became zero at very
low velocities. This point of zero gradient was suggested by
Burdekin and Bell as being the condition at which stability would
occur in any system. Furthér analysis by the author of the
negative damping friction characteristic (see section 2.3) by
the inclusion of a positive damping term intc the system will
show that stability can in fact be induced when the friction
dynamic gradient is still negative. Earlier work by Burdekin
and Bell (16) had shown the presence of a dynamic friction’
characteristic with positive gradient at low siiding velocities
for cast iron surfaces lubricated by polar lubricants; a

system in which stick-slip vibration was not observed.

1.2.2 Transfer Lubrication Techniques

Recently Hemingray, Cowley and Burdekin (17, 18) have discussed
the use of plastics as part of a slideway joint to eliminate
vibrations due to stick slip and also reduce the friction forces.
When used in this manner however several ﬁndesirable features can
be prdduced. These include low wear resistance, as indicated

in results obtained by Lapidus (19) and.consequent hiéh'frequency
of overhauls and dimensional instability. Filling of the plastics
can increase the strength and reduce the wear rates but problems

of separation can arise due to differential coefficients of

thermal expansion.



The use of plastics as a lubricating medium by transferred

films of solid lubricants avoids some of these problems.

Devine, Lamson and Bowen (20) quote many examples of the trans-
fer lubrication technique being used in rigidly dfiven
situations with success. The dry lubricant is introduced between
two mating surfaces under load, usually by pressure contact with
one of the surfaces. Using é lubricant compcsed of molybdenum
disulphide, graphite and sodium silicate located in reservoir
pockets of a rolling element bearing the above authors |
demonstrated an extensionhof iife over unlubricated running of
up to 20 times. This transfer lubrication technique is
relatively simple to use ana avoids the costly surface prep?
aration and treatment hitherto found necessary for dry fiim
lubrication as indicated bf A C Wood (21). Similarly the
strength requirement for a bearing material acting as a load
carrying member is not necessary, since a relatively weak material
can wear at a sufficient rate to maintain replenishment of the
lubricant. J K Lanéaster (22, 23, 24) has provided extensive
information on lubrication by transferred films of sclid
41ubricahts, experiments béing conducted mostly on a pin and
disc, rigidly driven apparatus with the load applied vertically
tﬁrough the pin. Tranéfer tecok place from a iubricant compaét
located diametrically opposite the frictioﬁ interface and
provided for conpinuous.replenisﬁment.of the lubricant at
friction jpnctioﬁ. Using predominantly graphite,-p.f.f.e;

and mélybdenum disulphide he demonstrated the vélidity of the
lubrication by eQamining the surfaqés; deéiaring the 1ubricaﬁf

EAN



to have failed when scuffing of the surfaces occurred. Maximum
séuffing loads were found, indicating molybdenum diSulphide,
p.-t.f.e. and graphite, in that order, as suppofting the highest
- loads. The speed of sliding of the junction was 60 cm/s and
surface finish 30ﬁin (0.75um) C.L.A. for steel on steel. With
the same speed, surface finish and material, evidence was also
produced to show that althcugh continuous replenishment of the
lubricant extends the life of the bearing surface it is still a

finite rather than infinite process.

Using thié technique in a stick slip situation involves the
action of two dynamic friction characteristics on the driven
member, that of the metal to metal interface and that of the
transfer lubricant tb metal interface. The metal to metal inter-
face characteristic is modified by the lubricant transferred to
the junction until a coherent film of lubricant is formed and
the lubricant to metal characteristic governs the motion of

the driven member. For a suitable lubricant this will cause
the elimination of stick slip. However any positive viscous
damping effect from the dynamic characteristic of the transfer
lubricant itself acting upon the driven member can assist in
eliminating the stick slip under minimal lubricant film
conditions at the friction junctiom. Dynamic friction
characteristics of the dry lubricants to be used‘in“tﬁe ex-
perimentai‘programme are not available, but steédf state
measﬁrements by Hemingray (17) and Lewis (25) showed an
increase in friction force for increasing sliding velocity'

for p.t.f.e. and graphite rubbiﬂg on steel. This encourages the

author to propose a dynamic friction model for the transfer



lubricants based upon a constant Coulomb resistance together
with a positive viscous damping resistance. Thﬁs it seems
possible that transfer lubrication of solid lubricant films
can provide a simple solution to the problems of stick-slip
vibratory motion ahd present itself as a viable alternative
to the use of plastics as a structural material such as

happens in slideways.

1.3 Objectives of Investigation

From the foregoing it was proposed to examine ‘expérimentally
the circumstances in which transfer lubrication could be
successful in eliminating stick slip vibrations and
theoretically explain the method of elimination in terms of
stabiiity relationships brbﬁght about by the dynamic viscous
damping action of the dry lubricant. This necessitated
comparison of the upper and lower bound linearised dynamic
friction model theories under unlubricated conditions, measure-
ment of the dynamic viscous action of the dry lubricant under
transfer lubricated conditions and comparison of experimental
transfer lubricated results with theoretical stability relation-
ships developed using the above stick slip dynamic friction

models.



Fig 1.1 Rotatidnal Stick Slip Configuration

Fig 1.2 Translational Stick Slip Configuration
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"CHAPTER”ZV{“THEORETICAL ANALYSES

2.1 ‘Introduction

Two linearised dynamic friction models are used in sections

2.2 and 2.3 in proﬁiding an analysis of stick-slip motion in

a rotating system. The constant static, instantaneous constant
kinetic friction torque model shown in fig. 2.1 was first
suggested by Blok. Utilising this model, the analysis of
section 2.2 examines various stick-slip properties in terms

of the dimensionless parameter %szg;TET' A stability
relationship is also determined for the system subjected to
viscous damping which demonstrates that value of viscous damping

which will eliminate vibrations for any particular value of"

the dimensionless parameter.

The second dynamic friction model considered is shown in fig.
2.2 where the drop from a static friction torque to a kiqetic
friction torque is linear for the acceleration pneriod and

the kinetic friction torque is considered constant for the
deceleration period. This model will be called a negative
damping model. Stick-slip properties are againfdetermined and a
stability condition demonstrated, depending upon applied viscous
damping. As previously mentioned Symmons demonstrated the

drop from static friction force to friction force at maximum
slip velocity to be proportional to (slip velocity)O'S;

However thé method he used, of comparing measured amplitudes

to theoretical amplitudes based on non-linear analysis, indicated

stick slip amplitude to be insensitive to variations in the

shape of the dynamic friction model. Confirmation of this was



pfovided by Cockerham and Cole (261, in an analogue simulation

of unlubricated stick slip for a selection of non-linear friction
characteristics. They showed amplitude of vibrations to be
almost directly proportional to (Ts - Tk) for a variety of
friction charaéteristics. Amplitude of vibrations is therefore
considered an unsuitable basis for comparison of the accuracy of.
the above linearised model theories and will not be used

extensively for comparison purpcses.

Stability conditions for both theories rely upon the incofporation
of a viscous damping element into the system and measurements

by previous workers suggest dry lubricants exhibit such damping
properties. It is therefore necessary in the experimental
programme to determine a value of viscous damping for each
lubricant. A dynamic friction model for the dry lubricant consis-
ting of coulomb plus linear viscous damping is suggested and an
expfession is developed in section 2.5 from which the components
of dry lubricant friction can be evaluated. This is achieved

from an amplitude résponse curve obtained by applying an initial
displacement fo a mass-spring system subjected to dry lubricant
aamping. '

2.2 Stick-Slip Analvsis for Blok Dynamic Friction Mcdel

Consider the friction force velocitf characteristic as shown
in Fig. 2.1 with a constant static value of friction torque TS
instantanedusly falling to a constant kinetic friction torque
value Ty. Considering the forces acting on the disc as shown

in Fig. 1.1,.the equation of motion is given by:



‘Jg + C8 + K6 = Ko - (£T,) the direction of TK.dependS

K/

.upon the direction of
velocity 6

w o C K X LTIx

3] +j:e +3-6 =j¢ - (i-'j"}

Solving for ©
T L[] -—g;t-
6 = ¢ - 1% - %? + ez‘J (A cos wt + B sin wt)

Boundary conditions:-
At t =0, 86 =0, 8 =0and ¢ = Tg/g
Resuiting in the following values for A and B:

_ -1 ;
A-— TT(TS - TK - Co)

- _-C : ¢
B = agwTs - Tx - C0) -

A

Giving the complete solution as follows:-

"Ct [
Tx 3 57 (Tqg - Ty - C -
K Co eZJ(( S KK ¢) cos wt + ('—_ZJCKW
(Tg - Tg = C§) + )

Sin Wt) seeeeseaeas (1)

.. the difference between the drive and driven displacement

is given by
L (1g - T . cé)
2J LS 7 2K = _ ~ C
( X cos wt *+ (77%w

(Tg -~ Ty - € + D)

Tk, cé
¢-6——K—+-—K—+e

Sin Wt) .c.ceseccess(2)

In order to determine the value of ¢ - 9 it is necessary to

find the value of wt for the occurrence of stick-slip.



- Stick-slip period -

Stick will re-occur when 6 = O.

From equation (1) therefore, differentiating and letting

c/2J = qp
§ = ¢ + (-ue™™ (A cos wt + B sin wt) + we Mt
(-A sin wt + B cos wt)
where A = :l(T - T, - C9) B = ox(Te - Ty - Cé) - é
K*'S K KW 'S K W

oo 6 = ¢ - e'“t cos wt (pA - wB) - e-plt sin wt (uB + wA)
s . —ut U _ 3 P_ _ - .
6 =¢ - e (cos wt (—K (TS - TK Co) + X (TS TK C¢)

. ] -u? . pé W .
+ ¢) + sin wt (jﬁv (TS - TK - C¢) "W "X (TS - TK - C¢)D

Te - Ty
letting 1/9 = £;§____£l and C, = %L
¢ vKJ | 1
' :El__gwt :Eé___wt
6 = ¢-(1 - e’I7C2%  os wt - ¢”1°C2 sin wt,‘(gé————
/IC;7
'%Vl'Cz) ..Ql.0.00.00'-.'.0...0-.0...'..-.c.‘tt. (3)
equating 6 to zero gives
-C2 ..
- Wt .
1 f:e'l—czz cos wt: = sin wt, (Cz’ -1 l)

e vI=C,Z /I=Cz Y
2 “th ® & 0 © & 0 & 8 6 ¢ O O 00 0 00 00 (4)

eVl—sz
Solving for wt, and ¢ for selected values of C, gives the graph
- of fig. 2.3. Using these values of wt; in equation (2) gives
the relative displacement of driver to driven (¢-8), for any

situation.

The values of wt; are converted to non-dimensional form as



follows: -~

_2m _ 2mw _ 2Tw; V]l - C,2

slip frequency, Wg

t;  wt, Wi,
. o -
* ’ S . Zm/l-cp? (see fig. 2.4)

. WT wt,

It can be seen from figs. 2.3 and 2.4 that each curve tends
towards a maximum i.e. a point where the condition for stick-
slip is no longer valid, from which a condition for stability

(i.e. no stick slip vibrations) can be determined.

From equation (4)

- Fh'tl_ G

1 - e ™os wt, = sin wt, Fe y sin wt.e-AW”

Ca
Vl-sz

Co

Vl-sz

where F

(op]
i

Re-arranging for ¢ gives

_ G sin wt, e TWE

Y .
. -Fut
cos wt, + sin wt, Fe W

“Fut o wt, + sin wt,Fe_th)

o dy- e
..m,—tj"(l‘*e

(-G sin wt.Fe'FWt'+ G cos wt, e
-Fwn)(;e-Awh

—Pwtg

Fwty

- (G sin wt, e sin wt, - Fe~ cos wt, -

F2sin wt,e—FWt‘+ F cos wt.e_Fwﬁ)
Equating to zero and re-arranging gives
e-FWt’+ sin wt, (F-1) (1 + e-FWt‘cos wt) = 0,

which for discrete values of c, gives the value of wt,

corresponding to ¥ and hence the stability condition

max



indicated in fig. 2.5.

Acceleration time period

From equation (3)

Fwt -Fwt

6 = (1 - e cos wt - e sin wt (F —.%))é ceose (5)

The maximum velocity occurs when g% =0

-Fwt -Fwt

i.e. 0 = we sin wt + Fwe cos wt - (F ?_%)

Fwt

“FWtoos wt - Fwe T%lsin wt)

(we

Re-arranging gives

v1-C,2 .

tan wta = Co = U where t, represents the acceleration

time period

- This relationship is shown in fig. 2.6 with wt, converted to

wits.

Maximum slip velocity

Utilising information from fig. 2.6 in equation (5) gives
maximum slip velocity as a function of drive velocity -
'Gw?x =1 - ¢ FWt2
¢

- _ e-Fwtz
which is shown in fig. 2.7 for selected values of c,.

cos wty

sin wta (F - %)

2.3 Stick Slip Analysis for Negative Damping Dynamic Friction

" Model -

Since the friction-velocity characteristic is discontinuous
(see fig. 2.2) the motion must be considered in two parts -

‘acceleration and deceleration.



Consider the acceleration phase of the friction characteristic
shown in fig. 2.2.
Ts - Tk

émax
applied viscous damping.

Where CF , negative friction damping; C = positive

For the rotational system of fig. 1.1 the equation of motion is

given by:
Jé + (C - Cp) 6 + Ko =Ko - (¢Tg) (sign according to 8)

Solving for 6 gives

-(C - Ccp)t
T C -Cg). 7 4
8 = ¢ - ﬁ? - £——7(—£1¢ + e 2J (D cos wot + E sin wyt)
Boundary conditions
Ts

att =0, 6 =0, § =0 and ¢ = <

c - Cp).
resulting in D £——7(—El¢

$ . (C - Cp)?
E = W2 ( 2JK -1

2c7% -1

. -Cr
'T'-‘ ZC . ‘/ - wzt 5
S T¢ + e 1 CT2 éﬂ (ZCT cos wpt + (—_“:"E_?

- Sin Wat) veveeecccseses (6)
whare Cr =(C'/3_*C|¢,\ ,

Acceleration time period

-CT wat
+ _ d6 . /T—E——— 0 C . T
8 = 9z = ¢ - de (cos wat + 7—;——7 sin Wat) ceeeeees (7)
Hf_CT vyt ! CT/
. . 71_ Tz
8 = de Cr® sin Wat (ol )
/1-CT

.

Equating 6 to zero gives the value of w,t for maximum slip

velocity i.e. O = sin wat,

woty, = 0, 7 etc.



The value of wpot, is converted to w;t, and shown in fig. 2.8.
Substituting waot = T in equation (7) gives the maximum slip

velocity -

6max=é(1 +e T ) ....'.......’....I..'.......‘..".I (8)

The ratio of maximum slip velocity to drive velocity is shown

in fig. 2.9 as a function of C,, for various values of C,.

Deceleration period

The equation of motion for the deceleration phase contains a
constant kinetic friction force Ty and a positive applied

viscous damping term C (see fig. 2.2).
S JB + C8 + Ko = Ko -, (2Ty)

Solving for 6 gives

- —ct

~
Aip)
J

(Alcos wt + Blsin Wt) ..eceveeccencas

Boundary conditions:- :
. ’ _CT

- * L] [ ] - Tr -
at t = 0, § = dmax = §(1 + e”1Cr2y & -0

Resulting in _
-Ct m -C

T
_2C, VI-C.Z; o _ (1-2C22) VI-C2's
Al = =222 "7 TNT ¢ Bl = ez et T §

1
=CT 7 -C,

Stick will re-occur when 8 = 0O

_Cz'wta -CT (i )
-C,2 /1-C..2 . - .
= e)/l Lz .e/l CT .(Cos wta + %W sSin Wt3) ecevecace (10)

eooo-1

is the condition for stick slip to occur.



This enables a plot of C; against wt; to be made for a
selection of values of C; (since C; = C, - CT) where
ty = deceleration period. (see fig. 2.10). The values of

wts are converted to w,t; by dividing by V1 - C,2.

Frequency of stick slip vibrations

Total slip time period is the sum of acceleration and

deceleration time periods

S Wity = wits + wits

Hence slip frequency
i 2 . Ws _ 2m .
'S t) Wi wit
The ratio of slip freduency to natural frequency is shown in
fig. 2.11 plotted against C; - negative damping friction
‘coefficient, for selected values of C, - appiied viscous damping

coefficient.

" Limiting conditions for stability

From fig. 2.10 it can be seen that the curves tend to a minimum,
giving rise to a situation where stick does not re-occur,
i.e. stability is achieved. Differentiating equation (10)

with respect to wts where Cz is a constant gives the following:

» -Ct 7 . " Cp wts
0= -e l-CTz(COS wty + g%:ﬁ;? sin wti) %%:C;?e 1-C,2
: -Cs ‘CT T
wt
L JTITEvts

(e;I-CTz(-sin Wt 7T—E_7C°S th)

)]

+ (cos wts + S%TCZ— 51n th)aﬁf—

m((l cr? )2—(1)0; )7E



From which

dCt C,? . .
Iwe; - 0 = (Tig;w) sin wts, gives wty =

Substituting wt; = m into equation (10) gives
“Co m - “Crm
-1 = —e’17C2% V1-CT% 55 the stability condition.

Since C; is negative this condition is satisfied when

Cp, = —CT which is shown in fig. 2.12 as C; = 2C,.

2.4.1 CompariSon of relative displacements and slip velocities

Theoretical relative displacements and relative slip velocities
are presented in figs. 2.13 and 2.14 as an indication of the
variation Qf stick slip properties with dynamié friction model,
together with the efféct of viscous damping on the system. The
assﬁmed system parameters for the caliculations are as follows;

spring stiffness K = 5.5Nm/rad, system inertia J = 3.5 x 10~ 3*Kgm?,

1

static friction torque TS = 0.25Nm, drive velocity $ = 0.1 rad/s.

For the ﬁegative damping coefficient friction model a value of
0.4 for C; is assumed giving the relative displacement and
slip velocity distributions shown in fig. 2.13. Procgressive
inclusion of a positivé viscous damping coefficient C, reduces
the maximum slip velocity and re-stick relative displacement
and increases the slip time period. When the vélueléf Ca2
reaches the critical value of half the negative damping
coefficient C; then the slip velocity becomes continuous and

decays to the drive speed ¢, and the relative displacement also

becomes continuous.



Taking a value of 0.055Nm for (TS ~.TK) gives a Blok
parameter of ¢ = 0.25 for use in the appropriate equations.
Theoretical values of slip velocity and relative displacements
are calculated and shown in fig. 2.14 for no damping.
Increasing the viscous damping coefficient gives a similar
effect as for the négative damping model. A value of _—
C, = 0;68 obtained from the stability relationship of fig. é.ﬁ

produces continuous slip velocity and relative displacement,

i.e. stability.

2.4.2 Stick-Slip Amplitude and its variation with System

" Parameters

The theoretical amplitude of vibrations is given by the
difference between the maximum relative displacemeﬁt and the
minimum relative displacement. The latter is available
using the relative displacement equations and values of wt,
from figs. 2.3 and 2.11. Maximum relative displacements,

however do not occur at the initial point of slip. This

maximum will occur %henbé%(¢—6) = 0.

I

For Blok friction model differentiating equation (3) with

respect to time and equating to zero gives

O = cos wt + sin wt ¥Cp - 1
WTI - C,2
. _ /1 = C,2 : T
glvlng tanwtu—wcz-l .........'.........'..'..‘........‘ (11)

where t, = time period of maximum displacement.

For negative damping coefficient model differentiating equation

(6) with respect to time and equating to zero gives

T s

"R U

Sk




-CT Wyt
0=c¢e T (cos wot + m sin Wzt)
giVing taan'tL,='--Ci——C'L2 --oooooo--..o;-onctn.to.---o (12)
T

Using the condition represented by eQuation (11) in equation (2)
and the condition represented by equation (12) in equation (6)

thus enables maximum relative displacements and hence stick slip
amplitudes to be obtained.

As an indication of the effect of varying syétem pérameters

on the theoretical amplitude of stick slip, graphs of amplitude
ére presented in figs. 2.15 and 16 for variations in spring
stiffness, system inertia, drive velocity and dynamic friction
values. Using a nominal value of C, = 0.4 for the negative
damping coefficient theory gives fig. 2.16 and a value of

(TS - Ty) = 0.055Nm for the Blok model theory gives fig. 2.15.

It can be seen from thése graphs that increasing spring stiffness
values causes a reduction in stick slip amplitudes for both
theories, the rate of amplitude reduction being almost identical.
Cbmparing the éffects of variation of ¢ and J shows considerable
difference between the two theories. For the Blok model theory
the amplitude of vibrations is practically independent of $ and
J, showing slight decreases for increasing drive speed and
system ineftia. However for the negative damping coefficient
model theory considerable reduction in amplitude occurs for

"decreasing values of drive velocity and system inertia.

Variations in stick slip amplitude with dynamic friction model
are shown in fig. 2.17. Amplitude of vibrations is seen to be

directly proportional to (TS -'TK) levels, but increases



exponentially with C, wvalues. Above negative damping
coefficient values of 0.4 large increases in vibration

amplitude are evident.

As suggested in Chapter 1, the dynamic friction model for the
transfer lubricant acting on the disc is considered to consist
of a coulomb friction resisfahée; together with a positive
viscous damping resistance. If this model is accurate then
~difficulty will be experienced in quantifying the friction
components by direct measurement. In order to separate and
evaluate the coulomb and viscous friction components of the
dry lubricants, a method proposed by Kennedy (27) is utilised,
necessitating the modification of initial displacement amp-

litude response curves as follows.

Consider a characteristic made up of coulomb damping (T) plus
positive viscous damping (C), then the equation of motion for
a freely vibrating torsional mass-spring system subjected to

such damping is
JB + cd + Ko = =T
For 1st half cycle T is positive

oo g = % + Me-“t cos (wt - o) where M is a constant,.
o a constant phase angle

for an initial displacement of & = 60 at t = o,



First peak occurs at wt = 7
. T °°'%_’w£
.o -0, = x EBET:ETe cos (m - a)
-um
8, = %g + (6o - %) eTF

-y
. -T T\ W
) 62 =‘T<‘+b (61 "'I—(') ew
In terms of 6o gives i
-y ~2um
_ =T =2T w _ T W
02 —»—K‘—K—’e + (6o 'K) e
-um -2um -3uw
- .T 2T _w _2T _w _ W
63 = T Te e e + (6o )e
In general terms for 'n' peéks
-num -um  -2um -(n-1)um
= -T T w _2T W W W
én = < * (6o K) X (e + e vee € )
-num -um -um -(n=-2)umw
-T T v 2T W
=5 * (60 - ) ‘-K(ew(1+e ce. € )
~num 1 +e-l'1.1_r.
= - T w _ T
en' (90 'K) e K{l -u'ﬂ' ® € 0 00 8 0 8 @ 00 00000 ¢ 00 00 00
¢ W

Therefore a plot of the successive peak amplitudes of such a

system subjected to initial displacement can be modified by

adding the constant value K{

1l +e

1 --¢

relationship is obtained.

-UTn
W

-uT

} until an exponential

The ratio of amplitudes of the modified values is used in

finding the viscous component cof damping (c), and the constant

value added is used to'determine~the coulomb component of

damping (T).'.

(13)
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Fig 2.12

c, Vs c, showing stability condition for negative damping model thecry
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3.1 Introduction

The basic requirement of the apparatus designed,was one of
prbviding a means of examining stick slip motion for the
variation of a selection of system parameters. These parameters
were as follows; applied normal 10ad,.drive speed, drive
stiffness, junction surface finish, junctioh material and
driven disc. The stick slip properties to be measured were
stick slip amplitude, slip velocity, slip frequency and

dynamic friction forces.

3.2 Stick-slip machine

Several items were available from an apparatus originally
designed by G R Symmons (14) to investigate stick slip motion.
This was a rotational system enabling continuous generation
and measurement of the stick slip oscillations. The items
available were as follows:~

(1) Pair of hydrostatic journal bearings to support a rotor.
(2) Rotor to carry interchangeable discs, and

(3) Mercury bath to transmit displacemeﬁt signals.

Items (1) and (2) are shown in fig. 3.1 and item (3) is shown

in fig. 3.2.

The first requirement of a continuously driven mass supported
with minimal frictional resistance was thus satisfied by
items (1) and (2) above. A second element was required to

operate as the friction junction 7rigid member with facility



for normal load application and variaticn on to the moving disc.
At this stage there was a choice of loading action, either

radial on to the disc edge or axial on to a disc face. The

former provides an arc area of contact witﬁ constant velocity

at the friction junction, the latter system achieving a flat
contact area but giving a variable junction velocity across

the friction interface. The system selected was one involving two
diametrically opposed pneumatically loaded pistons acting on

the circumference of the disc.

Fig. 3.1 shows details of the loading arrangement, with the
piston located in a cylinder having compressed air supplied to

it from the compressor via a gauge and filter. A Key and

Keyway in the piston prevented rotation and a replaceable element
was located within the piston with a grubscrew'which provided for
interchangeability of the friction junction materials. The
hydrostatic bearing journals were mounted in vee blocks with
removable clamps to enable quick release. In this way the friction
interface between piston and disc could be varied to provide a
selection of junction surface finishes and ‘materials. A hacksaw
blade was incorporated as the elastic drive member necessary to
Ering abaué stick slip vibrations in the system. The drive to
the system was required to prdvide low but variable speeds, ahd
was achieved utilising a "Kopp" unitAfrom Allspeeds of
Accrington, type MSR3. This consisted of a'0.375'kw; 960 rev/min
motor drivfng a ball and disc, handwheel controiled, variable
speed unit which in turn drives a 30:1 fixed reduction gear box.
An output speed range of 10 - 90 rev/min obtained from this

‘unit was then further reduced By a 2:1 vee belt drive and type
n22" 10:1 worm and wheel fixed reduction gearbox manufactured

by Crofts of Bradford. This brought about a final system ro-



tational speed range of 0.05 to 0.5 rad/s. Changing the vee
belt pulleys to bring about a 5:1 reduction ratio further

reduced the minimum drive speed to 0.02 rad/s. The complete

stick-slip machine is shown in fig. 3.3,

3.3 ‘Instrumentation

It was necessary to instrument the apparatus to provide facil-
ities for measuring the following properties of stick-slip
vibrations; amplitude and freQuency of vibrations, friction
forces, and instantaneous slip velocity. Strain gauges were
located at 45° to the longitudinal axis, on oppbsite sides of
the torsional spring (hacksaw blade) and incorporated into a
wheatstone bridge with two dummy gauges for temperature
compensation. This pfovided a measure of the relative dis-
placemént between driving and driven member, the arrangement

being shown in fig. 3.4.

Since the strain gauges were located on a rotating member it
was necessary to transfer the signal to a fixed set of
terminals for conditioning and display. The device used was
the copper finned Tufnol insulated rotor connected to the

torsional spring and rotating in a fixed 4-section mercury bath,
mentioned earlier. Signals from the gauges pass tc fixed

terminals via the rotor fins and mercury baths. (see fig. 3.2).

‘The friction forces at the piston and disc interface were
measured directly from the piston itself. By creating a
reduced spindle diameter on the cylinder and allowing a small

extension from it's base bracket, a simple cantilever system




was produced which deflected slightly under the transverse
loading brought about by frictional contact at the piston and
disc interface. Locating strain gauges on the top and bottom
surface of this reduced portion of the piston, enabled a

measure of the friction force to be obtained. As the friction
force varies rapidly with time it was necessary to have a high
natural frequency for the arrangemeﬁt to obtain a faithful
reproduction of the friction force. In addition, high

transverse stiffness minimised the deflection of the piston

thus maintaining a close approximation to the ideal situation

of rigidity in the piston. This high cantilever stiffness
reduced the available signal from the strain gauges and the final
design was a compromise resulting in a maximum piston
displacement of 25um and a natural frequency of approximately
210Hz. The signal obtained from this device was amplified by a
factor of 50 for display purposes. This resulted in a noise prob-
lem of 50Hz frequency. It was considered acceptable to filter
the friction force signal and in order to minimise amplitude
attenuation at critical frequencies an inductance-capacitance

low pass filter with a cut off frequency of 40Hz was designed and
is shown in fig. 3.5. Fig. 3.6 shows details cf the frequency-
amplitude response obtained_from this filter by feeding a

variety of waveform signals with constant amplitude from an
oscillator into the filter and monitoring the output from it. It
can be seen that acceptable attenuation of the signéi—ié produced

for frequencies relevant to the investigation.

For the measurement of the slip velocity of the disc it was



decided to use a tachogenerator located on a spring loaded
swinging arm. A rubber rimmed pulley was fastened on to the
generator spindle énd motion imparted to it from the disc by

a rubber ring fastened to the extended rotor on which the disc
was located. The generator provided 7 volts output per 1000
rev/min spindle speed. A1l three signals were fed via amplifiers
to a u.v. recorder using galvanometers with natural frequencies
of 1000Hz.. Fig. 3.7 illustrates the instrumentation used an

the stick slip machine.

3.4 Calibration and Specimen Preparation

External calibration was performed for the measurement of
torsional spring displacement, friction force and slip velocity

as follows.

vIn order to calibrate the torsional spring it was disconnected
from the main roter and then supported in a flat horizontal
position by the use of a screw-jack. A torque arm of 0.4m
length was then clamped at the end of the spring in the same
position as the connection to the rotor had been."By applying
loads to one end of the torque arm and measuring its deflection
a calibration curve of angular displacement of torsional spring
vs u.v. recorder reading (fig. 3.8) was obtained. Fig; 3.9
shows the spring dlsnlacement plotted against applled loads on
the torque arm from which a Value for tor51onal sprlng stiffness
was obtained. This procedure was repeated for three dlfferent i
springs giving stiffness values of 7.3, 16.3 and 31Nm/rad
respectively. By subjecting the disc and torsional spring

system to free vibrations following an initia 1 displacement the |
‘system frequency and hence disc and rotor inertia were obtained :

(fig. 2.10). Using each of the springs in turn system
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shown in fig. 3.15 for 0.03in (0.75mm) cut off wavelength, stroke
setfing K. Surface finishes of 20, 30 and 45 upins (0.5, 0.75
and 1.1um) CLA were utilised. These are identified as SFI,

SFII and SFIII respectively throughout the remainder of the

thesis.

3.5 Tolerances in Experimental Measurements

]

An estimation has been made of the % tolerances (or % uncertain-
ty) in the system parameters and experimental results due to

the random errors associated with calibration and primary
measufemenfs. These errors have been considered to be due to
equipment error and observation error. Where derived results have
been produced from combinations of other results the following

procedure has been adopted.

For a result P as a function of independent variables a, b,

c etc.
P = £(a, b, ¢)

If Xp > x;, Xy, X, are the errors associated with P, a, b, c

then
2 _ (9P 2 9P 2
Xp® = (53 Xg)" * (5 Xp)° * ..

- System Parameters

Assuming a tolerance of #1% in the weights used for calculating
the spring stiffness together with an observation tolerance of

+1% in the measurecment of the torque arm radius and spring

angular deflection then spring stiffness (s) = weight (w) x
radius arm (1)/vertical deflection of radiué arm {8)/radius

arm (1).



wi?

ineo S = T
2 = _8_5 2 .3_5_ 2 _a_S 2
Xs (8w xw) " 31 xl) * (86 xﬁ)
2 _ wl? XWs 2 2wl? o x1 2 _Wl'ZX(S 2
X = 57 G T )
i.e. (% error in s)? = (% error in w)2 + (2 x % error in 1)?2

'+ (% error in §)?

oo % error in spring stiffness = */6%.

The natural frequency of the system was evaluated from u.v.
recordings having an estimated timing accuracy of #2% together
with an observation tolerance of *1%, giving */5% as the

tolerance for system frequency measurements.

System frequency was used together with spring stiffness to
calculate the system inertia. Since inertia is a direct
function of spring stiffness and dependent upon 1/(frequency)?

then the error associated with the inertia results is

oe

/20 + 6

+/26%. For the system drive speed an estimated
+2% setéing error in the 'Kopp Box', *1% e?ror in the tacho-
generator, *1% error in the stop watch and #1% observation
error in'the timing and recording produced a total drive speed
tolerance of */8%.

" Stick-Slip Results - -

The friction torque measurements were considered subject to
an estimated equipment tolerance of /2% (*1% strain gauge

tolerance and #1% calibration weight tolerance), and an



observation tolerance on the u.v. recordings of #*1%.

Additionally the location of the friction torque measuring
device provided a further source of error. Estimating this
at *2% provided a total uncertainty in the friction torque

results of */7%.

Relative displacement errors made up of observation error in the
calibration process of */2%, strain gauge tolerance of *1% and
u.v. recording observation errors of *1% produced a total

tolerance on this measurement of *2%.

For the measurement of slip velocities the component
measurements are fhose associated with drive speed with the ex-
ception of 'Kopp Box"settiﬁg. Consequently a +2% tolerance on
slip velocities resulted. Viscous damping results were
calculated from vibration amplitude ratios and system parameters.

From equation (13)

81 . ((-1)EF

°n

-log_(R)2Jw
c = &
(n-1)m

where R = 61/6n

Giving viscous damping coefficient as
~ loge(R)w

€z = Tm=1)mw,

R log (R) - =log (R)w
Sooox2 =T L Xp}? 4 {2 x }2 ¢ {2 ——.x  }?
cz  “(R)y(n-1)mw;""R (m-D)mw,; “w (n-1)m W1

/] ‘ 3
. - ¢% error in (R).2 . . %2
. % I in \2 = 2 L + % TTroTrY 1N Wi
. (o error Cz_. { T TR) J {% e 1

+ {-% error in w;}?



The amplitude ratio measurements contribute significantly
to the total error in the viscous damping coefficient especially
for low R values. Assuming a tolerance of *5% in producing

the amplitude ratio values, a minimum log R factor of 0.4, and

1+
(NS N
o

for both frequency measurements produced a total tolerance

for c, of +13%.

Tolerance on Blok parameter due to individual tolerances

becomes */8+8+7% = */23%.

Similarly negative damping coefficient results are subject

to a tolerance of */7+8+4% = +/10%.

The system parameters with estimated tolerances, and measured

results estimated tolerances are given below.

‘ Estimated
Parameter Measured Value Tolerance (%)
Spring Stiffness 7.3,16.3531.0Nm/rad +2.4
Inertia 0.004Kgm 5.1
Natural frequency 6.6,10.0,13.7Hz 2.2
Measured Result Estimated

" Tolerance (%)

Friction torque 2.6
Relative displacement : - 2.0
Slip frequency +2.2
Slip velocity : +2.0
Drive speed ' ' +2.8
Viscous damping coefficient +13.0
Blok parameter / . - —%4.8
Negative damping coefficient ' 4.4

3.6 Experimental Procedure

The first requirement of the experimental programme was to

examine the dynamic friction characteristics of the cast iron



and steel combinations for qualitative comparison with the
linearised dynamic friction models. This was achieved by
feeding fhe friction force and slip velocity signals respec-
tively to the vertical and horizontal axes of an cscilloscope.
Polaroid photographs of the dynamic friction characteristics
were then obtained and used as a qualitative guide to the
accuracy of the linearised models. As the system parameters
were varied, occasional photographic traces were taken as a
check on the shape of the friction characteristic. Quantitative
results were obtained from u.v. recordings of fricticn torque,
slip vé1ocity and relative displacement between driver and
driven disc. Slow paper speed was set on the recorder so as to
enable slip time and hence slip frequency to be measured
accurately. From these readings the governing parameters ¥ and
C: for each theory were evaluated and ccmparison made between

theory and experimental results.

Tests conducted to examine the effect of transfer lubricant

on stick slip motion necessitated the replacement of one metal
piston by a dry bearing compact enabling transfer of the dry
lubricant to the metal junction. The effect of variations in
normal load, surface finish, system frequency and metal and
lubricant combinations were monitored. Since both theories
suggest the elimination to be brought about by transferred
lubricant modifying the negative metal to metal dynamic-
friction characteristic togéther with a viscous damping action
from the transfef lubricant, then these two characteristics

required examination. At regular intervals throughout the



selected tests, the stick-slip machine was stopped. The dry
lubricant piston was removed from contact with the disc and
readings taken with the metal piston only in contact.

Running the machine briefly gave results from which the modified
dynamic friction characteristics of the stick slip junction were
obtained. The dry lubricant piston was then brought back into
contact with the disc and the metal piston removed. With the
drive end of the machine stationary, the disc was ;ubjected to
an initial displacement and allowed to vibrate under the influence
of the dry lubricant. Measurement of successive disc amplitudes
enabled the theory of section 2.4 to be used in determining the

individual coulomb and viscous components of damping.

Prior to the commencement of all tests the friction junctions were

chemically cleaned with carbon tetrachloride.
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Fig 3.3 Complete stick slip apparatus




Fig 3.5 Friction force filter circuit

input output
o o
LK = inductance = 150 mH
CK = capitance = 200 pF
RT = additional resistance across galvanometer
fc = cut-off frequency = 40 Hz
2L, =2 R=1 x40 x 300 x 107
K 'nfc :
R = 400
' 1 - 10° ,
also G FR R T WmoxTx 40
R = 40Q
If RG = galvanometer resistance = 1150
1 _1 1
then = = —— + —-
RORp Rg

i .11 1 1 1

RT R RG 40 115 65

RT = 65Q

i.e. LK = 150 mH .

CK = 200 WF for cut-off frequency of 40 Hz

)
)
)
)
Rr = 650 ;
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