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A centreless grinding machine has been investigated to
determine the nature of machine deflections under the
influence of the grinding force,

The static deflections were analysed into the contri-
butions from the various major elements of the machine,
including the control wheel, bearings, spindle and
housing, the grinding wheel bearings, spindle and housing.
It was found that the most compliant elements were the
control wheel bearings. L 44 Obanaiee

The dynamic deflections were analysed and as far as
in the vibration, Equivalent dynamic parameters were
found that the resonance at 82 Hz was of dominant import=

ance in the formation of the workpiece profile. This mode

i ; ssociated with the m“ ‘the ,:I‘




1,1 INTRODUCTION

CHAPTIR 1

Whereas in oylindrical grinding between centres there
is a rotational axis of the workpiece which is the basis for
producing a oylinder, this is not the case in centreless
grinding. i

Considering the various forms that the centreless .
grinding process may take, nnwdmmuw-»m
piece, during the grinding operation can ever rotate contin-
ually on one centreline and it is generally accepted that f
the instantaneous centre of rotation of the workpiece moves
in relation to the cutting edge of the grinding wheel (1). d

It has been substantiated by many people (1, a.»ﬂ”l
mwmmmunwmmucuﬁp,
wheels is a principal cause of errors mm—wﬁw -
ground workpieces. To reduce this inherent inacouracy
the centreless grinding process, substantial investigatio
have been carried out (4, 5, 6) to determine the mam
position of the nominal workpiece centre relative to th
inherent mechanism by which the process te .



Depending upon the machine structure characteristics o
this induced vibration will most likely produce further errors |
in roundness on the ground component, which will in some form
modify the forced vibration. o R

It ie therefore possible to consider the centreless :
grinding process as a closed loop system in which the geometric
effects and the machine structural characteristics are an

integral part of a system, Furthermore, if it may be con-
sidered as a closed loop system, it should be possible to
simulate the system on a computer.

The broad ocbjectives of the research were as f

(1) To investigate an existing machine structur
behaviour with a view to making recommendati u g
wmmkhmm# 4
istics of the machine which were af
and hence to similate the machine and process empl
hybrid analogue/digital m. %

(u.t) To deduce 1f & @ ol S



-’-

(11i) A simplified model has been constructed for a

hybrid computer as described in Chapter V.
(iv) Grinding tests were carried out v!.th

mamhtimmimﬁaﬂnnﬁthum”i
ummmummummm%
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2.1 Review of Other Work
nwmm-mmngmsmium

form, had been in operation since before 1920, the first
analytical study of the process did not appear until 1939
when Sachsenberg and Kreher (7) recognized the importance of
the workpiece position relative to the grinding wheel and
control wheel centres, The term "Gleichdicke" (equal dia~
meter lobing) then came into usage to describe shapes arising
from oentreless grinding, 4

.
A
,

In 1946, A. H. Dall (8) of the Cincinnati Milling Machine

Company, U.S.A, published a paper in which he gave details of
a mathematical analysis of the workpiece movement during the

centreless grinding process. mmmm-m*s et _‘

“MMMuﬁom a.
Wmﬁ&mwmmh
hﬁowm




chatter often occurred, coincided with the natural firequ
of one or other of the structural members which either
supported the regulating wheel, grinding wheel or the work
Dall also postulated that a rigid machine struoture,
having high natural frequencies, would prevent self induced
vibrations, because the arc of contact of the wheel would |
he described as that of a damped vibration. a5 ol .
It is interesting to note that Colwell (9) did in fact
conduct grinding tests with a high frequency vibrating
grinding wheel, »-.ruuu!.‘ :.
m-.umﬂmwwmmw -
w.mmuummﬁ
mtw“.m@-vm&__
less grinding process, In further work by the same aul
e the alteet of W aiealaatl
m.w-ﬁm
mmmummﬁm
muﬁ--mmw-ﬁ
It is interesting to note that Y
gauge as a measuring instru
ness, when he used f!

-
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small errors in roundness, such as the "Talyrond", accelerated '
the progress of research on centreless grinding especially :
the theory relating the errors generated on the workpiece, to
the magnitude of the workpicce movements.

The theory presented by Rowe (11) appears to be repre-
gentative of the general theory on geometric effects in
centreless grinding, s

During the period 1960-1965 the following publications
were presented; Rowe and Barash (2) desoribed a method for
similating the centreless grinding process using a digital
tions and had an assumption for the elastic deflection of
the machine, A term "K" the machining elasticity parameter,
was introduced into the theory, and was defined as a ratio
in the geometric process, but did not take account the o8

B o
i -

I.D

machine resonances, v . ‘
Rowe and Koenigsberger (6) dmh_ L8

\ +
regenerative effect in centreless grinding, and Tepre

i ysten, It should b j
stated, "Although it is considered _':-s'-."“’ _

been neglected. This is becau: -'ﬁ__'_‘_jf

4,
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bility, based on the near classical, steady state linear
analysis technique, employed by Tobias and Fishwick (12) for
drilling chatter, While this analysis illustrates some
interesting features of the process its usefulness was
severely limited, This is because a geometrically unstable
process may be unstable for all speeds and depths of cut.

As a special case, Rowe and Koenigsberger analysed geomet=
rical instability.

Unfortunately, it was found that the theory always
predicted instability for some workpiece shape., It was con=-
cluded that any useful technique should indicate the degree
of instability., This is an objective which had never been
attempted.

Whilst these investigations were being carried out at
Manchester, Becker (4) in Aachen was conducting similar
experiments; determining the various characteristics of the
structure of a centreless grinding machine and formulated an
analogue computer model to study the limits of stability of
the process, In his thesis, Becker stated; "the frequency
responses of the machine tool are too complicated to justify
the time that would be involved in simulating them on the

analogue computer", and he then reasoned that it was simpler
to obtain the impedance of the significant elements of the
machine structure, by referring to the impedance locus diagram,
obtained from the machine, from which the amplitude and phase
of the impedance could be measured for a given frequency.

His analogue model included the machine impedance constants,
80 derived, and had two time delays incorporated into the




model., The time delays were effected by the time-constants
of an operational amplifier, which were adjusted to produce i
the desired phase shift, Accordingly, his model was simulate i
ing the steady state of the process, and neglected the |

tansient behaviour of the process, ]

Kaliszer and Singhal (13) proposed a method of estab- ;
lishing a relationship between the vibration marks generated
on the workpiece periphery and the rigidity of the grinding
wheel=workpiece-grinding machine system for a gylindrical
grinding machine, Their analysis of the structure was based
on two dynamic systems representing the headstock and
tailstock of the machine respectively. Each system was con=-

gidered to have two degrees of freedom, Dynamic tests were

applied to the systems and the dynamic characteristice were
obtained,

Gurney (1) presented details of a purely theovetical
simulation whereby an analogue computer could be used to
examine whether a centreless grinding process was dynamically
stable or whether self excited oscillation (chatter) would
build up, He also stated that the significance of the
dynamic characgeristics of the machine structure could be
examined, and if need be modified, to improve the roundness
of the workpiece., In his simulation of the process he used
a simusoidal signal together with a Transfer Function Analyser

to generate the depth of the grinding cut, which excited an
analogue one degree of freedom model, The output from the
model was the vibration of the machine structure, However,

Gurney's model was in fact an open loop system generating
the depth of cut in isclation from the dynamic properties of
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the machine, also by utilising a T.F.A. in the model, the

time delay was not representative of the true time-delay, and
therefore did not allow the transient period of the vibration
to operate.

In practice the depth of cut is continuously being
modified by the amplitude and phase of the structural vibra=
tions, and in this respect Gurney's model, although a link
in solving centreless grinding problems is restricted for the
same reasons as the dynamic analysis by Rowe and Koenigsberger.

Furukawa, Miyashita and Shiozaki (14) in their study of
the process, recently published a paper, in which the process
was considered as a closed loop system, having geometric
errors and equivalent structural machine elements as an
integral part of the system, Their analysis however did not
allow for the transient part of the vibration to take place.

Rowe and Richards (5) presented a geometric analysis
from which geometric stability charts were derived. The most
unstable operating conditions were inferred by correlation
with grinding results as described by Richards, Rowe and
Koenigsberger (15). E

Reviewing previous work, it appears to the writer that ﬁ'f :
the present situation regarding further investigation into g
centreless grinding process requireds 2 5 -L"

(1) A realistic method of determining the significant
machine structural characteristics. |

L]
r.
Pl |

1Y

- N

'-_-I{
(2) 4 theory which takes into account the transient
part of the process. ‘,._";

L




Concerning (1) Kemnedy and Pancu (16) desoribed a method (s
ofxmomplingoertainmlti-da@oentmoﬂclﬂmm .
syatm,mtosmoteqninlmtm-dmotm =
mtm,andthiamthodhubmundinthismm

(see Chapter V).




STATIC TESTS

3.1 Alms of Statio Tests
Static tests were conducted:-

(1) To determine the static stiffness of the various
elements of the machine structure to assist in the analysis
of the dynamic response locus of the machine (see Chapter
Iv).

(11) To determine the structural deflections of the
machine during the grinding process and provide a basis for
increasing machine stiffness by improvement of the design.

(141) To derive deflection/load data to assist in the
assessment of certain grinding forces.

The machine was tested with the spindles rotating at :
their normal speeds, in order that the bearings should con- ’f; 3
tribute their usual operating compliances. The grinding =
the neceseity for loading against moving abrasive surfaces.
Each wheel was replaced by solid aluminium disce of e
weight and equal width, L ging
used for applying statioc loads on to a central ’
the replica wheels, s sred aseial

-




surface of the rotating replica whecls, it was found necessary
to provide a track, hemce a small steel ring was inserted into
the surface of each of the replica wheels,.

In order to measure defleotions of the grinding wheel
spindle in situ in the machine, three horizontal holes were
drilled, reamed and tapped into the grinding wheel spindle
housing at intervals along its length and into which were ¢
fitted spring loaded displacement probes, The probes made £k
contact with the spindle and had nylon inserts in the ends at |
the points of contact with the spindle (fig. 3). Parallel
motion spring steel strips were incorporporated in the design
of the probes to minimise measuring cosine errors, also the
steel strips provided the light loads necesscry to maintain
the pressure between the spindle and the probe.

Modifications were also made to the control wheel
housing (see Fig. 4a and b) with an additional rig to house
mmtmumhmm
atmusmum-mummm
vesition, o provide o dstum suxfuce vies ARt
deflections of the grinding wheel housing the spindle
inserted into the tapped holes, ot enlile
Type 112/497 were used with their associated :
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Variable inductance frequency modulated proximity trans-
ducers made by Southern Instruments, Type G.323, were used to
measure deflections of:-

(1) The replica grinding wheel in situ in the machine.

(2) The replica control wheel in situ in the machine,

(3) The control wheel spindle via the probes.

Wayne Kerr variable capaoitance proximity transducers
were used to measure deflections of the control wheel
housing deflections,

A specinl test rig to receive the grinding spindle (see
Fig. 5) was designed and had clamps which approximated to the
normal restraints on the grinding wheel spindle when in situ
in the machine. A second test rig (see Fig. 6) was designed
and made to enable stiffness tests to be conducted on the
control wheel, .

Measurement of the grinding spindle defleotions and the
mtmumormlmawmommﬁd,m
the respective tests rigs, were obtained by using Taylor '

3
o

Hobsen variable inductance contacting transducers, type
112/497. v hete

All the transducers werc individually calibrated "
cally, using specinl adaptors, a vertical comparator
and a set of reference slip gauges, '
C e e

A .__h

when they were in situ in the machine, a wam
PO s ] i
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their normal operating oconditions, static loading of the
grinding and control wheel spindles took place, by applying
the loads in the horizontal plane of the machine, and at the
grinding point (See Fig. 2).
The total displacements of the epindles relative to the
workpiece position were recorded at the grinding point on
the replica wheels and at other positions nlong the spindles
as shown in figures 3 and 4b.
Deflections of the grinding wheel spindle housing and ‘
that of the control wheel spindle werc similarly conducted,
by applying static loads at the grinding point, and measur=
ing the displacement of the respective housing at the
position indicated in figures 3 and 4b.
To obtain the stiffness of the grinding wheel spindle,
it was removed from the machine and fitted into a special .
test rig (fig. 5). Again the spindle was statically loaded W
at the reference grinding point, and deflections of the
spindle noted at the grinding point and at a point mi
between the clamps. During this test a check was mad _
respect to the table on to which the test rig was clamped,
magnitude of the control wheel stiffness, Having
control wheel on to a close fitting parallel
pounted into a special test rig (see fig. 6 )e 8
least three tines to obtein true representat
deflection.
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3.4.1. Grinding Wheel Spindle, bearings and housing.

(a) Contributions to combined compliance.
Fig. 7 summarizes the contributions to the total def- P

lection resulting from each of the elements when a load of f
100 1bf was applied at the grinding position. The results
show that the spindle, the bearings and the housing all have
compliance to the same order, when assessed with respect to
deflection at the grinding point (position 1).

Grinding point compliances:=-

Spindle compliance - 1,9 x 10-6 in/1of
Overall bearing compliance = 1,0 x 10-6 in/1bf
Housing compliance - 1,2 x :I.()"6 in/1bf

This illustrates a principle of economical design in
that there is no weak link in the chain, Neithor is one
element over-designed in isolation which would have a small
effect on the total result, This principle is confirmed
from consideration of bearing sproing, since it has been
shown by Honrath that maximum combined stiffness is obtain :
when the deflection due to the bearings is equal to tk
defloction duc to the spindle (vef. 17). e
be deduced from the normal grinding force, Res
mmms.zmmmw
normal grinding practice with the t ovez
vould be 25-40 1bf, erefare the ov
this unit for 23 1bf would be approxi ‘




(v) Grinding wheel housing. )

The grinding wheel housing deflections with load ave
11lustrated in detail in fig. 8, from which, as would be
expected, it is apparent that these deflections are propor=
tional to load. The grinding wheel head is a very soldd
block cast integrally with the tray which is of rather shallow
proportions, This part of the machine would be improved by
moking the tray of deeper section and involving deeper riba,

(¢) Grinding wheel spindle.

Fig. 9 illustrates the total deflections of the spindle
which include the contributions from the bearings and housing,
These measurements also appear linear over the load range
tested in spite of the plain bearings, Such bearings cause
non~-linearity over a wide load-range as apparent from the
rosults obtained for the control wheel bearings, but the effect
is nogligidle for this application, LAl "

The contribution of the spindle deflections may be
deduced from the experimental results by drawing a new datw
line through the deflected spindle positions at the b
Thus the deflections at the bearings ydeld the cc rtr utio
new datum line may be attributed to the spind’ ">
mewmw _

(1) Spindle compliance by Caleulatio
mmmm I

ii E ..r:ﬂ.'
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to be uniform and solid. The effect of the grinding wheel
adaptor was also neglected, The error from the assumptions
acts in opposite sense to the error from assuming a uniform
spindle., The use of the above assumptions are as recommen=
ded for general design in reference (24) Referring to fig.
101=

2
Bending deflection AvPe ‘Pﬁa(:’;a) = 0,00021 in,

Shear deflectionfr Pe 5%5':1-0! = 0,00004 in,

where OR varies from 1,11 to 1,33 and is taken here as
= 1,2, Total deflection = 0,00025 in. for an applied
load of 100 1bs, Spindle stiffness at grinding point =
400,000 1bf/in, Spindle compliance at grinding point =
2.5:10 in/1bf,
The spindle deflection was also checked experimentally
mtotthmﬁmmeMhmMg
at the bearing positions, The result of this ment

wasi-
wmmm“m'hﬂu
¢ sn/me, ““'“‘WWM

mmﬁmthuumnmw

nmeagsurement in the machine and the s ified measuren

out of the machine underestimated the comp: [Jr |

increased by the addition of an extra "ouf 'L

Figs. nmnm‘.mgm i

II.



(4) Grinding Wheel Bearings.

It is of interest to the designer to know the bearing
compliance at the bearing which is independent of the bear-
ing separation and the spindle overhang. By taking moments
about position 4 (fig. 13a) the reaction at position 2 in
terms of a load W at position 1 is W(.l..g.h) (see fig. 13b).

Thus the compliance at position 2 is:

b
W(a+b)
= 0.69 x 1076 in/1bvf

Front bearing compliance o

The reaction at position 4 is W%

Rear bearing compliance - %:—- ¢

- 0.35 x 107° /108, I,

The stiffness of the bearings would be inoveased by
designing the bearings for hydrostatic support with valve }
compensation (18). An additional "outboard" bearing would

increase the effective stiffness of bearings and spindle
at the grinding point.

1

1
i I
I i

|

K .-'h

in fig. 14. The compliances measured af ':

were found to bet- - ko g
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Housing compliance - 2,5 x 10°° in/20e
Wheel compliance = 8.5 ::1‘.')"6 in/1bf
Thus the bearings have a predominantly strong influence
on the order of the deflection, For a grinding force of -
25 1bf the total deflection of the control wheel unit is
therefore 7.25 x 1074 in,
(b) Control wheel
The deflections obtained by loading the full width of X
the control wheel working face (3 in,) were approximately
linear over the range of the normal grinding loads imposed
on to a control wheel (see fig, 15) and produced a stiff-
ness of ,107 x 10° 1bg/in, This stiffness will no doubt
vary acoording to the length of the workpiece being ground
and will be reduced for shorter workpieces. The value of
.107 x 10° 1ng/1n 18 comparable uﬁmmwj-
swmm.mnm-mmmmmm_._'
The effective stiffness of the control wheel um.mul‘"
be reduced for smaller workpiece diameters, - i




It is considered that the large deflections of the bear=
ings do not allow an accurate assessment of the control
spindle by measurement in situ in the machine. The calcu=
lated compliance is more likely to be reliable,

(a) Control Wheel Bearings.

The control wheel bearings deflect to a much greater
degrec than the grinding wheel bearings although of a
similar construction, This difference largely rosults
from the difference in operating specds, At the low contxrol
vheel speeds it appears that the oil film is very quickly
collapsed and at this point the stiffness is very low,
The bearing compliance is approximately fourteen times as
large as the grinding wheel bearings and three-and-a=half
timea the control whecl spindle compliance, ) .

It was found (figs, 6 and 7) mtummmnag‘ ‘,
there is a reduction in the bearing stiffness up to a 1 -f
of approximately 100 1bf, For loads in excess of 100 1bf
it vas found that stiffness is inorcased again and 1% &3
the bearings, In an investigation of a similar contwol
wheel unit, (18),1it was shown that vertical I "
the spindle give rise to horizontal deflectio
since the vertical forces on the control wheel
small, it was dccided to neglect this effe



beimﬁbyadditimofm'mtbo&ﬁ”mlihd
of the spindle nearest the control wheel, The compliances
of the individual bearings werc calculated and may be com=
pared with the previous results for the grinding wheel
bearings, The results for the control wheel bearings werei=

hontbearinsooupuume-4.5:10-6:l.n/m
Rear bearing compliance = 1.0:10'613/1&

(e) Control Wheel Housing
The deflection resulting from the housing (see figs.
14 and 18) werc approximately twice the housing deflection
on the grinding wheel side. This result is not surprising
when considered with reference to the differences in the
construction. The control wheel head is supported on a
-udmmmnmmammmmnnim
the grinding action by a distance of 7% in. and displaced
vertically by a distance of 6 in. (sec fig. 19) lﬂg
addition to the direct displaccments, there are considex
able twisting displacements about the line of drive. A
further oxplanation is tho reducod stiffness of the tray
in the area under the control wheel head,
3.8 CONCLUSIONS B




Grinding wheel bearing stiffness -1.0:1061&/!3.

Grinding wheel housing stiffness =« 0,83 x ].06 1bf/in.
Grinding wheel spindle stiffress = 0,53 x 10° 1b¢/in,

Control wheel housing stiffness = 0,4 x 106 1bf/4in,

Control wheel spindle stiffness = 0,25 x 108 1bf/4in.
Control wheel stiffness = 0,107 x 108 1bf/in,
Control wheel bearings stiffness = 0,075 x 10° 1ve/in.

It is concluded that the machine would be improved by
attention to the following design changes:=

(1) The application of an improved type of bearing.

(11) Elimination of Abbe offsets on the control wheel
head drive.

(1141) Application of "outboard" bearings.
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CHAPTER IV
Dynamlo Toste

4.1 The aims of the dynamic tests were:-

(a) To determine the vibration characteristics of
the machine acting relatively betwoen the grinding and
control wheels in order to relate these to the errors in
roundness on the ground workpioces.

(b) To investigate the modes of vibration of the
machine structure in order to determine areas of possible
improvement,

(¢) To obtain parameters of the machine for use in
the simulated model; described in Chapter VI.

The apparatus listed bolow was used during the dynamio
testa:- -3
(1) A Philips electro-dynamic exciter (Type 333?9)95 I_.-
to produce a sinusoidal exciting force on:

(a) The replica grinding wheel

(b) The replica control wheel

(¢c) The machine tray
(2) 4 Pilipe mihﬂmm(wn |
and yleld a constant force for a given ourr
WWMM '

Y




to providet= ¥
(a) a simusoidal voltage of variable frequency to the

excitation amplifier, . .
(b) a second sinusoidal voltage of variable frequency

for assessing phase changes that took place between the

transducer and its associated measuring equipment,

(4) Exeguency Counters
Because of the coarse frequency control on the wave-

form generator, precision frequency countoers were used, as
follows, to ensure greater accuracy of setting the frequency.
(a) Vumerhmomtéw!&”é. This
instrument monitored the input signal to excitor amplifiex,
(v) Racal Instruments Ltd., Digital frequency Meter,
Type SA 520, This instrument wae usced for monitoring the
reference frequency for the phasc change calibration,
(5) Yibration Transducers
(.)mmm«wtmmww
Type Cl were used to measure:- e
(1) Vibration mwamnmum--m‘
wheel, """“"1‘ o4
(11) Vibration amplitudes of the n '
wheel,
mmmmmmg
iated displacement and amplitude measuring
(Type B T314). o
mmmm

el
! k
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ments, that took place when the machine was force excited.
The output from the acceleremeter was fed to a Bruel and
Kjaer Vibration pick-up preamplifier (Type 1606).

(¢) A Philipe electromagnetic vibration pick-up
(mm%&l)mmduaomlmnhrymthodot
investigating the modal displacements of the machine
structure. This velocity contact transducer was used in
conjunction with a Philips direct reading meter (Type 922)
and an oscilloscope.

(6) Ercguency Analysis

A Bruel and Kjaer frequency analyser (Type 2107)
which incorporated in ites design:-

(a) A signal amplifier

(v) A valve-Voltmeter for mcasurement of the
acceleromcter signals,

(c) A selective or automatic sweep frequency dis-

crininator, . Ay ok
Also combined with the frequency analyser was & pen
recorder (Type 2305). e :

(1) Enase Meter ity
(Type 4061-1) was used to compare signal phase relation=
ships. . — _ "
(8) Qseilloscope - : |

> lr._o_ “I_;‘ "‘. N




4.3 Experimental Procedure
To obtain the paramecters of the structure under normal

operating conditions the machine was allowed a warming up
period of two hours before commencing any of the tests,
whether static or dynamic,

The dynamic tests which commenced with the excitation
of the replica grinding wheel took two forms,

(1) Excitation on the face of the replica wheel on
to which the cutting force acts (see fige. 20 and 21).

To conduct this test it was necessary, because of the bulk
of the exciter, to remove the complete control wheel
housing.

(2) Excitation on to the face of the replica wheel
from the position which was diametrically opposite the
point which was excited in the previous test. ; g

During this test, the control wheel housing was bac .1;-'
in its normal position on the machine, - b ML

The object of this second test was to ' "r ‘
ing in mind that the mass of the control ﬂ

E




cally an operational amplifier), was fod to the frequency
analyser.

By mamually setting the frequency analyser to the
frequency of the exoiting force, it was possible to filter
out from the transducers signal:-

(a) the signal obtained from the errors im roundness
on the replica wheel, ‘

(b) the noise in the signal; possibly due to the 2
surface texture of the replica wheel, and other pick-up Y
noise,

It was considered that errors in waviness on the
workpiece would be attributed to machine vibrations below
the 100 Hertz range, however, to explore fully the
characteristics of the machine, tho dynamios tests on the
grinding wheel were conducted to a frequency of approxis=
mately 600 Hertz, Ve peaviONS
were taken to account for phase changes which took place
in the measuring equipment. LHM-M*I ,
vas fod through the measuring equipment 0d £
rmnlh“iﬂm mm



investigations took two forms:

(1) An accelerometer (Bruel and Kjaer) was used
to measure vibrations.

(2) A Pnilips absolute vibration pick-up was used
to measure vibration amplitudes.

The exciting force in each case of these modal
vibration tests was applied to the grinding and control
replica wheels respectively, again on the face of the
wheel which would normally make contact with the work-
picce (sec fig. 22). Considering test 1, a lattice of
tapped holes was drilled in three planes, in the control
wheel housing and the grinding wheel housing. These
tapped holes served to attach ghe accelorometer to the
housing being examined (sec fig. 21),

M1mmwmmnshmm
atmmmmmmmm 4
tests, and measuring the amplitudo and phase of the vibre=
tion =% Abermaleoted points. tn dhe hosinsai
assist in the analysis of modes, the accelerometer
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apparent that the machine "tray" was dominantly involved
in vibrations, mainly apperent on the control wheel housing,

Tt should be appreciated that the grinding wheel
housing was an integral part of the "gray" casting and
that the tray provided the necessary dovetail slide on to
which the control wheel housing infeed movement took
place.

A tray vibration test was therefore carried out in
which the dovetail slide was excited; the excitation being

in the vertical plane of the machine and therefore normal

to the slide, Measurements of the amplitude of vibration

were made in a similar plane, alongside the exciter,

using a Philipse absolute pick-up and measuring meter,
4.4 Dypanic Test Results

Figs. 23 and 24 illustrate the results obtained for

amplitude and phase response due to an exciting force of ‘-(' |

5.46 1bf. applied horizontally at the grinding point,
mmnmanmu.mw
vhich gives a better indication of the important
resonances. mwaﬁmm
25 fron vhich 1t is apparent that there are signifi ._...,

LTS

4
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bearings. In the mode analysis of Chapter V the classic
analysis is used to obtain the equivalent mass of the wheel
and the spindle, Clearly it would be possible to eliminate
this mode by addition of an outboard bearing on the grind-
ing wheel end of the spindle. The modal shapes relating

to the resonant frequencies at 240 Hz and 280 Hz are
illustrated in figs. 27 and 28. Both modes involve a
swinging motion of the grinding wheelhead on the tray.
However, while the resonance at 280 Hz involves a pure
swinging, the motion at 240 Hz involves also a degree of
twisting. The stiffness in these modes is largely depend-
ent on the constraint at the base of the wheelhead which

is integral with the tray. This constraint would be
improved if the tray was made deeper in section with deep
ribs at right-angles to the housing axis.

4.4.,2. Control Wheel Spindle, Bearings and Housing
Amplitude and phase responses obtained by horizontal

excitation at the mid point of contact on the control wheel
revealed five resonances which might be of major importance,
figs. 29 and 30). The frequencies of resonance were 82 Hz,
105.5 Hz, 150 Hz, 175 Hz, and 410 Hz. The results are also
11lustrated in harmonic response locus form, (fig. 31).

(1) 82_Hz Resonance. The mode of vibration at 82 Hz

was found to be of dominant influence on grinding perform=-
ance and the vibration behavious of the machine under
grinding conditions, At frequencies below this resonance

the grinding wheel and control wheel move together in
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phase, although not necessarily with equal amplitude.
However at 82 Hz and above, the vibration amplitudes act in
opposition and give rise to large relative vibrations in
the line of grinding.

The modal shape at resonance is illustrated in fig. 32
and it is evident that the control wheel spindle housing
swings about the constraint at its base where it is
attached through the infeed slideway to the tray. The
gpring stiffness in this mode is largely derived from the
tray, and again it is found that the stiffness would be
improved if the tray were of deeper and stiffer construc-
tion. The effect of the slideway also reduces the stiff- )
ness of the control wheel-head restraint, Redesign of the
slideway for increased stiffness would be worthwhile.

(2) 205.5 Hz Resonance. A rocking mode of the control
wheel spindle housing on its infeed slideway appears at
105.5 He (sce fig. 33). The main contributing factor to
this modal vibration is the nature of the restraint offered
wmmmwummmw. g
mw&mmu
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point, however, its amplitude in the horizontal plane is
considerably reduced.

An accurate assessment of the horizontal amplitude
at the grinding point due to the 150 Hz was not possible
because of the coupling effect of the twisting mode at
175 Hs,

Thus introducing a pair of infeed guideways straddling
the grinding point would considerably reduce the amplitude
of this vibration.

(4) 175 Hz Resonance. The modal shape at this resonance
is 1llustrated in fig. 35 and it is evident the control
wheel spindle housing twists on the slideways which guides
the infeed motion of the control wheel spindle housing.
of vibration at the grinding point is dependent oni~
(2) The ratio between width and length of the
slide on the housing. o hret Sl
(b) The distance the grinding point is from the
centre of the slideway.
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in fig. 36, the resonance at 410 Hz may be primarily
identified with the control wheel, spindle and bearings.
Although this frequency corresponds to a higher order than
any lobing on the workpieces which may be produced on this
machine, it is possible that it has an effect on the nature
of the surface texture.

404-3. The Mach,:l‘ne Trax

Having observed from the previously described tests
that the tray was of critical importance it was decided to
carry out a test by direct vertical excitation on to the
tray at a point where the work support blade is located.

The resulting harmonic response locus is shown in fig. 37.
The first resonance occurs at 60 Hz, a frequency at which
the grinding wheel and the control wheel do not vibrate in
opposition., Thus at first sight this vibration is not
greatly important. However, the vertical vibration of the
workblade might be expected to lead to roundness errors, a
proposition which was not confirmed by later grinding tests,

Much larger amplitudes were experienced at 82 Hz
revealing the importance of the tray in this dominant mode,

4.4.4, Proposcd Structure for Improved Static and Dynamic
Stiffness

Fig, 64 is a sketch of a layout for a centreless grind=-
ing machine and incorporates the principles specified in
Chapter 7.1.

4.5. Conclusions from Dynamic Tests

(1) The modes of vibration have been investigated and

the critical frequencies detcrmined for amplitudes of
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relative vibration between the two wheels at the grinding
point.

(2) The machine tray is of insufficient depth and
rigidity.

(3) The control wheelhead infeed slidewey is incorrectly
positioned and lacks sufficient stiffness,

(4) T™e infeed drive involves Abbe offsets which
should be avoided,

(5) Additional bearings for each spindle would greatly

increase stiffness,
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CHAPTER V
SIMULATION BY HYBRID COMPUTER

5.1 Determination of Machine Parameters

5.1.1. Introduotion

A single degree of freedom lightly damped vibrating
system produces a harmonic response locus which closely
approximates to a circle, Furthermore, if the magnitude
of the exciting force is known, it is possible to deduce
from the harmonic response locus of such a system the fole
lowing dynamic parameters of the system for the mode of
vibration under consideration:~-

(a) T™e resonant frequency,

(b) The damping factor,

(¢) ™e amplication factor,

(d) The spring constant or the equivalent static

stiffness for a single degree of freedom system,

(e) The mnss,

(f) The damping coefficicnt.

Kennedy and Pancu (16) described how the analysis of
a complex lightly damped vibrating system, having multiple
degrees of freedom could be resolved into a number of

equivalent single degree of freedom systems,

Tobias (19) gives an account of this theory and gives
details of how the equivalent parameters may be determined
from a harmonic response locus containing two resonances.
This technique, known as superposition of uncoupled
coordinates, enables one to study thc contribution of each
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mode to the total response of the system,

The principle of uncoupling from the harmonic res-
ponse locus was used to determine the parameters of
equivalent systcms that may have had a significant effect
on the errors in roundness on the workpiece,

Fig. 39 shows the harmonic response locus obtained
from the control spindle bearing and housing; showing in
position two best fitting single mode response circles.

From these single mode response circles, the various
parameters of the equivalent systems were determined as

follows:=

5¢1e2. First Control Wheel Mode

(Equivalent mass with a resonant frequency at 82 Hz)

A

Assuming a lightly
damped system

max * [0 00005 Exciting force =

3 E 5.46 1bf.

First best fit-
ting single mode

resonance circle

DAMPING FACTOR (D) = 82 = 78,5 = 0,043
82
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DYNAMIC AMPLIFICATION FACTOR (Q) = .é - g% o 0.9

s

EQUIVALENT STATIC STIFFNESS (l) - P.Q

Avax.
- 6 X 1 1bf/:l.n.
"'o.ﬁs
- 1,277,000 1b£é;_=n.
A-4/3
e 27/ M.
Therefore MASS OF EQUIVALENT BODY (M) = 1
teil;; x 82

= 4.81 1bf, sec>/in.
= 4.81 x 386 lba.

CRITICAL DAMPING (o) = 2 /AN
- Zﬁ'm'm x 4.81
- 2 x 2480
= 4,960 1bf scc. in,”

1

EQUIVALENT DAMPING = ooxn

- 4%0 x 0.043

= 213 1bf sec. 1n.-1
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SECOND CONTROL WHEEL MODE
(Second equivalent mass with resonant frequency at

105.5 Hz)
Exciting force (P) = 5.46 1bf
Assuming lightly damped system

DETIC PACIR (3) = (105,52 91.5) = .06

DYNAMIC AMPLICATION FACTOR (Q) = E - %;

- 6.6

BQUIVALENT STATIC STTIFFNESS (A ) = W |

oyl B

@, i3

= 450,000 1bf in,

(2 ? x 105.52 v :

2 h
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DAMPING BQUIVALENT = ¢ = 20/ m A
= 2x ,076 x 450, x 1.04
= 104 16¢ se0, in. >

CUTTING FORCE

For the determination of the grinding coefficient (X)

for a depth of cut, see section 6,3.5,

5.1.3. Equivalent Systom of Grinding Wheel Spindle and

Bearings at 154 Hs

Referring to the harmonic response locus curve (fig.
25), although a eritical frequency appears at approximately
154 Hz, a satisfactory uncoupling was not possible, because
of the influence of several high amplitude modes at higher
frequencies which caused distortion, A different method
was thereforoe used to determine the parameters of this
equivalent system, which had already been identified as
being largely associated with the grinding wheel spindle
and its bearings (sec chapter IV). The following data on
the spindle and bearings was known:=

(1) The weight of the prinding wheel, 28 1bf,

(2) The static stiffness at the grinding point

obtained from experiments (Chapter III)

(3) The weight of the spindle together with the

grinding wheel adaptor; 37& 1bf.

(4) The position of centre of gravity of spindle

with the adaptor in position (see Pig. 40).

(5) The resonant frequency of system; 154 Hz,




The equivalcnt weight acting at the grinding point

5% 12
= 28 + 37% [‘IOJi/ ] (reference 20)
A

2

= 37.6 16 (veight) or Mass = 137-3-5-15(1?) Sec? in.

A sharp blow was imparted to the dummy grinding wheel
to obtain the damping factor of the system, and from the

recorded decaying sinusoidal curve the damping factor of
the system was determined as followss:-

Height of lst amplitude = 2,2 units

Height of 2nd amplitude =« 1,1 units

Hence log %:% - 217D

Therefore (the damping factor) = ,11

The demping coefficient (¢) = 2DJ/A M.
of the system

= 23,2 1b(f) sec. in,

5+1.4. Resultant Equivalent Static Stiffness

It is important that any equivalent model of the
machine should take into account the total compliance of
the system and should not be restricted to those compliances
which may be associated with the sclected resonances. This
is one advantage of the model proposed in the following
chapter over a conventional linear analysis which would be
restricted to some equivalent dynamic systems,

The resultant static stiffness obtained from the

& = 0.03 x 107 1b¢/tn. e value of A | employed for

Lo A




the purposes of constructing the model was obtained from

the harmonic response loci, which yielded XR = 0.038 x 106

1bf/in. The effect of the stiffnesses which were apport-
ioned to the various equivalent dynamic systems may be

allowed for by subtracting the equivalent compliances.,

1 = i B 1 + I etc. +1
:x:lf- :x: -;rz :x:5

where Ao is a static stiffness in series with

/\ln Equivalent static stiffness in Mode 1

szn Equivalent static stiffness in Mode 2
An implicit assumption is involved here that all deflections
are vectorially additive. From Section 5.1.2.

6

82 Hz A, = 1,28 x 10" 1bf/in.

105.5 Hz )\2., 0.45 x 10° 1bf/in.

However, from preliminary investigations it was found
that the second Mode system confused the picture by intro-
ducing higher frequency vibrations., Hencc the model was
investigated as a single resonance system together with a
parallel compliance, C, = 5: .

o

5.2. The Hybrid Computer Model

The simulation of the centreless grinding process was
conducted on the lanchester Polytechnic Hybrid Computer.

The machine consists of a Honeywell DDP 516 digital
computer, coupled by a high specd data and control interface
to a purpose~built analogue computer. The details are

given in Appendix A.

o



5.3.Design of the Model for Centreless Grinding

Before proceeding with the computer simulation the
following decisions were taken and assumptions were made:=-
(2) That the frequency of vibrations which would
affect waviness on the workpiece that could be ground on
the machine, would be no greater than 100 Hertz. Hence,

only equivalent parameters having a critical frequency
below 100 Hertz were considcrcd in the simulation.,

(b) That the investigation would be confined to the
case of plunge grinding,

(¢) That the relationships for gcometric crrors by
Rowe and Koenigsberger (6) should be uscd as the basis for
generating irregularities on the workpiecc.

(a) That the proccss would be simulated for the case
of zero blade angle and zero /4?ang1e.

(e) That no slip took place betwcen the workpiece and
control wheel,

The object of the simulation was to design an analogue
computer system to represent thec critical structural
charactcristics, and to consider errors in roundness on the
workpiece as the source of a regenerative force on the
vibratory analogue system.

Investigations had already shown that only one equiv-
alent mass had a significant effect on the waviness of the
workpiecc (21), Hence, a standard one decgree of freedom

analogue system was used to represent this system.,
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The following diagram indicates the relevant analogue

computer system,

I

-F(d/
F B P e [

o RV

The above circuit is obtained from the standard
expression:= (assuming viscous damping)
M+ ox + Ax = P(t)

X = E(t) - of- Ax
M

M M

Although only onc vibrating systen was considered, the
effect of the other equivalent parameters were not totally
disregarded; this overall equivalent compliance was
determined and placed in parallel and the simulation was as

follows:=-
{é) one degree
of freedom - 4
system
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Having devised a model for the machine structure, it
then became necessary to synthesize the variation in the
cutting force which would, of course, be the exciting force
(P(t)) on the machine structure, from the geometric effects.
Referenoe is now given to Rowe and Koenigsberger (6) who
stated the following concerning the ccntreless plunge
grinding process. Fig. 41 is those authors diagram, rela-
ted to their statement, which was as follows:=

"The true depth of out, S(t), at any instant
indicated by t is the Aifforencc between the apparent
depth of cut A(t) and the machine deflection x(t)"

f.es 8(t) = A(t) - x(t) (2)

also S(t) = »(t) =x(t-1T) (3)
where these equations are true for the steady state or for
small variations from the steady state, In this dis-
cussion the constant steady state terms related to the
average depth of cut and the average deflection of the
machine are neglected because in purely theoretical con-
siderations they are inconsequential to the onset of
chatter, The terms are therefore taken to mean small
variations from the steady state condition., Where apparent
depth of cut is then d?ﬁned by:=

A(t) =K z(t -1) - K, r(t - T,) =zt =1)  (4)

Eliminating S(t) and A(t) from equations (2), (3) ana (4),
leads to thc equation of constraint:
=(t) - K 2(t = 1)) + K, =(t - T,) = =x(t) (5)
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I
The force F is assumed to be proportional to the depth ]

of cut but to have opposite scnse:
Fu=K |x(t) -2t - T)] (6)

For a single degree of frcedom system the equation of }
motion is then:=- i
mi(t) + Ci(t) + x(t) = Ko [=(t) - x(t-1)] l|
M e
Considering the case of zero blade angle and zero
angle equation (5) can be re-arranged to obtain:- 1
x(t) = 2(t = §) = 2(x = ) = 2(t) - =(t - T) = 5(¢)
(8)
Fig. 42 illustrates in block diagram form how the true

depth of cut ®(t) was generated from cquation (8) for the
partimﬂarcaacwhenxl-OandKzul.

The physical method of obtaining thc results shown in
Fig. 42 was to utilize a core storagc unit containing 512
bits into which the analogue vnlues of 8r(t) for one com=
plete revolution of the workpiece were fed, via an analogue
to digital convertcr.

Sequential scanning of the core storage unit was made
similtancously at two places in the store.

(1) Commencing at bit No, 255 which gave a time lag
ofg- « The output from the scanncr was fed to a Digital
to Analoguc Convcrter.

(2) Commencing at bit No, 512 which gave & time lag
of T (one revolution of the workpiece),
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The output from this scanner was fed to a digital to
analogue converter,

As scanning of the core storage took place, fresh
values of -BR(t) were fed into the core storage at the same
rate at which the scanning took place. It was also arranged
that the time taken to scan 512 bits in the core storage
was equal to the time of one complete revolution of the
workpiece. Finally, an initial condition was necessary to
set the simulated model in motion.

An initial condition was arranged by setting the values
of the core storage unit to zero with the exception of
bits 45 to 58 which had five volts in each, This informa-
tion approximated to a small flat on the workpiece prior
to grinding,

The numerical valuecs in the model were as follows:=

Mass (M) = 1800 lbm,
Demping (c) = 200 1bf sec, in,~t
Stiffness () = 1,250,000 1bf in,~t

Parallel Compliance (C,) = 2.36 x 1072 in/1bf
Grinding Coefficient (K) = 500,000 1bf 111."1

>+4.Discussion of Results from the Hybrid Computer Model

The schematic diagram (Fig. 43) gives dctails of the
simlation model, The system was sect in motion by feeding
in the initial conditions, as deseribed in Chapter 5.1, The
paraneters of the system listed below were monitored and
recorded on a U.V, Recorder (See figs. 44 and 45).

—— e
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Monitor 1: the amplitude of vibration of the
equivalent mass system = x (t)

or 2: the apparent depth of cut = s (t) ‘
Monitor 3: the reduction in radius from the i
workpicce reference circle after successive half ‘[

revolutions of the workpiece = »(t - %)

Monitor 4: the reduction in radius from the '
workpiece reference circle after successive I ’
revolutions of the workpiece = »(t = T) | 13

The initial conditions which were set in the analogue

computer system simulated a small flat on an otherwise
cylindrical workpiece. In practice, if this small flat on
the workpiece came into contact with the control wheel, at

the commencement of a plunge grinding operation, there

m- "

would be a movement of the workpiece away from the grinding
whecl which would produce a sudden reduction in the depth
of cut, which would be accompanied by a sudden reduction in
the grinding force,

This sudden reduction in the grinding force and depth l

e e s ———

of cut would produce an increase in the radius of the refer-
ence circle of the workpiece, at a point on the periphery

of the workpiece diametrically opposite to the position of
the initial flat,

o ety

It can be appreciated that the sudden reduction in the 1
grinding force would produce a decaying oscillatory vibra- |
tion in the machine elastic structure, and evidence of this e 1
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effect taking place can be secn by examining the trace of
x(t) in Figs. 44 and 45.

It is observed that the increase in radius one-half
revolution after the initial disturbance is less than the
initial disturbance, a fact which is largely explained by .
the elasticity of the machine structure. This difference
between the true depth of cut and the apparent depth of cut l
was referred to by Rowe and Barash (2) from which they
derived a term the "Machining clasticity parameter K." |l

The monitoring of r(t - %) clearly shows this effect;
indicating by a change in sign, that an increase in the
radius had taken place, also showing that the magnitude of
the increase in the radius is relatively small when come=
pared with the negative initial decrease in radius due to
the flat on the workpiece.

If the grinding cycle is allowed to progress through
a further half revolution of the workpiece, the generated
smell rise on the workpiece will make contact with the cone
trol wheel and the initial flat will be at the grinding
position, Bearing in mind that a constant feed rate is
assumed to be operating, there will be a reduction in the
depth of cut of the workpiece radius at this point,

As grinding proceeds, there is a gradual reduction in
the initial error accompanied by a slowly increasing lobe .
generated on the opposite side of the workpiece. 11

The effect of these changes are clearly seen on the
monjtoring of either r(t -g-) or r(t = 7), and shows that
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this action takes place until the two errors on the worke
plece are of equal magnitude, At this stage, the machine
deflection x(t) and the depth of cut S(t) have both decayed
to a very small amplitude.

Whilst these changes were taking place on the simulated
workpiece periphery, their effects were being transmitted

to the vibrating equivalent system, the result of which is
shown on the monitor of x(t), and the monitor of the depth
cut S(t).
5.5.Conclv
The behaviour of the model as described, agrees very

well with experience from grinding experiments. It is use-
ful in that it demonstrates two principles which apply in

all grinding operations, but are rarely included in a dis=-
cussion of dynamic performance. The principles which
energe are as follows:=-

(1) The static compliance of the machine system is
shown to be of primary importance in the process of shape
generation even when the effect of a machine resonance is
freely allowed to operate. This is because no error can be
rapidly removed or built up. Hence, therec is a prolonged
period in which transient behaviour is exhibited.

(11) A linear analysis of dynamic variations as des-
ceribed in references 1, 4, 11 and 12, makes no distinction
between a phase shift which occurs within one cycle or a
phase shift which extends over many cycles. The regenera=-
tive effects of a disturbance occurs in this example after




one-half of a revolution and after one revolution. The
transient effects of the resonant system have completely
decayed before the regencrative impulse occurs, Thus the
long time delay between an impulse and its regenerative
effect changes the nature of the transient behaviour and
extends the period over which shape generation takes place,
Thus, from the model, it is possible to demonstrate
why the process of shape generation occurs very slowly in
grinding operations, No previous model has included all
the factors which are inherent in the hybrid computer model,
It is suggested that the hybrid model will allow detailed
examination of more complex grinding systems and accord-
ingly reveal the importance of parameters under investi-

gation such as forced vibrations.
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The aims of the practical grinding tests were as
follows:=

(1) to obtain an order of magnitude of a radial
grinding force during a normal plunge grinding operation.

(2) to determine the grinding force coefficient under
practical grinding conditions,

(3) to investigate frequency levels of the vibrations
induced on to the grinding wheel during a plunge grinding
operation.

(4) to investigate frequency levels of the vibration
induced on to the control wheel during a plunge grinding
process,

(5) to obtain a statistical sample of plunge ground
workpiece for examination.

(6) to ebtain samples of plunge ground workpieces
for waviness comparison with the predicted waviness
obtained from the computer simulation.

6.2,Desc;

Southern Instrument Ltd., Miniature proximity vibration
transducers (Type 324) were used tos-

(2) Measure grinding wheel displacement and amplitudes
of vibrations. (See fig. 46)
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(b) Measure control wheel displacement and ampli=
tudes of vibrations,
(¢) To indicate the speed of rotation of grinding

wheel,
see
(d) To indicate the speed of rotation of control
fig,
wheel,
46

(e) To indicate the speed of rotation of workpiece

(f) To measure the rate of in-fecd on the control ;
wheel,

The output from the transducers via the transducer
oscillator (Type 1822, were fed to the Southern Instrument
(frequency modulated) measuring equipment (Type M1800).

(2) Recorders

(a) Two SE laboratories Ultra-violet recorders (Type
SE3006) were used for recording the signals from the various
transducers, together with a time pulse signal from a signal
generator. (See Fig. 47)

(v) A Philips portable instrument recorder (Type EL
1020/02/04/07) in which is incorporated seven recording
channels, and an eighth channel which may be used as a
"voice channel" which is used for speech, cues and similar
purposes.

(3) Signal Generator

A Servonex Controls Ltd, low frequency waveform

(4) Rilter
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(Type 1462) was used as a low pass filter on the signal
from the grinding wheel spindle, ‘ _
(5) Eroquency Analyser I

A Bruell and Kjaer frequency analyser (Type 2107) and : ‘
its associated Recorder. i

The following equipment was made:=~

Two aluninium discs which were made and one was
attached on to the end of:- . '

(a) the grinding wheel spindle

(b) the control wheel spindle

The discs werec trued up in situ on the spindles and ' ki‘l
the gaps variation between the discs and their proximity
transducers indicated the displacement of the spindle, also
the force acting on the spindle,

The aluminium discs together with their transducers
are clearly seen in Fig, 46.

A removable aluminiun adaptor was made, so that it

could be secured on to the end of a workpiece specimen,

Four drilled holes in the side of this adaptor provide the
means, via a transducer, of recording the speed of rotation

Fig. 48 illustrates the shape of the workpieces which

were uscd throughout the plunge grinding tests. Each worke
piece was numbered or lettered for identification purposes. '; t '-

Details of the grinding, control wheels and coolant
used during the tests are given in Appendix B,

ey e — e

—
-
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The grinding tests were conducted using nickel chrome
molybdenum steel (EN 30 B) workpicces in the soft condition
and in the hardened state. All workpieces were prepared
initially by cylindrical grinding between centres and
checked for uniformity of size to within ¥ 0,0001 inch, and
errors in roundness, which were always less than ten micro-
inches (M.Z.C.). A plunge feed rate of 0.010 inch per
ninute was considered as a reasonable practical feed, and
was used throughout the various grinding tests.

6.3.1, Results for = Oo, /6?- o° . As grinding proceeded,
chatter developed which was followed in some cases by loss
of speed control.

When the workpieces were measured for roundness, the
most common shape was a continuation of three and five
lobes, with signs of higher order lobing as in Fig. 49(a).
The low order lobing is not surprising in view of the
geometric setting. However, in one outstanding case there
was a large amplitude of twenty waves around the workpiece
shown in Fig, 49 (b).

As the assumption that the waviness was generated at
the workpiece speed prior to loss of control, the chatter
frequency was 77 Hz. During the tests, the displacement
of the grinding wheel and the displacement of the control
wheel were monitored on magnetic tape for subsequent
analysis. Fig. 50 shows a frequency analysis of the con-
trol wheel displacement which reveals the peak amplitude

at approximately 82 Hz. The resonance at this frequency
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has previously been discussed in Chapter V,

In view of the lack of speed control at the completion
of grinding, it is surprising that the frequency calculated
from the normal operating speed is so close to the resonance.

The mechanism of chatter in this test is not fully
understood, However, frictional constraint is lower at this
setting than with other settings, which is no doubt contri=-
butory to loss of speed control,

To overcome the low frequency limit of twenty Hertz of
the frequency analyser, the play-back speed of the magnetic
tape recorder was increased by a factor of eight, thereby
enabling an analysis down to low order frequencies to be
obtained. Fig. 51 shows a recording obtained by this
method from these initial tests. Referring to the initial
tests previously described, it was thought that the soft
workpieces, together with the condition of the surface of
the support blade, may have in some way contributed to the
chatter experienced in these tests.,

6.3.2. Further tests were carried out using the same process
configuration of o¢, = 0° and /4 = 0° , but with the
exception that hardened workpileces were ground instead of
soft workpieces. In this test, the hardened workpieces
were ground, assessed for size, roundness and the magnetic
reocordings were frequency analysed, Chatter was again
experienced throughout these tests, and roundness errors
and the frequency analysis conformed to the results obtained
previously from grinding soft components.
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6.5.3. Results for o¢,=26°, S &

Because the two grinding tests, in vhich o, = 0% ana
A = 0° were unsatisfactory, further tests were conducted
for o, =20° and /3 = 8. This condition is the best
known setting in the working range of the machine for sta=-
bility and the problems previously described were not
experienced at this setting., It was decided to record the
order in which each component was ground, hence detecting
any trends or repeatable effects in the process. This
procedure was adopted because of the saw-tooth pattern of
size variations observed by Loxhanm (23), (25).

Although grinding forces were not directly measured,
an indication of force variations was obtained from records
of machine deflections. This condition is geometrically
unstable in theory for twenty-two waves, but with the work-
piece speed set to coincide with the machine resonance, it
appears from experiments that the geometric instability is
not highly pronounced (21). Specimens were identified by
numbering them from 14 to 40 after which they were cylin-
drical ground between centres and individually checked for
errors in roundness. The grinding wheels and control wheels
were dressed and three unidentified samples were ground so
that the initial sharpness of the grinding wheel was
removed,

The results presented arc the first of the series of
and recorded before comparison or analysis, thus obviating
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the risk of prejudicial bias, The deviations from size of
successively ground components are illustrated in Fig. 52.
The overall trend correlates with the reducing size of the
grinding wheel, an effect which may be compensated on many
machines by feedback after measurcment of size, However,
there are also cyclic variations which would cause greater
problems of size control., The results appear to follow an
approximate saw-tooth pattern which for a number of

cycles are quite well defined, There is increasing size
for several components followed by a reduction in size.
The record of roundness errors, Fig., 53, shows several
results which are outstanding in that their magnitude is
greater than the majority of components., In a number of
cases, examination of the records revealed coincidence
between the component with poor roundness and reduced
size., Also, it has been possible to observe in some cases
the apparent onset of this condition illustrated by an
obvious change in the static deflections in the machine
and the vibration level of the machine. A very good example
with deflections and vibrations was provided by specimens
19, 20 and 21, Fron the Talyrond traces, (Fig. 54) it is
observed that specimen 20 has a roundness error of 100 mic.
in M,Z,C, whereas the roundness errors of specimen 19 and
21 are only 30 mic, in, In the course of grinding specimen
nunber 20, the vibration level was initially normal, It
was then observed to build up, an effect which was accom=
panied by reduction in the static component of the

e —
e ——
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deflection under the influence of the grinding forces. The
reduced deflection accounts for the reduced component size
for specimen 20 evident in fig. 52. The corresponding
vibration traces, fig. 55, were measured from the machine
structure relative to the grinding wheel spindle and illus-
trate several interesting features, when compared with the
Talyrond traces, fig. 54.

(1) The maximum vibrations while grinding specimen 20
are worse than for specimens 19 and 21.

(2) The high frequency vibration corresponds to a fre-
quency Jjust below a resonance of the control wheel head at
82 Hz, which is transmitted by the grinding forces to the
grinding wheel. This also coincides with the geometrically
unstable condition which gives rise to 22 waves.

(3) The low frequency vibration corresponds to the 3=
lobeshape apparent.

The surface roughness records of Fig., 56 do not show
such strong correlation with roundness errors as were apparent
between size and roundness errors. If there is a saw=tooth
pattern with surface roughness, it appears that the
tendency is for slight improvement when forces decrease and
roundness deteriorates. The overall tendency is for surface
roughness to increase with time, which may be attributed to
generally increasing irregularity of the grinding wheel
surface to be expected with wear and dislodgement of grits.

In order to explain the effects which occurred while

grinding specimens 19, 20 and 21, it is desirable to
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distinguish the cause and effect. It is not absolutely
clear whether there is an external cause of occasional
vibration which leads to the associated effects or whether
there is a natural instability of the grinding wheel sur-
face leading to increased vibration. An hypothesis for
such an instability is that as the grinding progresses
there is a dulling of the cutting edges of the grinding
wheel grits., The dulling is accompanied by an increase in
the radial cutting force which has the effect of deflecting
the grinding wheel spindle and thereby increasing the dia-
meter of the ground workpiece. The action progresses to
a point at which the grits become sufficiently dull so
that they are either dislodged from the grinding wheel or
fractured, During this period, there is a consequent
increase in vibration level which is associated with
increased roundness errors, The increase of roundness
errors with reduced forces would be expected for the
geometrically unstable condition.,

This explanation requires that the self-dressing effect
once initiated accelerates for a short period until a
stable situation is achieved. Otherwise, if the self-
dressing effect were steady, the process would not be
cyclic. The occurrence of these phenomena, i.e. the almost
instantaneous change in the grinding conditions has been
observed, grinding both soft and hard specimens, It appears
that the frequency of occurrence depends on the type of

grinding operations and in our experiments the process



appears to be accelerated with soft specimens leading more
rapidly to a condition where the grinding wheel requires
redressing.

In order to investigate the low-frequency content of
the grinding wheel deflections, the magnetic tape play=-back
speed was increased by a factor of eight. The output was
analysed by means of a frequency analyser yieclding the
result shown in Figs. 57 and 58. The peaks indicated
correspond approximately to lobing on the workpiece. The
orders of lobing corresponding to the frequencies were 1,

2, 3, 4, 5, 9, 18 and 22, On the corresponding chart,

three waves and twenty-two waves may be positively

identified. (Figs. 57 and 58)
6.3.4. Resu 30°. /5

The depth of the initial flat on the periphery of the
otherwise circular workpiece is 0.0009 in, Fig, 59(a)
illustrates the roundness chart for a typical specimen
prior to centreless grinding., Thc grinding test was con-
ducted for the same geometric conditions as were specified
on the model simulated on the hybrid computer described in
Chapter V. The test commenced by placing the workpiece on
the support blade with the flat on the workplece contacting
the surface of the control wheel, The workpiece was held
stationary in this position with a wooden probe whilst the
control wheel was fed towards the rotating grinding wheel.




6.3.5.
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removed and the workplece was allowed to rotate.

Subsequent to removing 0.0009 in stock removal the
final workpiece shape was as shown in Fig. 59(b). This
illustrates that a ridge has been formed opposite the flat
and of approximately equal size. The depth of the flat
subsequent to grinding was 0.0016 in., and the size of the
ridge was 0,00015 in.,

This correlates very well with the simulation mode} Fige

(44) where it is seen that after a shorter length of
time the size of the flat is approximately 0.4 of its
original size and the ridge is approximately 0.33 of the
initial flat.

Figs, 60 and 61 are portions of the recording for the
grinding and control whecl deflections. It may be seen
that the initial pulses decay away to a small amplitude
although the corresponding errors on the workpiece were
s8till large. Unfortunately, the level of noise which
arises from various sources in the machine and the
reference discs is too high to allow an accurate correla=-
tion with the transient vibrations of the simulated
resonance., However, a visual examination shows reasonable
agreement with the trace from the model, Fig. 43.

Practical plunge grinding tests were conducted in which
the infeed rate and deflections of the grinding wheel

spindle were monitored (Fig. 62), whilst normal cutting




was taking place; the spark-out period was not included in
the tests. Deflections of the grinding wheel spindle at
the monitoring point, had been previously calibrated
against known forces.

Fig. 63 illustrates the force/feed rate relationship
obtained from the test, from which the grinding coefficient
(K) was determined, The resulting values were K = 470,000
1bf/in, for a feed rate of 0,010 in, per minute, and
K = 380,000 1bf/in. for a feed rate of 0.0125 in. per
minmute. These findings concur with the generally accepted
theory that the value of K decreases with increasing feed
rate.

It should be noted that although the value of K is
independant of the machine static parameters, its value is
approximately of the same order of magnitude as the various
machine structural stiffnesses.

6.4.Conclusions from Grinding Tests.

(1) The grinding results were in agreement with the
results from the simulated model and hence confirm the con-
clusions reached in Chapter V, concerning the critical
importance of static compliance.

(2) Vibrations measured in grinding and roundness
assessments of ground workpieces have revealed the critical
importance of the first resonance in the direction between
the two wheels,

(3) The forces and deflections in grinding are affected

by the condition of the grinding wheels which is subject to



- 63~

frequent variations. During periods when the grinding

tions were increased, while the workpiece sizes were 'ﬁ‘
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T.1 izn Recommendations Arising from the Research Results

In design of a new machine, careful attention to the
following design principles would increase machine stiffness,
and improve accuracy with respect to both size and shape.

(1) The tray should be of deep rigid construction
and provide constraint to the two wheelheads.

(2) The feed-drive should be in line with the centres
of the two whecls, thus satisfying the Abbe Principle for
the relationship between the required dimension on the work=
plece and the indicated dimension from the feed-drive.

(3) The axis of the infeed slideway should also be
in line with the centres joining the two wheels as clearly
as practicable to minimise twisting.

(4) Bach wheel should be supported symmetrically in
a housing by bearings which straddle the wheel. This would
reduce spindle and bearing deflections.

(5) The control wheel bearings which operate at low
speed should have inherent accuracy and stiffness both at
light grinding loads and at low speeds. This requires
either lvdro.tat:lo bearings or very high precision preloaded
rolling bearings.
© (6) The infeed drive characteristics should be
designed 80 as to minimise the sudden penetration which

M_ﬁhmtdmmohwmtmtemmﬂ-
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ness errors,

(7) The machine stiffness should be as high as
possible to minimise the amplitude of forced vibrations
which inter-act with the geometric process to be a primary
cause of roundness errors, The machine stiffness should
also be high in relation to the mass in the lowest frequency
resonant mode of relative vibration between the two wheels,
so that the first important resonant frequency will be as
high as possible.

(8) The grinding wheel bearings should be designed
for very high accuracy in order to minimise the generation
of vibrations at the grinding point. For this application,
hydrostatic bearings would be ideal.

Fig, 64 shows a configuration which attempts to incor-
porate the above features without loss of the practical
advantages arising from an open structure. It will be
appreciated that other designs are possible which satisfy
the listed principles to a greater or lesser extent.

However to actually design a new machine was not an objective

of this thesis,

T.2.Final Conclusions (Detailed conclusions have been presented

at_the end of Chapters III, IV, V and VI)
1. The compliances at the grinding point due to the

various machine elements have been measured in static and
dynamic tests., The findings have been incorporated in a
statement of important design principles as listed in

Section T.1l.
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(2) A model of the grinding process has been developed
which simulates both the static and dynamic behaviour of
the machine. The model also simulates the geometric
process with realistic time delay terms. Good correlation
was obtained with grinding experiments.

(3) The grinding tests revealed that the grinding con-
ditions do not remain constant over a period of time. Hence
there may be a sawwtooth pattern of process variations.

The simulated model cannot take all these variations into
account accurately, although the qualitative conclusions
do remain valid.,

(4) 1In all the tests it was apparent that both the
large static compliance and the lowest frequency resonance
were of primary importance in the formation of the final
workpiece shape, Thus from the model, it is possible to
demonstrate why the process of shape generation occurs

very slowly in grinding operations,
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CHAPTER VIII
st Future W

8.1.(1)A more comprehensive hybrid computer model should be

investigated, which should include:=-

(a) A range of geometric conditions to allow a study
of the phase relationships and conditions of
instability.

(b) Further machine structural parameters.

(¢) The effect of the workpiece inertia.

(2)T™e computer simulation should be used to investigate
on the following influences on the final workpiece shape:=-

(a) The initial profile of the workpiece.

(b) The initial rate of penetration of the grinding
wheel into the workpiece.

(3)The computer simulation should be used to determine an
optimum machine stiffness, possibly related to infeed
rate and the grinding coefficient.

(4)T™e conclusions from this thesis should be applied in
the design of an open structured centreless grinding
machine, The machine should be tested to compare its
performance against the performance of other machines.

it
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Core store of 8,000 words of 16 bits with 0.96 (/S
cycle time. Single address with multi-level indirect
addressing and indexing,

Speed - Add and subtract 1,92 1 8
Multiply 5.28 i 8
Divide 10.56 « 8

8ingle word 1/0 transfer 1.92 4 S
Input/output equipnent
Teletype (ASR-33)
Paper tape reader 500/1000 cps '
Poper tape punch 110 cps
Standarq input/output lines (6 V TTL competible)
10-bit address bus
16-bit input bus
16-bit output bus
12 levels of priority interrupts
External control and scnse lines
Off=line equipment
Teletype (4SR-33)
The computer is to be extended in the future for
greater digital capacity.
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Analogue Computer
Technology:
100 Volt discrete-component solid state
Complement:
4 patch areas with 50 patch panels
56 operational amplifiers (32 integrators,
16 summer/multipliers, 8 inverters)
32 Servo-set coefficient potentiometers
32 manual coefficient potentiometers
Controls
No manual controls - computer control only
Iatert f |
Functional units:- ’ !
8 integrator control groups
16 analogue comparators
16 analogue switches
8 D to A converters (15 bit)
1 A to D converter (15 bit, 30 S Con.)
256 channel solid state multiplexer
1 11 inch CET computer = controlled
4=beam display unit
logic display panel
Numerical 5-digit display

1 remote control box |
16 external monitor points 'l
4 mamual switches

2 on-line output control registers
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2 on=line input control gates
Software
A comprchensive package of manufacturers programming
software is available for digital computation., This has
been extended by the addition of special purpose programmes
including a hybrid compiler.
Manufacturers Software
DAP-16 mneumonic code assembler
Fortran IV compiler
Maths library
Test routines
Lanchester Software
on~line editor
Hybrid computer software system I
Hybrid computer test routines

On-line process control programmes
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APPENDIX B
Gr Test Conditions
Grinding Machine: Wickman Scrivener No, O Model as des=

cribed in Appendix €

Grinding Wheel: 5A 46/54 = K5 = V50 Initially 11.6 in. x
3 in. x 4 in, bore

Control Wheel: A80 - R - R Initially 6,7 in. x 3 in, x
3 in. bore

Workblade: Zero angle; cast steel hardened and tempered,
30° angle; Tungsten Carbide

Control Wheel Speed: 24 revs/min., inclination 3°

Grinding Wheel Speed: 1,800 revs/min

Coolant: Fletcher Miller "Clearedge" water soluble oil
(1:40)

Wheel Dressing Procedure: Traverse rate 1.5 in/min, 1
pass with ,001 in, depth of cut, return pass ,001 in
depth. 1 pass without cut return pass .0005 in, in
cut. 1 pass and return pass without cut

Stock Removal: .010 in. on diameter

Spark out time: 7 seconds

Infeed: was continuous and controlled by a hydraulic

mechanism incorporating a plate cam,



APPENDIX C
The Machine Description

Base and Bed

Contained in this rigid integral casting was the
grinding wheel head, the main slideway, the base for the
grinding wheel truing device, and the workblade seating.
Grinding Wheel Spindle

The spindle of nitralloy steel ran in two plain
phosphor-bronze bearings. Provision for adjustment of
clearance was made by pressure pads in the top half of
the bearings locating the spindle against the lower half,
End thrust was taken by spring-loaded ball- s and
the drive from the main motor was by vee belts,

Control Wheel Spindle
The control wheel spindle was of similar design, but

independently driven by a separate motor, providing quick
change over from working to truing speeds. For through-
feed grinding the control wheel was adjustable up to 6°
forward tilt and 2° reverse tilt.
Workblade Scating

This seating provided accommodation for both through-
feed and plunge-feed workblades. It was mounted on a
dovetail slide which could be connected or disconnected
with the control wheel slide as required.

Automatioc infeed Unit
Basically the controlled-cycle plunge feed unit con-
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sists of a hydraulically-operated reciprocating camplate
of suitable profile, which is traversed past the control
head slide, imparting wheel closing and opening movements
to it automatically. The camplate profile embodies rapid
approach, stock-removing controlled infeed, dwell during
"rounding-up" of the work as size is reached and, on
accelerated reversal, rapid wheel opening to complete the
cycle. A flow-control valve is provided to permit control
over the total cycle time.
Form of Whecls

Separate hydraulically-operated power truing attach-
ments are provided for each wheel, by means of which any
desired profile can be obtained by fitting a suitable
former plate. On the grinding wheel, this attachment has
a ball bearing cross-slide, permitting the more accurate
following of extreme forms. The control whcel attachment
may be adjusted vertically so that truing may be carried
out at the height of contact betwecen the control wheel
and the workpiece.
Specifications

Wickman - Scrivener No, O Centreless Grinding Machine
Work range (Plunge feed) grinding 0.06 to 1 in.
Work range (Through feed) grinding 0.02 to .625 in.
Maximum opening (new wheels) (controlled cycle) 1.375 in.
Grinding wheel size (dia x width x hole) 12 x 2 x 4 in.

Control wheel size (dia x width x hole) X3 x5 1,
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Grinding wheel spindle speed 1806 rev/min
Control wheel spindle speeds (working) 23,30 and 39 rev/min
Control wheel spindle speeds (truing) 385,490 & 600 rev/min

Electric Motors

Grinding wheel 5 h.p.
Control wheel 3/4 h.p.
Coolant pump 1/8 h.p.
Hydraulic power unit pump

(controlled cycle) 2 h.p.
Coolant tank capacity 40 imp. galls

Coolant pump max. delivery 10 i.g.De0e
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Fig 34 Mode at 150Hz




Fig35. Mode4at 175Hz




Fig36 Mode5 at 410Hz.
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