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. -The present’résearch work deals with the measurements

and analy31s of torque and thrust in tw1st drllllng.

\

and torque measurements were carried: out u51ng a specially

Force

designed two—component,plezoelectrlc dynamometer. The dyna-

“mométer was both statically and dynamically calibrated and

-

techniques for increasing the measuring accuracy and reducing

cross-interference were employed.
- , .

- 'The static calibration was performed tinder external
- )

‘torque and thrust forue, using a spe01a11y de51gned ilxture and

[ P

force transducers. The dynamometér was dynamlcally calibrated

by determlnlng the frequency response'of dynanometer under sinu~

4

soidal excitation ranglng“between 20 Hz to 4kHz.

,

The frequency
response shows that the natural frequency of a system consisting

of only the workpiece and dfnamometer is higher thanjthé§’cbnsis-
ting of the dynamometer; workpiece and the machine-tool. -

~
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torque and -thrust force in mild steel under dlfferent cuttlng
Recorded data from the dynamometer was processed

by a sequence of programs runnlng on an EAI-690 hybrid computer
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) Experiments have been carried out to neasure the drilling

b




e

N s s s

carried out to determine the mean value, standarad dévﬁbt}gn,

tions of torgue and thrust in “twist drilling are stationary and - -

- . . .

7

"and a CDé—640p digital Computer and a statistical analysis was .- .. -

@ ,

~ performed to determine the major statistical propeities of the

metal cutting torque and thrust. . . | < > .‘”
- , ) . '

For each recorded cutting force'signal, analyses were

] .

. probability .density, power spectral density and the autd>cofre- -

siation function of the. fluctuatiohs iﬁ tbrque and thrust force.

. —

» Results of the analysis show that_the dynamic fluctua- .

1

random with a Gaussian'density/junction. An attempt is made

®

to mathemafically model ‘the cutting torque and thrust in twist

drilling. It is expected that this formulation -will be of

great value 'in an analytical study of the dynamic behaviour

n
v

and stability of twist-8rilling machines under actual cutting .

operations. ‘ .
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. o 1
‘ - - CHAPTER I o : F\\v{. "
N  INTRODUCTION S
. "e_‘ ’ | |, L | N

1.1 INTRODUCTION N

‘ ‘ NN ‘ S

S S The klnematlcs of the drilling process basicail con51sts
of rotary motion of a tw1st drill cemblned w1th axiél movement .

e

by either the drill or the workpiece. The twist drill possesses
two symetrically located cutting edges known as lips which perform'
an oblique cutting action. he cutting action of a twist drill .
-along its lips is characterised by a more complex process’ com-

" ' ‘ pared‘;o that of the turning operation: The geometry of the

chip formation changes along the cutting edges due to the varia-
tion of the tangential velocities‘and rake angles along the'
radius"oﬁ'the drill. This results iﬁ“a non-yniform st;ess distri-'
’bution'eiong the tool-cutting edge which in;turn‘affeots the

cutting forces on the drill. . !

. s . ’ .
. - ) N —~ L

L

The initial history of drilling is obscure. From the
- a N
available data it appears.that research work on @rilling dates
back to 1900 A.D. At that €ime,'many researchers tried-to deter-

mine the power absorbed in drilling exper{mentally. ’Among these,

NI ITE I ey

the names of Boston and Gilbert [1]* are. prominent. They offered -
many empirical relations for calculating torque and thrust in
drilling différent materials. ) Co &

i

*Numbers- in brackets [] designate references at the
‘end of the thesis. . .
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Mexchant [2], hsing the principle of minimum energy,

carried out investigations in cutting forces in machining and

-

assumed the process to be a steady‘state one.’ .In 1952, Shaw,

Cook and Smith [3] demonstrated the 51m1fhr1ty between drill

.

po:.nt “and conventlon turning tool, Flgures 1.1 and 1.2, "“(ﬁ‘}
Oxford{ Jr. [4] employed the pr1nc1ple of quick stoo to study

the mechanism of chip formation and concluged that this mecha- A\i
nism is not the same along the cuttlng lip. The actlon of the ‘

" _eltting edge is similar to the other cutting processes but under

e £y e

: N\
the chisel edge, }he process is known as the extrusion process.
%

Shaw and Oxford, Jr. [5] applied dimensional analysis and arrived

at certain equations for thrust and torque, and f&und’them to

o e awa o ESE oot B

be in good agreement with the experimental results.

VR eyt cortyan v
T
¥

All these researchers have dtsumed that the cutting . -

.-
process is a steady stqké(;;gkess and the theories put forward

only give. a steady state meah value of the force and)neglect’

the fluctuating compgnents. Knowledge of the nature of fluctua-

RESE Sl e S e e ol s AV S

tions of these cutting forc¢s is essential, to have an inSLght

e
4

into the dynamlc behaviour and stability of machine tools. ,

Other parameters such as the machinability of a workplece, the

A}

surface 'texture of machined parts, power requlrements, the tool

llfe, etc.,"depend upon the magnitude awd frequency of these
, “

forces.




rg

’ . - S
1 The study and analysis.oﬁ the dynamic behaviour. of

cutting forces is very important in understanding the vibratory

)

. ‘ response of a machine tool. De Vries\[6] has given a brief

F ‘ description of-dynamometers of different types us€éd in ortho-

B e ey aah

. O gonal and oblique machining. He shows that éemi-cquuctor

strain gauge dynamometers have high natural frequencies and
: o4
-high sensitivity. Normally, a dynamometer with high natural -

o A

ol MY el DA

frequency is required for accurate measurements of cutting

: T forces. Under these conditions, frequencies of cutting forces

Mot Kok b £

.encountered will be far less than the natural frequency of the
dynamometer and thé chances of resonance occurring will be .

remote. Cr(sp and Seidel [7] used a dynamometer with a natural

PN

. frequency of 60 kHz to measure the exact fluctuations of cutting 8

~—

[ N
s

forces between sihgle grain on grinding wheels and work piece.

Piazoelectric quartz elements are commonly used in such high

e

N - natural frequency devices. ’ e

’ ' » %

-~ : R . Bickel [8], was the f;fst to recognise the stochastic

W
R S RURPINI I - JN Y

§ nature of cutting forces in metal cutting. He used piezoelectric

-
A NS ~Fht i Bt Ak o

] . ‘ (
ﬁ t » eiements for the cutting force measurement and showed that the
o . -

: degree of.randomness could be a high percentage~?f.a stéady 1
L .
‘state cuttIng force. Based upan this reasonfhg, Kwiatkowski

and Al Samparai [9] and Optiz and Weck [10] developed a relation-

ship Metween the cuttihg forces and displacement of machine .
< systems. ’ Osman and Sankar [11]), treated random force variations
as stationary and Gaussian, and developed a short time acceptance

d

test by determining the response of machine tool spindle sysﬁ‘ms.




| . . .
MJrago§_113] has proved experimentally‘that the cutting forces,
"in the turning operatiofd are stochastic in nature and Gaus§ian
distributed only ip» the finishing operations. Subsequent work
5 :

by Rakhit [14]}, verified that cutting forces in tﬁrning, are
. S~

i

-3

random and GausSien distributed and furthermq;e’rthey play
e ) ’ '

an important part in characterising the surface texture of the

- ‘ . v

“machined parts. ' .

~ .

In the present investigation, the torgue and thrust(a

force ig drilling is measured dynamically and a stochastic

- -,
representation of these quantities is made by evaluating such

¢

T . '
. statistical-properties ,as probability density, auto-correlation
) R4 .

function and spectral density. @

L 4

In the second chapter, the steady state equation for

%
§
4
s
1

R

thrust and torque in drllllng is given. The similarity of the

" e P

mechanlcs of cuttlng betwegh\erllllng and turnlng operations is

o'

also “developed.

¢ The third chapter outlines the experimental measurements

undertaken and discusses the characteristics of the various

¢
,

- dynamometers used/to measure static and dynamic components, < ’
foliowed by .a dekcription of the twé—qpmponent dynamometers

used in this investigation.

»

The fo;;th\qgapterfcovers the complete experimental

set-up for measurements, The static and dynamic calibrations

/
'
) '
>
°




h ® . -

.
’

‘“v\\\___/bf the dynamometer are explained. A method for measuring small

variations in thrust and torque with greater accuracy is given

> eé/ - '
3 : and the experimental results are record '

Y
.
<3

.The data processing and redﬁction techniques employed

pter, and the statistical proper-

are presented in the fifthkgba

mathematical model,éf their distribution is presented. .

oA T ed

ties of the fluctuating components are evaluated and a standard-
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The .drilling operation‘is basiéally/antobliqde cﬁtping

1 _ . operation_ having two cutting edges. 1In oblique mﬁchining,

Ei the cutting edge 1;ﬁinclined,to‘the cutting velocity vector?

. b whereas, in ozhrogonor cutting, the.cutiing is at a 90 degree

S o . anglé to the cuttiné.vglocity vector, Figuregz.i.' . " *

R - . ‘ ' < . p

o ' ' The resulting forcq‘§p drill}hg reduired to Qevglop(/

’§‘ yi ~; plastic déformatiqn of ghe 1ayer under outting iip'c;n be

%1 * s .resolved ‘into two components, a tangential component P, and

g ‘ . a thrust force 3 y perpendlcular to- t?e cutting edge.”The

% Py - force P, Xy ‘can be further resolved 1nto a. radial foéce P, an

E . an axial force Py acting a§ially along the drl%l" Py is )
'? ™ known as the thrugt forcé and P is known‘as tgsjpew€r!componeﬁt»
- . " &~ of the force anle'; used to caloul-at:.e the torEg(ue.
< \

. . ~
-

.
—

. | . ’ : ) . \,
\\ ‘ Cf\ .~ From Flgure 2.2

; ‘ ; P\“ P snxp y o

whe:e'p = the ﬁalf-point angle of drill.

4
»

ﬁ Taking into ‘account the thrust on both the 1lips
[ y l

M,
N ?

. ‘total  thrust F, = 2P

. ’
<

= 2P sin

“ ;- - y xy °

—,. - - ‘ \ t P

‘ i T " . Fdgure 2 3 shows the cutting action of the llps in
plan view when the total torque is given by the couple.

{
N - .

- '
N
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M -~

.

2 - Further, there is a friction force occurring at the '
flank surface, since this surface:.is iﬂ contact with the work
surface. These forces are distrib@ted along the cutting edge.
Since an ideal sharpness of the 'cutting edge cannot be main-

tained, these forces are bound to occur.

. 4 P -~

Y s i

Kg = specific friction.force per unit active

length of ‘lip

sy -

i it I

Then, friction force co .

e~
|
f
=

@ = outer dlametpr of the drill

do = chisel edge dlameter

Dok o 2

o

2

On the basxs of the force diagram shom an Flgure .

94, p, [15] & [18] is ca“lculated as follows:

C P, = R cos (n—a)/ o

a = rake angle

n = friction angle - y
T, = shear stress along the shear plane P e 3
‘ A - j
* P_ cos¢ - P__ sin ’ 3
2 Xy : 4
‘ Tg = Ao sing : 2.1 . : i
/' Ap = undeformed chip cross-sectiomndl area | :
w = width of cut in mm 3 ¥
& 1

t) = undeformed thickness in mm

*

|

.
N
|

-
[ R -yLu_ Lo Gk pasmzae v



g’. .
u‘ ¢ b . - . "9
% . s ) Ao Tg cos(n-a)" .
i Pz " sintifo§T¢+n-a) (2?2)
L s ¢ " ‘ ‘ "cr . .. .
E . 4 ' ¢ = shear angle in degree . - ‘
g - TR = Wty S
3 ' . In Axilling . = ‘
; ) ‘ . ) .
i o , d— : .‘_“ ' 3 ’
P , , R =Sl s o . 2.3
‘ ‘ . - . 4 ) ' M ) ,
b N 8 = feed/revolution ) o . ”
.+ For thrust force analysis Y
= P__ cos(90=p)
| Py -= Py, c0s(30-p)
‘ =-p_ gin: Ty
' -I" xy p - . N
| . "P_ cos$¢ - P_._ sing .
o Tz Xy :
) Tg ™ oS x sin¢ o .
' "  cosd | 's Ag - 4
. ¢ P = p - — . ) S
. xy Zz 8 si:2¢ (/ . ) .\‘_\\\
o ) o N
Py = [Pz:_g%%Z S Aoy’ sinp N
’ ) y sin?¢ \\_’

’ b
ar

"After putting the value of P, from eq. (2.2)

. e = fo T, cos (n-a) \, cos _ r;ho 1 sin o
O y sin¢ cos (¢+n-a) sing sin?¢
: ' A 1_ 8sin¢
L S w8 8 cos (n-a) -
o ‘\K | " T ointe [cos(¢ ooy X cos¢ - 1] (
After simplification
A t_ sifp cos[¢ - (n-a))
a ¥ . "8in?¢ cos[¢ +(n-a)] ’ : .
" . - < Nt .

2o Bty SRS

P ~“.‘

banit e td i el B

TN G A G *a

D 3. & N N O P ..
oo et Lt -,.3':'.!‘?‘_,-' LRI "?“3"2:’}?:-’*{9‘ R
X L GURCLBMES Y, St

PR b

a2t




. Total thrust force ' v .
» . ' -
— . /). ‘ ] Fz = 2PY
" From the geometry of the drill, Fig. 2.5, . o
= da - . -t
W= 3%in p -
. o . _
- . - - = §. 3
ty 3 sin p _ . '
2 1 THE EFFECTIVE RAKE ANGLE AT VARIOUS RADII ALONG TH ’
CUTING EDGE oy
, ] : . ~ . -
v . ' A simple -three-dimensional tool is a conventional

turm‘\.}g tool with an inclined cutting edge, Fig. 2.1. There are

three angles of interest for such a tool. ' * y

Y

a = normal rake angle (measured in a plane perpendi—
cular to cuttJ.ng edge)

a_'= effective rake angle (measure\\n a plane con-
taining rglatlve velocity factor and Chlp flow

§ . ‘ no directio;’x) I : ,-

: o | v ‘= inclination angle betv.veenéémtting edge and a v

X ‘ By ’ line perpendicular to cutting vé]:ocitx vector.

- These three angles can be derived in terms of ordinary

1

- lathe tool angles.
- . . " . s
- i = s - tana i
- tan 1 tanub co CS ‘ .an s sn.nCS
. T T = C_ # tana i cos i - ¥
S tan a, [ta}nus cosC, b S 9&;]
; - .
5 - v '= . 22 + 2. » (!\ .
b ¢ o - ) sin a sin4i cos®i sina ,

M . . — . .
& @y, = back rake angle ° .
. 3 .

] ag = side rake angle

~ q i ' ‘
; - N Cg, = side cutting edge angYe. .

/ : | | | i
-4 - ‘

e ny s -
TTE g:* T e —
) P . .
R ,cs&‘(e‘,, . . P - _
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. The drill is a complexbtool and visualization of

these angles is difficult. By idenfifyin¢ the drill angles

* that correspond to ap, a, c, for ﬁhe lathe tool, the i, an,amd

a / for the drill can be calculated. - .

ay (Lathe) = 8 Helix Angle

o -1 cos p .
CB(Lathe) cos (cos v)
where JN
' N = - e -l " w ’ . -
e = &in “yzein g S

‘- = -1
és(Latbe) tan Et

r.
.

tané _ tan i] : .
anCs 51nCs ( )

W = web thickness . : . .

r-= radius of drill

radius of the drill. As a result of the'changé of v, e the

The above equation indicates that v changes with the
3

. -

normal rake anﬁi?,changes. . <

!

The above mathematical aﬂalysis assumlésdrilling to be
N / b)

a steady state process and does not take into account

é

ations of thrust and torque in drilling. pal, BhattachérYé and

Sen [18], treated drilling as composed of two parts: (i) chisel

edge cutting is by extrusion process; (ii) the other p6£tion

N

of lip is normal cutting. They developed -an equation for torque

- in drilling and verified it experimenta;iy. They also treated

it as a steady state process. The subsequent analysis éqkes

into account fluctuations and experimentally shows tﬁéf;drilling

is not a steady state process.’
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CHAPTER III : L

\

MEASUREMENT OF TORQUE AND THRUST FORCE |

¢

-
£l

’

Dynamometers are normally used for measurement of
cutting forces in machining. In earlier stages, dynamometers
LY

were available which would measure only the static component . .

P 1

of forces. With the advancement of technology, better measuring
systems were developed which Zsﬁe,capable of accurate measure-

ments of the dynamic forces to make dynamic force measurement

. =

possible. A good~“deal of description about these systems is . .

given in the literature. In general, there are two types of
. . Y
- dynomometers;, (i) ' strain gauge dynamometers more sultable for

static force/measuremenﬁ; (ii) Piezoelectric dynamometers:
AN ~J

suitable for dynamic force measurement.
\

The strain gauge dynamonieters have been widely used °

J -

to measure cutting forces. The natural frequencies of these
* 3
dynamometers are of ‘the order cf 200~1000 Hz and their response

time is*large. Hence, they are suitable for the measurement of

steady components of forces.

)
o

For measurement of rapidly fluctuating forces, the
natural frequency of the dyna@gmeter should be far removed

[
from the frequencies of cutting forces being measured. Under
» .

'gﬁese conditions, chances of occurrence of resonance will be
" -

remote. .
e , ' A o \

The piezoelectric crystal dynamometers have such

0

‘

L ]
L
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dynamometer will measure these two components. .

forces. Kistler and Micheletti [24] have de\_réloped dyna-—

mometers using piezoelectric crystals. The piezoelectric

crystal systems have the foilowing properties which are no

'fo-und in otf\er systems. ,

N . L .

(1) The sensitivity of quartz tranéducers is,
barring damage by mechanicafl overload or
extreme temperature, .constant for an <

T indefinite time. .

(ii) It is '1iﬂear :z;r;d fr.ee‘ of hysteres;is.

(iii) Only dynamic measurements are possible ,

with a piezoeléctric transducer.

b -

; .
It is possible to reliably measure quasi-gtatic forces . for

periods of minutes to hours, the* limitwirg factor being the

"drift of the amplifier and quality of insulation’ of the trans—

-

ducer cable and the input of.the charge amplifier. .

’

3.1 FORCE MEASUREMENT IN ORTHOGONAL CUTTING

-

) ‘ -
A In orthogonal metal cutting, analysis of the mechanics

' of .cutting shows that there is a resultant force between the

; , D -
tool and chip. This force can be resolved into two components,

a horizontal and a vertical static cdmponent. A strain gauge

- - -’
. X .. LW N ™ . . / 'v
This assumption is true only in the case where for a
single 'fo'rce' R betweén the tool and-the chip. But, in addition

to R, there is a friction force and the tool may also exert a

ot

e Rt SR

s

PO

w}
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force ddirectly on the surface of the workpiecef This extra

-

force may result in a plastikt deformation of the f'i;rnishe"d.

surface of the‘workpiece. Fi:_:ju_re 3.2a shows a strain gauge'
o ) . \
dynamometer used to measure forces in orthogonal cutting. -

H ' i { : "
3.2 STATIC THRUST AND TORQUE MEASUREMENT

p
13
k4

~&. In drllllng, there are two cuttlng llpS., The tangen-
tial component lS the power component- and glves r:.se to torque. \
Because of the symmetry of:the two llps‘, the radial components .

cancei°egch othg\ar. The third component becomes the feed

¢ { ' v -
component or thrust component. ~So, in drllllng, the thrﬁst{f

force and the torque 'are two obvious forces to be measured.“g It
J.S convenient to mount/ the workpiece on the measurlng platf(?rm,

rather than to attempt to measure the reactions.on the rotatlng t

drill. Flgure 3.4 shows a ‘two- component measurlng 'platforfn{ -

: [ .

3.3 DYNAMIC( MEASUREMENTS OF THE TOR@E "AND
THRUST IN DRILIING

5

i
1
;
i
5
;

v .
The dynamic measurement is similar to the static

measurement in oblique machining:’ The dynamometer must be

o

capable of measuring the rapld fluctuatlops of torque and thrust

Il"

force. The frequency response of they dynamometer should be

.

flat for the range of frequencies encountered in metal cuttlng.

&\ The sen51t1v1ty of the dynamometer should be high, so as to

\ﬁ\easure the small varlatalons in magnltude, phase and frequenq

and should also be fi‘ee from hysteﬂeels. WNormally, the plezo- °

g . .
electric crystal dynamometer exhibits these desirable character-

. e



[
.

istics. Figures 3.2b and 3.3 show some of these types of.

dynamometers developed by Kistler for measurement of dynamic

force fluctuations. ' .
< f~ "

-

3.4 THE DYNAMOMETER - .
oo . . . %

The plezoelectrlc crystal converts phy51cal deforma- .

>

tions ipto an . electrlc field. The crystals are arranged in

, such a way that the pornt of appllcatldn of the cutting force

4

on the platform does not affect the;ge%surements. A two

-

compon@gt neasurlng platform of thke Klstler type, Fig. 3.4

b was used in this investigation. It has a natural frequency of

'3-kHz dn both directions. Figure 3.6 depicts the layout of
A . , r_‘ Rl

“the dynamometer used., It has' the following featilites: °

~ vl N \ . @

A1) A measuring cell pre-loaded be.'ten the base-

. - . ‘
e plate (2) and top plate (3) with an elastic
.« - - ¥ ‘
« shank bolt (4), . ot
(ii) A protectlve'Jacket (4)~

(iii) a central hole protected with a steel tube (7)

[ 4
--mJ__

: . .. “The platform may be: clamped at the edge of the base

o

plate 1n whﬂ@h 6 holes are brov1ded for that piirpose. The
maxlmum axial thrust that can be measured is of the order of

4,500,1H‘andlthe torque is of the order of 900 1lb/inch..

: ’
- 8
L) B ~ -

Sw A - 3 N - s

-

\ AN B - ) . . '

- .
¢ - B}
4
hd . . N
" O ~ T P TN e R e Pt
- N ' * % 3 - . . . W R
° - » AT [ e D & & Y RS

! |



R PP e e

'3
. 4 '
LY !
- 5 M .
'y . .
] * FIG. 3.1 Forces BefWeen Tool and Work Piece
h L3 i o
X ) . .
y4
/
~o s
.S,
- - 1
i - /
i .
A
Lo - ’ - .
i ) FIG. 3.2a Simple Two~Component Lathe Tool
2, . - v .- Dynamomgter

S £ ] —
_— " , b Iy TR TN 2 T R T P Eata e

PR T R Coow vty



L .
’ .2 - » / \ f , . -
2 N - y - 1 ]
_ w . ) ' \ . o
, - . ZHY §°z = Aousnbaxg juruOSaY ; -~ ,
, ’ : . 2z : i :
| . ] 8qT 006y = 4 1 . ]
- . K X X_ . | o .
" g ST 0022 = 4 = 4 ©obuey HBuTaInsesH WNWTXER s »
. ) .
) sauauodwo) sox104 ﬁmcomozu.uo - L
) mm.una putansesy 103 nmum&oﬁmchn Juauoduoy-39Iyl, STIF0STI-0Z9Td qz*c °*91d |

. ~ . s P
i i R TR 6



“ 23 U
| ‘ - -7 -
: 3
| j
S
!
»
|
' : ;
} 3
.
*
.o !
Piezo-Electric Three Component Dynamometer, '
for Measuring the .Three-Orthogonal Force p
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F_, = 2200 1lbs : .
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Resonant Frequency = 10 KHZ ) N
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CHAPTER IV

EXPERIMENTAL SET-UP :

The set-up used for measuring dynamic torque and

thrust in drilling consists of

s

(i) Radial drilling equjpment -
(ii) Two-component measuring dynamometer
(iii) Two charge amplifiers

(iv) One cathode ray oscilloscope for observing

>
- TS
-

» cutting force signals

(v) A magnetic tape recorder for storing signals

The radial drilling machine is a 14HP Meuser & Co;
drill unit equipped with a wide‘range of speeds and‘feed§.
The 'main functiop of the charge amplifier is tc:convert the
electrical charge from the piezoelectric crystals of the dyna-'
mometers into a proportional voltage. The function of the
compengator is to cancel out the undesirable mutual inter-
reference of the 3 independent meaguring channels (only two
are requirea for this\gife). The three operational ampli-
fiers of the compensator are fed with'tﬁe three fdrcelsignals

from the charge amplifiers. Any desired portipn\of the out~-

’

pu£ véltage f any one channel may be tapped througﬁ a xoltage

divider and fed as a compensation signal to the input:of the
' /

other two channels.j~Wheﬁ this is done for all components,
|

"the output from\the[compensator are the actual cutting forces.
' .

i .

Fig. 4.14 shows a functional schematic diagram of the compen-

sator.
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i
i

quencies of the forces to be measured.

. direction, the dynamometer was fixed to the machine base. A

28

The force signal_is stored on a magnetic tape and'in

order to ‘'relate the signal to the actual cutting force, the \

dynamometer must be calibrated statically. The force fluctu-

ations measured by the dynamometer are due to the cutting

forces and vibrations of the tool due to resonance in the
. .

. - .
_machine tool - dynamometer system, are excluded. A dynamic

test is also required to make sure that the frequency response

of the system does not have resonant points close to the fre-

4.1 STATIC CALIBRATION OF THE DYNAMOMETER LN
"THE THRUST DIRECTION

Figure 4.1 1nd1cates a block dlaqram for the static
e

calibration of the dynamometer. The load is increased in steps,

" and is measured by a force transducer placed between the load

and the workpiece. The electric charge prodyced by the dyna;

mometer is given by: !

-

Q= Cv ‘ . | > 4?
=) = charge in pico~-coulombs
V = voltage read on oscilloscope-volts -
[4
C = gain set on charge amplifierl
N ,

i

.
For a° static calibration of the dynamometer in the F,

o
force transducer was then introduced between the.dead load and

the dynamometer. The charge from the dynamometer was then
. T

converted into a proportional voltage through the Kistler charge
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‘compensator.
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N

amplifiers, and with application of dead load the proportional

voltage was displayed on the oscilloscope. In order to ensure

that any form of hysteresis is totally avoided; the loading
was increaﬁed in steps up to a maximum and then decreased’doyP
to zero. The 1oadinq and unloading curves.@ere drawn as a
function of the charge. A plot of the load versus the charge
is shown in Figure 4.7. It may be seen that the curve 43~

L
linear and hyste%esis is not present for the range covered

by this invg&tigation. -
P4

4.2 STATIC CALIBRATION OF THE DYNAMOMETER . ~
IN THE TORQUE DIRECTION :

-

The two-component measuring cells have 'two sets each

comprising of 2 quartz discs arranged circumferentially.
Twelve of them respond to the load in the axial direction.

They are paralleled electrically and add up the charge propor-.
tional to the load. The other set of 1l2.discs is also arrangeé

circumferentially, but the discs are sensitive to shear. Since

 they are pardileled in a shear direction, they add up the

~

charge proportional to the torque, Figure 3.5. There may be a

crosé—sensitivity, bﬁt that is eliminated by the use of the

Y
13 . , W'

2 -In order to apply a pure torque!’a.mechanical lever

was welded to a sﬁeelplate and the plate was screwed rigidly to

. 7/
the dynamometer. In app%ying the load to the lever, a special

AN . . K .
fixture comprising a power nut and screw-was made. A Kistler

pyepa e,
e~ R - £ SN R R

T T s bt T
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force transducer which had been calibrated statically, was®
uséd as ;n input force monito}ing aevice. A schematic ;
diagram of the set~up is shown in Figure 4.2 . The outgut from
the dynamometer was displayed on.an oscilloscope. The load

on the lever was increased step bY“gtep,_w&thin the raﬁge of
the dynamometer and then decreased to zero to'determine the
effect of hysteresis. The force should be_pe;pendicular

to the lever arm for the r%igltant pure torque. As the screw"
is advanqed and the point of 1oad application changes, the line
of action of the load may not be perpendicular to the lever.
To observe this effect, a dial gauge indicator was attached

to the other end of tHe lever. It was then observed that for

the makimum load applied, the maximum deflection was only

':0.075" and this deviation does not influence significantly the

accuracy of the calibration. A plot of the torque and charge
is shown in Figure 4.8. It may be noted that there was no
hysteresis present. A photograph of the set-up is shown in

Figure 4.15.

-

4.3 DYNAMIC CALIBRATION

The main purpose here is to establish:

(1) The natural frequengies of the tool dyno-

mome ter system along the main cutting direc-
tion; gnd i

(i) whether there is any cross interference

between the natural frequencies of - the test

ke BTl Y 3 o e ama e otk .

o 3B

1 0t st

PN

Wl atnc
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- b ’, .
: ' . set-up and the dominant frequencies of —— — .} { '
. - o cutting forces to be medsured. ‘

’ P

For—the purpose of finding the natural frequency of

théﬂdynamometer, the impulse load method was employed. A

-

steel ball is dropped on the dynamomete%;and the number of - °

. oscillations per second is read on an oscillaoscope. The
& . \ , . A
o natural .frequencies along_ the axial thrust axis and torgque

aégs are then determined.

oy

\

The natural freéuencies in both directions are found

to be greater than 3 kHz. To find the frequency response of

1

* the dynamometer and workpiece as well as the machine tool

system, a dynamic load was applied at the.dri}l point and

kept constant by a feedback loop controlliﬁg the Bruel and
kjéer exciter. A diagxam ofkset—up is shown in Fig. 4.3 and .
a pictorial view in Fig. 4.16. The frequency of the input( ’ ;

]
load was varied from 20 Hz to 4 kHz and the output was observed

on an oscilloscope and ‘&so recorded on a Q;pel and Kjaer
Level Recorder 2305. The plot of the output—tojénpﬁt ats/ .
different exciting frequencies is shown in FiEGres 4.9/énd TS
The dynamometer system, together witﬁ machine tool and work
pi;cg, shows a resonance at about 1500 Hz. The Qynamémeter

and work piece system shows a resonance at abou; 2500 HZ% The
reductign in resdﬁant frequenéy clearly indicates the effect’

of the added masses on the frequency response of the system.

Similarly, frequency responses of the system,a;é determined
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,'for the torque direction. -The plot of such a response is

shown in Figure 4.11.s . - ) : ®

. i -— 2
0 °

4;4 °ACCURACY OF THE DRILLING TORQUE AND TBHRUST
MEASUREMENTS . .

- ~
-

‘ih order to obtain an accurate readlng of th dynamlc.
varlatlon of the torque and thrust, a- steady state,co ponent
was measured separately from the superimposed fluctuating

‘ <
compohent. The steady state component was measured by setting

o

. the time constant on the charde amplifiers to "long" which in . |
! (

- turn, changes the time constant of the measurlng system -to a

*s

high value. After the steady state component has been uiasured,

s

the charge ampllflers are switched to the "reset" p051tlon.

-

After changing to a more sensitive range and the time constant
{ .
s‘:‘:ls.'hort",z,the‘amplifiers are switched to its operate mode again.
- : '

This has the effect of shifting‘the output steady signal to

\ . . . ..
zero and enabling the recording a small variations ta be accom-

/ W '
‘ plished into greater® degree of accuracy. A line diagram, - _ »

showing the effect of resetting the charge amplifier to a more

sensitive range, is presented in Figure 4.12. . -

o A4 ! r

4.5 TORQUE AND THRUST MEASUREMENTS
\ 7

The equipment used for conducting the test is essen-

tiaily divided into t%é_groups. One group consists of tpe/
dynamometer, the drill, the test piece and the radial drilling
‘machine. The second group consists of the electronic instru-

mentation necessary to measure and record the dynamic signals.




-

‘A photqgraph of the sét-dﬁ”is shown in Fiﬁure 4.17. The»i

L . " -7
following cutting conditions were chosen: .5
S , N . o o,

Machine: 14 HP Radial drilling machine - ,
, '+ MEUSER & CO model \

Testpieee: " AIsI 1020 steel HB 106
Ve : . ’
* Drill: . as shown in Figure 4.13
”ICutting Speed

nd ‘Refd: Table 4.1

13

4
L4

~ A series of drilling tests were performed for‘gach
fged ‘selected. Q For three dlfferent fegds, photoqraphs of

signals were taken by mountlng a caneéera on the 0501lloscone.

~

u'-:The signals were also recorded‘op a-magnetlc tape recorder
(Bruel & Kjaer model) and were analyzed as explained in the
following Chapter. A constant recording speed of 15 in/sec.

waa*used'in all data acquisition runs. Photographs of the

S
slgnals show that these vary rapidly with time and appear to
<

. . be random ll'( nature.
L '
4. q ANKLYSIS OF STEADY STATIC TORQUE'ZND
THRUST FORCE K .
Y J
/ 7

#Shaw andyOxford [5] applied dimensional analysis to‘%

a

drilling operation and conducted a number of erperiments,
using'different drill diamefers and feeds on eteels he;ow

: 2so‘h hardness number. They shoﬁed‘that torque and thrust
depends upon the hardness number and ratio of chlsel-edge .

-length to drill diameter. The steady state thrust anQvtorque
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] B N .
'f’ ' d = diameter of drill, inches % ' - . - -

B

required by the drill, ma be computed from the semi-analxticai

eqqgtions given below [5]. » ,

F. . 0.8 " ,' ]
z £°7 . 1-c/d c,0.8, - : d
= 0.15 [ =+ 2.2(3). "] +°0.068(c/d)? -~
aZHy atZ “(l4c/a)® 2 o' i , . , .
' w? ' ;
- \ v \—*
M 0.8 1- (9 1.8 -

2 £ d c ] :

B a (o] ;

(1 + = - H

»
[+ 7]

-

where ) N

c _ Length of chisel-edge °
Diameter of drill y b

- »

iy

o
n

Brinell hardness, psi

—

h
L}

feed in inch/rev. - f

4 . ¢

R e

- vl : . '
. ' R

- - —

In this invgstigation, AISI 1020 steel was used. The,

hardness was found on Rockwell Hardness Testér using a scale
. — -

" with 60 kg load and it was found to be 42. ’ o

- Equivalent HB ="106 o —
v § =o0a05 e T )

With these substitutions in the above equations

-

F, = Hy 10.186 £°0°% a%% + 0.00075 421 1bs

- m, =8y 0.084 £2°% a**® 1b-inch, '°£5& , N

«




3

From these equations, thrust and torque were calculated for

thé three diffe:ent feeds and the results are tabulated in

Table 4.2, . _ - ’

) ‘ Co .
The steady state measurement of torque and thrust

w&%e made on an oscillostope. Because the duration of the
signal was not quite long, there could be a glight error in the

observatiop of the signalsf In the third cut, measured values

. -
are quite lower than the calculated ones. This is partially
due to the regrinding of the drill before the third cut was

started.

r:
- From Table 4.2, it is clear that there is a good
correlation between the steady state values given by the

equations and those measured in the experimental set-up.
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TORQUE COMPONENT Mz
/\,j
‘ {

o

feed 0.0028"/Rev
Static Torque 15 lb-inch .
- I 2 l1lb-inch
Prom—
0.1 sec

feed 0.007"
Static Torque 34 1lb-inch
I4'lb-inch
[ |
50 m sec

feed 0.0112"

Static Torque 45 lb-inch
[5 ib-inch
ey »
50 m sec
FIG. 4.5 Fluctuations of Torque Component ’
: ‘While Drilling ~ ‘
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.« fegd 0.0028"/Rev
_Static Thrust ® 100 1lbs

"nﬂ T Twos .
l‘]‘.ﬂlR&HM'I ‘ _ So'm sec

feed 0.007"
Static Thrust 250 lbs
I;o 1bs

—
20 m sec

feed 0.0112"
Static Thrust 320 lbs
. Je5 s

—A
50 m sec

<

.Fluctuations of mhrﬁst'gomponent
while Drilling _.
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ELECTRIC CHARGE

6000

4000

2000

42

N Calibrated Range 1lb 0-500
Sensitivity pc/lb: 8.9 -
1 Q(pc)
4

} 1

%

. A

- |
0 ‘ 100 200 300 zoo 500
LBS ‘ LN

FIG.-4.7 Static CalibratiSR\for Two Component
Piezoelgctric Dynamometer for Thrust
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2100
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jea]
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(8]
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Caljbrated Range lb-in  0-150 ;
Sen?itivity pc/lb-in 17.2
Q(pc) K
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!
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FIG. 4.8 Static Calibration for Two Component )
: Piezoelectric Dynamometer K for Torgue
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TABLE 4.1 Drilling Conditions Used in Experiments
Feed Low Medium High
Cutting Speed ’
£t /mt ) 23.55 2:?.5?5 23.55
v &
Feed/Rev. 0.0028" | ¥ 0.0070" 0.0112"
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: &
TABLE 4.2 Correlation Between Measured Values and Q
Those Calculated From Steady State
Equations ]
'%
FEED cm Fz 3 M Mz 3 :
in/Rev 1b 1b ERROR |1b ikch| 1b inch| ERROR - . ;
| ) ‘
40028 131 100 | 24.2 | 19.60 | 15 23.5 My
’ h - . -
[ : #
. .0070 257 250 2.6 | 40.84 34 14.2 ( ' R
. e ‘ J
.0112 '366. 320 12.5 | 59.5 45 £4.3
é ! . '\
. F, = calculated thrust 1bs -
f‘z = measured thrust lbs
M, = calculated torque 1lb-inch |
M_ = measured torque lb-inch A
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| CHAPTER V

DAQQ PROCESSING AND ANALYSIS OF SIGNALS ' e

_ In this chapter the procedure for data processing,
data analysis and mathematical formulation of drilling torque /
*and thrust force are explained. This basically cdnsists of the

folldwing'threg steps. . .ot

(1) Analog to digital conversion - carried out using

f,“
®  gpecial acquisition system (E.A. 690 HYBRID COMPUTER).

(2) Statistical analysis - using speciai programs on

CDC 6400 and also by'Ahalog Methods.

(3) Proposal of stochastic model - 'based on the study of

statistical properties of the signals obtained above.

5.1 DATA PROCESSING OF CUTTING TORQUE
AND THRUST SIGNAL

- ) Y

In order to carry out a detailed statistical analysis,

the analog signal is digitized, i.e., it is converted into a

series of discrete data points. The conversio§9i§ performed by

an analog-to-digital éonversion package, called the ADCAT, SYSTEM.
This program was used on an Electronics Associate Incorpérated
690 Digital (E.A.I. 690) and a' CDC 6400 Computer. The signal
from the maénetic tape is connected to the A-~D channel of the

Analog computer. The ADCAT system is composed of four programmes.

Pal

] -~
The ADCAT programme runs on a CDC 6400 and this receives and

©

~

records the data and processes the command words. The remaining

.- -
three ‘programmes are then punched on tapes which run on an
N = <

-
- ’

2 . )
kB BT Catirst 1

.
o M g e —— " RN .
Bt i AR W B R ‘
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E.A.I. 640, and each one of these performs a particular

function and they run in. sequence.

Before starting the magnetic tape, the E.A.I. 640-is .
‘initialled and the first of three programmes is loaded. The
magnetic tape signal is éhen connected to the A-D channel of
the data link. When the "paper Ztape" corfe image loader is
active, all the boat-;trappingiis.complete and the trans- ' . \
mission parameters (number of data points\and sampling fre-
quencies) supplied to the system, the second programme is

automgtically loaded. The system is then ready to receive the
- 0 )

data. At this stage, the operator gives a command to-the :
computer and the digitizing and storing of the data in the
memory starts. When the memory is full,'thé system starts the

, v
transe}ssion of the data.

T e

Communication with the CDC 6400 is maintained through -

the telephone TDX system, usiﬂg the interactive sub-system.

The normal logging-in procedure is used. The transmission-
time varies with the amount of data sent. For 10,000 data
pqints,'it takes about one hour of processing time. Quring

the transmission, any message sent by the CDC 6400 to the

Ay

‘E.A.I. 640 is typed and at that poiQE”operator intervention is
<

necessary to re-establish the transmission mode.

\ The data is transmitted into 18 point records,

\ : - : X
at éhe\rate of 30 characters per second. At the time of trans-

1N

'missioﬁv it is coded into a special format and at the other

<

4

\ " o ‘ : :

\ t to




56

- %
end, i.e., the reception end, it is decoded and stored on a
disc file on the CDC 6400. After the transmission has been
| completed, a list of recovered and unrecovered errors is pro-

vidéd, The operator at this stage, can ask to transmit new

: - data or re-transmit old data just transmitted, or terminate

% ;aﬁy further processing. When all the data stored in the meﬁory
are transmitted, a third program is loaded. If more data are
to be transmitted, the repositioning of the tape is necessary;

~ otherwise, the system can be‘aﬁﬁmodéd by the normal logging-

' _off procedure. A

-~

The number of data points required depends upon the

reading rate and record length'of the sample. The r®ading rate._

is further dependent upon the maximum cut-off fréquency. The

; ) dynamometer used shows. a “resonance fréquency of 5500 HZ and

is reliable' to axgéxgmum frequency of 700 Hz. Théfhynambmeter—
2 test piece-tool and machine tool system has a resonance of
about 1000 Hz. So, this is the maximum fre%gency‘up to which

the dyﬁamometer yields accurate results. .

As, per BENDAT [26], data sampling is to be spaced,

suitably, so that it is not correlated, but at the same time

it should not be Spaced too far apiFET which may result in
a loss of significant inSormation at high frequencies. There-
fore, the minimum sampling rate is twice the cut-off frequency,

i.e., in this system, there are 1400 samples per second.

For 10,000 data points transmitted, a signal duration contains

.
-
.
’
) <
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~ -
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7.1428 secop?s. All further analyses are based on 10,000
data points. With the selection of a sample size of 10,000
data points, the normalized standard error for spectral

calculations is only about 0.10, which is acceptable.

5.2 STATISTICAL ANALYSIS LD >~ .

After the cutting torque and thrust force signals
have been digitized and stored on a file in the CDC 640G, the
, . , .
statistical techniques to obtain the characteristic properties

of the signals can be applied. From a study of thoée.proper-

~

ties, a mathematical model of the process may then be developed.

. 3

In the beginning, it is desirable to know whether or not the
sampled data is Random Stationary. This facilitates a further
analysis. The following procedure for studying the character-

istics of the signals was carried out.

-

(1) A test for Stationarity
' < ( . .
(2) A test for randoments in the time domain

(3) A calculation of the spectral density in the

-

frequenéy domain

(4) The determination of the probability distribution

*»

5.2.1 Test for Stationarity >

\ | «. x

-

A process is said to be stationary, if all its

statiéticaﬁ;\prdpgrties do not change with time translations.
This is not possible in practice, since there is an infinite

L

E e =

A Brern i o - ™ g ot s il cani e

B e G A Ay e
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~ number of possible -statistics, and the p;%cess has to be des~

cribed by an i f‘nite number of sample records (ensemble).

According to EENDAT [26], certain assumptlons which are valid

for most of the random data, can be made, and, the following

practical tests for stationarity‘can be applied. //
S <. -
- (i) ° If the process is stationary, the*statlstlcal

propertles caléulated using small time intervals of
the s:n.ngle time history will not vary&mflcantly
" from one interval to the other. This means that

tﬁh\pata samples will be representaﬁi?e ofothe

B
N

process over a large interval of time.n

'
(ii) Verification of invariance of the mean value and
an auto-coréelation with the time translations is
acceptable, as a condition of fulfillment of

i a statlonarlty

.‘ . ' ’ -
. (ii¥) The sample record of data to be investigatéd is Qery'
long, compared to the random fluctuatlons of the da{a
time hlstory.g This is necessary so that the short-

time averages will truly reflect the average properties
. of the/ﬁaya. ‘o

(iQ) If the mean square value of data is stationary,

the adtocorrelation function is also stationary., .

-

v haid .
3 s . . L4
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Q

[y : i
By Eeeping these assumptlons inmind, a-single time

history of the dlgl;\§ea&gata is then divided into 100 equal

time 1ntervals. Suitable spacing is provided so that the

data on one interval xemalns uncorrelated from the next.

f o
o

x ~ The mean value and mean square value for each inter-

val is evaluated as follows:

o

Tl' ..Y-z' .Y-a o—-oo-coon’Y7

—— 2 -~

v2
Yl, Yz' Y! * s asss e a0 Y7

1i=1,2,3 ...0n.,.. 100

’ . l . ' .-

oa

s 3
4

- -2 . .
where Yi and Yi are the mean value and mean square value
o X - PR
n the iEE interval. — ) . o

‘e

The sequence of the mean and mean Squere values for
the/presence of’underlyfng trends other than thos2 due to
expected sampling variations is tested. Appendix "A" gives

a sample of éhe computer programme used for the evaluation of

-
¢

these runs and trends. Accérding to ;he BENDAT "»run test",
the mean value and variance sequences for N =l 100 should gave
the number of runs~between the range 38-63. For the Ttrénd
test“ this number should be between 208372866. fable 5.1

, ‘

gives the resultd of these tests. As can be seen, all these
o !

3

" values are within the range and hypothesis of stationarity

and.are acceptable. o
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v o ThekAutbcorrelatioQ/funct on test is a powerful method

©

5.2.2 Autocgrrelatton Function Test

\fom detecting the sinusoidél componen s in otherwise random
- !
data.‘,For pure1$ random dad'ta, the orrelation will mono-
\
4
tonouslg reach a value equal to the mean\yalue squared. This

3
.

indica‘ s the rapidztyvof th¢ signal and the behav10ur of the

‘e wave.f‘rm repetitions. For stationary data with a mean valgh

-t ‘» ) -
-y -of z;fd, the -autocorrelation function with the displacement KH

is g

. . . N
ven as L ‘
<, N_
" R(KH) W‘a_ z Y(R) Y (R+K]

n )

‘. K =/0'1 R lop X o
N P Y 3 .
¢ . K = lag number i P N
. { @' . ' e . »
= time. Ta .
r " 3 ‘0
; ‘ﬁ * = number‘of data points in a sample
T b .
T . !(R) = the sample record -~ . . ‘
' : S i
; . ]
~ From the above equatlon, the extent of dependence of '
/ '
¥4§» on Y(R+K) can be established. For-a Large value”of tige /.
”~ > A U .
lég, the aut0cor;%lation reaches the static value of the signal . ~

if this is present in Ege\original signal. '

L

i
ES - - { v 3
N * '/‘ : ' \ o o E
- i T 3 . ‘ s .
NP ” Y Figure 5.2} shows the autocorrelatlon\ﬁor some
Co ) RN .

1

, . i t |

. known signals. The rate of deqa& of oscillation in an auto- . 42
;

correlation function is the index. of randomness of the .signal. ;
v . * s » . . ” 0‘.
~ Q * 7 © N ° .

. To calculate the au%ocorrelation in three Zlgnals'of

5
.o

. . \ . . . ) ' ' S
cutplakatorque(ﬂlo,OOO data points were used for each signal, - ' \m v

. . s ¢ S . : ) - . M

. . : x ‘
w 4 ‘i
. A

) &

N ’ .
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-  The computation was carrieé out en a digital computer '
and the programme is-given in Appendix A. 7From the curves,
Figure 5.3, it mei be seen that they follow the pattern of

-« = the curve C‘of Figure 2‘5. This indicates that the cutting ’

torque fluctuations are random and the harmonic content is

H
+

o f m@cp°less.‘ ' T

ron

5 2.3 Power ‘Spectral Density Estimates,for ‘,
Cutting Torque Srgnal

3

LR The spectral density of the random signal gives (

useful information about the signal in the frequeﬁcy domain., It

ind cates the energy content distributed over the frequency

—

.speCtrum and the"*ntegratidh of Whlch will yield a total <\\\ N
energy assoc1ated w1th the signal. For the calculation of L

spectral density, an indirect method via the Fourier trans-

-

“'form of tqé’autocorrelation”;upctioﬁ\was used in this analysis.
L4 - ' . \
For the stationary process with the mean value of zero, the’

..following fdérmula from BENDAT is_used.

. . Y
- S~ . L3 e
:

«* CF 1 M- l : . -

64D = = [n(o) +2 "L R(K) coa("xc) +
A ’ K=1 . W .-
. ' i, : a . ’ .o .
’ 4 1] ? - . { °
I | + -1 rRaM) 3 s , :
‘( + . .‘ “ ) . ‘ o . L,
wher%. \.V " \\ ‘e ! , . ’(:
‘ ’ ’ ‘ I." . - ) +
' c = 0‘1 2 o"o-.l..t'".J M " ) DI ' . “t )
'Fc = cut-off frequency'or crltiCél frequency L :

& v . * , - )
M= max1mum lag nunber - ‘ : ' S

~

s
P
x
=

~r

]

autocorrelation atlag number K =, . T e

.
3 ¢ ’ - . . .
.
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' | For. the calculation, a programme was prepared and is shown in
-Appendix "A".

' ¥
The normalized standard error for the estimate

/ . ) g:-—l;.'
' ‘ ' /BT vid x 7.14

\&

is given, which is quite acceptable.
. . Cw 4 :
> The spectral density for the torque signal under

v
1
%
ke
I

e . three different cutting conditions (different feeds) is
evaluated. A plot of the spectral density for the three
: ®

¢
conditions is given in Figure 5.4. All three graphs exhibit
similar characteristics. The first peak is below
" 30 Hz.’ since the cutting torque °‘cannot be expected

to haJe'low frequencies; this part is to be ;eglected’

)

/ . : Prcbably, this is because the machlne tool sysézy is belng

~

‘ put into res nance at low frequencies and results in this
peak. The second peak 1nd1cates that the dominant frequency
)
v ¢ of about /70 Hz exists for £ = 0028" .007" ,and, 420 Hz for

. f = 0112" . . ‘
‘ . Y : .
: o;; 5.2.4 ° Statistical Analysis of the Cutting Torque
oM. Signal in AmpYitude Domain ‘
-, ] . LY
: The prdbability density function for the signal ~is

: : L
* found digitally by leldlng the amplltude range 1ntq appro-

)
) ~ priate class 1ntervals. I order to apply a goodness—of-f&t
ﬁ' test of the data to the Gaussian dlgtrlbutlon, a number of

c;pss intervals is seiected according to BENDAT. "

s ' . I Tl L
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* P 2/5
Class intervals = 1.87 (N-1) :
. . 2/5
= 1-87 (10'000-1) ; 75 ‘

" This is the minimum class interval and 80 is apprdpriately
chosen. The nuﬁber of data points in each interval is summed
up and a probabiiity histogram®is ébtaingd by plotting the
number of dataxfoints,in\?ach iptervai versus the torque

density. Figures 5.8, 5.9 and 5.10 are the rdsults of
the plots. The graphs for the three different conditions

of cutting exhibit a Gaussian distribution. This is corroborat-
ed by Normality Curves, Figures 5.5, 5.6, and 5.7. For high
feed, i.e., roughing operations, two ﬁortions of the graph

are straight lines, but with slight differences of the slopes
_between ézem.’ The middle portion indicates a high slope. The
data for this ;utting condition still follows thé Gaussian
distribution, with slight deviations. .

— . B 7

»

* - The graph of the low feed shows a small varianc? and

more data points that are concentrated about its mean value.”

\ . .
The graphsfor the medium and high feed have kompa;atively
large variances. ‘/ '

° —

,I ° K ?
‘o .
5.2.5 Amplitude Densﬁ;y.hnalysis by Analog Method

L4

L3
N

The proba%%ligy dénsity analysis has already been
. v S . N N
'presented in the previpus sectidn, and ag'ihdicated,-the‘s&gnals

v ] A
. .
. . e . »

>
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arevbaussian distributed. The samé analysis was confirmed

hsing'ana}pg methods which enable the use ‘of longer signal

. length. For this, a Bruel and Kjae~ Amplitude Density v

‘.‘

Analyzer. Model 161 was used. A schematic view of the set-up

-

is shown in Figure 5.11 with a pictorial view in Figure 5.12.-

. To deteymine whether the equipment- is functioning ,properly, a

-

sinusoidal signal‘yas supplied to the analyzer and its pro-
bability density obtained. This is shown in Figure 5.13 and
indicates that the, analyzer calibrationyis cdgrect.. . .

. L

v
o

It was-.observed that the torque and thrust .signals

4

.yegorded on magnetic taﬁe (spool type) were ‘not of the same

- duratiog,as the processing time of the enalyzer. The proces-

-

sing time of the analyzer demands that sighals be of longer

duration. This difficulty was overcome by recording the
signal on a closed magnetlc tape loop. With the closed loop

running on the recorder, there was no problem in matching the
&

" processing .time ‘of the analyzer. Wlth the proper” settlng of

| - \
P sl

3

-the results obtained by the Digital pethpd."

éhe‘analyzer and X-Y Recorder, the thrust ‘and torque signalsg
were fed to the andlyzer one-by-one, and the probability é

den51ty plots were thus obtained, asushown in Figures 5.14,

5.15, and: 5. 16 for the thrust s;gnal, ghd Flgures 5.17, 5.18, -

. -

and 5 19 for the \torque smgnal. \

This indicates that,the sighals obtained under differ-

—_—T . Al
A *

ent drilling conditions are Gaussian distributed and verifies

F—
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5.3 A MATHEMATICAL MODEL FOR DRILLING TORQUE , -

AND THRUST FLUCTUATIONS
~ - ] TN

¢

From tﬁx experiments conducted tO measure
the above physical quantities, and from the results of the
system analysis as presented, the following conclusions
; regarding the natuxe of fluctuatiene can be drawn:

t < ‘ * ‘ * -
(1) The nature of cutting torque and thrust force

in drilling is dynamic and not static;

‘ (2 the fluctuations are random in nature and there

1 ,
- " , ° [

) />' . 18 evidence that they have sbme harmonic content;
y - ' R
- (3) the cuttlng quantltisalunder three different

cgttlng conditiont can be assumed statlonary,

-~ o

v .(4) from'the statistical analysis in amplitude domain,

the fluctuations for the Bhree cutting conditiaefs

»
> -

(5) - From the frequency analysxs of the cuttlng torque
” ‘ ' and the thrust force fluctuations, it is observed

: . ( '
that a simple mathematical formulation is not

" possible.’ There is a dominant frequency in all

y - - -

‘: : ‘ k) - are Gau551an distributed. However, there is

i yoo evldence that under high feed cuttlngloperatlons

f o ‘fj .there is a slight departure from the Gaussian ‘
’ ‘ ' distribution: . o
" \ R v ‘ - uj?
y ' 4 P(yi) = exp [-——z——-—]

! R . ! . : g
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\ o

- -

« three cases, but it is not so pronounced. So-with

o

- ‘ this'approximatioq, fluctuations can be assumed to

approximate a wide-band randéﬁ noise between 150 Hz
—— | to 700 Hz or a sécond‘hpproximation €hat the whole
f;equency range can be divided inﬁo suitable inter-
o vals for which the spectral density is flat and-

can be used for the purpose of machine tool stabil—_

] . .

. ity analysis. S

-

=

27
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| . oy : . CHAPFER VI
o ' . \\ " CONCLUSIONS

A
-

- The torque and thrust £orce were moalured using a two

component piezoelectriy dynamometer. Data reduction was

& carried out’ to dé?érmine their characteristic properties, -

-f From the characteristic properties of torque and thrust force,

\ a -tbchastic model is proposed. Experimental measurements and
etatistical analyeis of the forcing functions yield the ' -
following results{

e

«

(1) The measured static drilling totque and .thrust
’ \\\\\\\:torce under three drilling conditions {iow,_ -
i ,' ’ ’ (&1 meoiumi high feed) ere tdund to be in good . ‘ ’
| aoreémentvwitﬁ those celculeted from semi~-znal~
; ," ‘ytical steady. state equations deveIOped byq\\\; .
K v A ‘ dimemiona\-/ {analysis [5]
| .
|
|

, s ' .
(ii) The nature of terque and thrust force in
arilling is dynamic,-not static, -

(114) The amplitudes of torque and thrust force

T ' . _ fludtuations in.drilling are random, ‘ g

L) ) / -
- §7§ ) (v} The stully shows that torqgﬁ/eﬁd thrust force ip.
. . " :

- o drillinb'operatioqgeoder(three arilling condi-
E . tions (low, med ;"f‘oigh feed) ‘re\stetionery.
o " This i; in lhargqm

o by Maragos {13] and Rakhit (14]. They have

¢ | . t o h shown that tihq forces in turning are -;”

contrast to. the study condqcted




YA 5 T 4 RS v e
\/\,
\ A
stationary bnly in finishing operation but

non-stationary in mgpium and rough-operations.
. .. J
. (v). Maragos [131, found ‘that amplitudes of cutting

) forces in single point finishing operations

7 exhibit a single Gaussian distribution whereas

© s those for medium and roughing operations show
- , three superimposed Gaussian distributions. In
» ' our statistical agalysis in the amplitude domain,

the fluctuations of torque and thrust force

TR T MATS Y

~

under low, medium, high feed drilling exhibit

5 : ‘ . Gaussian distribution. However, there is evi-

> e

dence that under high feed drilling, there is a,

+ ‘ slight departure from a Gaussian dist%}bution.

F $ - b ' (vi) The torque and thrust force in drilling exhibit

. similar spectral density curves, with most of
]

- ’ '~ gp + pover being conoentrated at certain dominant .

frequencies.,

T

‘ ‘ i
From the signal analysis presented, it is concldﬂed

_ that torque and thrust force in drilling are.to be considered
.,%} // stationary random proo;bses with Gaussian distribution., That

\ &tho processes are truly gaussian cdistributed has been confirmed

by on'amplibuda onalysis using both the digital and analog

— ° -~ - \—’
methods., . . ‘ &




the following:

3

4

6.1 LIMITATION OF PRESENT WORK AND

FUTURE RECOMMENDATIONS /

The main purpose of this study has been to investigate

4

(1)

(1)

(111)

(1)

(2)

‘The nature of drilling torque and thrust force

. natural frequency.

‘ : A
under different drilling conditions .

3§e£her the fluctuations are randomly distributed
and if they are, then what type of &isﬁributicn
they follow s e T

-

power density functions of fluctuations.,

t

° ‘ * K
In our study, the dynamomecter was found to have

a natural frequency of 3 kHz. When the frequency

response’ of the combined machine-tool~dynamometer=-

,wgrkpiece s§stem was determined, it was found that

the'dynamometér could bé relied updn;for frequency

components of only up to 700 Hz. In order that
there is no interference betweén the highest |
frequency component present in fluctuations and

) \9

the natural frequency of dynamometer, it is

recommended that the dynamometer have a very high

MY

' : ~4 B
The workpiqu was mounted on a. two componqpt dyna-

mometer. 'The effect of added masses has been t§

reduce the resonant frequency,of the system,

P




.However, from statistical -analysis consideretions,

iecprded ;engch of signal should pe long. Under
high cutting speeq and feed, for the recorded
length'bgkﬁfcnalzto bewlohg; the workpiece ‘
dimensign has to be'greater which ‘adds more
mass to the system thereby reducing the resonant

4

frequency. So a compromise has to be found by

designing a workpiece of suitable dimensions which

. does not lower the resonant frequency by the

addition of mass @nd at s7me time, giving a
'minimum recorded’ length of signal necessary for

statistical analysis. ) *

-
~

It hae been found that under high feed, t_he;:e is a
. slignt departure fron Gaussian discribution. More -work has
to be done to determine the range’of drilling speeds and
. feeds for which the distribution'of.flucﬁuations is signifi--

cant1§ non~-Gaussian.

&
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DIMENSION Y{10000)»X(80) ¢ XX (BO)»HIST(80)9PD(BO)+D(B0)9»SHIST(BOY ™

Y=SAMPLE DATA RECORD or_g;ns~51o~ 10000
.READ RECORD IN

READ (10s30) (Y(I)sI=1, 10000)

FORMAT (6 (E15,B491X))

SUM=0

CONVERT'VOLT UNITS TO MECHANICAL TORQUE 4
FCF=350/120

40

50

DO %0 I=1,10000

Y(I)=Y(1) #FCF

SUM=Y (1) ¢+ SUM .
AVGY=SUM/10000 .
PRINT 509 AVGY

_) : ‘ A

PROLRAM TIN (INPUT:OUTPUTOTAPEIO) \
§
!

FORMAT(1H1+///915X%AVERAGE OF SAMPLE RECORD=®9F11e4) ! !

CONVERT DATA TO ZERO MEAN VALUE
00 51 I=14s10000
Y{I)=Y(1)=AVGY
SUM=0

D0 3 I=slsl0000 -
SUM=Y (I)#Y(])+SUM - o

-

170
c
c
“ c

TEST FOR STATIONARITY

RO=SUM/10000
PRINT 170+R0 )
FORMAT (/915X #VARIANCE OF SAMPLE RECORD=#9E10,44/) ‘

THE RUN TEST

52

.D0O 60 Us1+100

LeJe100 A ’
Kel.=95 : \\
SUM=(

D0 52 I=K.lL

SUMaY (1) ¢SUM

60

3 70

. AL o +
e e el i it D gt S s . b ok i a A L

X{J)as5UM/96
SUM=0
00 70 I=1,100 ,

SUM=SUM+ X (1) ‘
AVG=SUM/100 //,~\ 3
K=l ‘

13

—IE(X(]) 4GE,AVG) 60 TO 11 | l

I=1 ( ’ v |
IF(X(])eGE,AVG)} GO TO 12
Inlel}

IF(INEO,100) GO TO 14
G0 TO\3 , .

p g
N e

‘\)'

o
Wy

KeKel

IF(14EQe 0) GO T0 14

In]el . /
IF(X(]1) ¢GE.AVG) GO TO }2 , . .
K=K+ 1 | o
IF(I1.EQ.,100) GO TO 14 —~

60 10 13
PRINT 169K

FORMAT(15Xy®NUMBER OF RUNS FOR SEQUENCE X=%,134/)
DO 75 J=1,4100 :

LeJeloo -~

K=l =95




90

sSUM=0
D0 90 1=Kl '
SUM=sY (1) #42+SUM _

15

91

XX {J)=SUM/96 ‘ (
SUM=Q ' .

Do 91 I=1.100 . . \

SUM3SUMXX (1) ‘ . ,

AVG=SUMN/100 . . _ j/
K=} : ' T~ L

v T et . - —y ————

Isl i
IF (XX (1) 4GE,AVG) 60 TO 120

I"I*l . v

IF(XX(I).GE,AVG). GO TO 110

IF(1¢EQ4100) GO TO 140 "~5 .

GO "TO 130 i

K=K+l — ’ R
IF(1.EQ,100) GO TO 140 ‘

Ialel

IF(XX(I)+sGE,AVG) GO TO 120

KsK+] ‘ 008

_IF(1.EQ2100) GO TO 140 . ' T

GO TO 130 - !
PRINY 160K
FORMAT(ISX.’NUMBER OF RUNS FOR SEQUENCE XX=¥y12y/)

TREND TEST FOR STATIONARITY '
Kzl 4

DO 21 uU=1,99

JJad+l

DO 21 1aJ 00

IF(X(JJAGTXXI)) KmKel IR
CONT1
PRINT/ 22+K °

JusJkl

00 23 I=JJy100

IF(XX(J)oGToXX(I)) KmKel ' \ b
CONTINUE : :

K=0 T ' |
DO 283 U=1s100 : , ’

22
26

PRINT 249K -
FORMAT ['15X» *NUMBER OF REVERSE ARRANGEMEMTS FOR THE SEQUENCEX=#,

Clés/)

FORMAT (15X #NUMBER OF REVERSE ARRANGEMENTS FOR SEGUENCEXX=®,14)

c
c
c

-
\

88

PROBABILITY DENSITY HISTOGRAM

K=T8 o
K2EKe2, ¥ :

DO 88 1=l4K?2 ) v

HIST(I)=0

CsK

As=b g '

8.4 . -
Ca (B=A)/C L

00 9 I=1410000 -

Yiay(lI)

IF(AsLToYIoAND.YI.LE.B) GO TO 18 : . *

.




IF(YI.LE.A) GO TO 19 ’ '
IF(YI4GT¢B) HIST(K2)3HIST (K2)+] '

__G0 10 9

19 HIST(1)=HIST(1)+1 4
GO 7O 9 \ )

18 Es(YI=-A)/C ~ ﬂ \
11=E N , o
EE=E~11 & A ’ '
1F(EE,GT,0,001) EmEsl .
1E5E & -

H!ST(IE)sHIST(IE)01

9  CONTINUE
 SHIST(1)=0,50(HIST (1) JHIST(2))
DO 215 Ka2479

215 SHIST(K)=0,25%HIST(K=1)+0,5%HIST(K)+0, 25“HIST(KOID B
SHIST(80)80,5#HIST(79) +HIST(80) ‘ .

C21  PROBABILITY DENSITY IN TERMS OF PERCENTAGE.O?DATA IN

c EACH CLASS INTERVAL

»  N=10000
D0 27 1=1,K2

HIST (1) =HIST(I)/N
27  SHIST(I)sSHIST(I)/N

PRINT 25 |
25 FORMAT (1H1+ 15X+ "PROBABILITY DENSITY HISTOGRAMS/,

117X9#TORQUE DENSITY#93Xs#TORQUE DENSITY®/)

-

217X *LBINCH _ NO LBINCH ___ NO®) 5

DO 194 Js2479 : ‘ )
184 D(J)=A¢(J=2)#C+0,5%C

DO 195 J=2440 N

JUsJe39 ¢ .
195 PRINT 19640 (J)3SHIST (J) 4D (JJ} o SHIST(JJ) -
196 FORMAT (17XeF621FB,493X9)F6,21F80%) ~

s

#

N

c PROBABIL!T&:giETRIBUTION - ?
. ‘ 1 .

PD{1)=HIST
DO 26 Im24K2

26 PD(I)®PD(I~]1)eHIST(I),
PRINT 198

198 FORMAT(IH1915X9#PROB, DISTRIBUTION*/.
115X9*TORQUE DIST#39Xs#TORQUE DIST“/.IBXQ“LBINCH’19X0“LBINCH“)
DO 197 J=24140
: JJU=J¢39 <
197 .PRINT ZlZoD(JioPD(d)ootdd)nPotdd) #
212 FORMAT(17X92(F5:19F643¢3X)) R

+

®*  STOP ' =

END




/

p :‘ I “Dl \

/ o ! = (.
4 PROBe DISTRIBUTION : ’ .
TORQUE DIST ™= TORQUE DISE;”—4
| LBINCH  LBINCH . . ®
. ®3,9 4000 . o)1 4563
§ v w3e8 4000 o2 595"
- : _=3e7 4000 23 H628
e _¥3¢6 4001 oh 2658
* *3¢5 . 4002 " eD5 686 T
=304 4002 6 o718 .
*3e3 ,003. o7 o748
«3s2 005 o8 WTT4
3,1 4007 .9 ,803
2 3,0 ,007 1.0 4827
P ' : "2e9 L0110 1el - 0847
. w28 ,013 1e2: 0867
«2s7 L0116 143 o885
"246 4020 lo4" 4903 . )
- 205,023 1,6 ,918
4 =204  ,030 1e6 w928 .
» . m2e3- L,036 167 o942
’ ’2’2 0043 18 4952
~ Ql 0050 ’ loq v .960
jixs/f@ 0 1,061 2,0 .967
e owt =109, 10072 . 2e)l 2972
»le8 086 22 4977
wle7 o100 - 243 &PBO v
"le6 4119 . 244 4963,
“le5 L1372 0986
“led ,157 2.6 988
~1¢3 ,L181 2¢7 4990
=le2 4205 2.8 992
“lel 4229 209 0993 °
=le0 256 g.o 0994
s9- 2280 21 0995
o8 4309 3e2 4996 ‘
wo7 4338 393 4997 -
= e 0368,§ 394 0997
'05 2400 3.5 0998 .
webh 4432 l 3¢6 4998 (
we3 468 5 ) 3¢7 o998
~e2 0501(' 3.8 .999{

4
wol 532 |, 3.9 999"

.
[
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PROBAAILITY DENSITY HISTOGRAM -
TORQUE DENSITY

YORQUE DENSITY

L

K LBINCH NO- LBINCH NO
’ s ’ 3,95 00001 ’ 005 00312 3
SN ~3,85 L0002 . .18  ,0320 |
ﬁ L de =3e07h 40002 - .26 L0321 =
A ” 3,64 00004 036 20304 o
. «3,54 L0006 W46 ,0295 :
w3s44  ,0007 o56 +0303
- .77 w3e33 L0012 067 L0294
'3023 00015 077 00277
3,11 _,0015 087 __ 40271
¥ »3,03 lOOlﬁ .97 .0242 t -
* "2092 00024 1.08 .0211
n2,82 00028 1,18 20198
~2,72 40032 1,28 ,0184 /
2062 40037 \Je38 L0169
wPe51 40043 49 0144
. w244l 40056 ¥.59 0124
"2.31 00066 .69 00120
w221 L0067 1,79  ,0}03 N .
b "2.10 00079 1.90 ) .00 3 - ¢
- w2.00 0100 2,00 .0068 "
' #1490 L0120 2,10  ,0055
wle79 00135 ‘ 2.21 .0045 R
A 69 L0151 "2,31 L0036 \
‘!\'1059 ‘00173\/,/2041 00032
=le49. L0189 2,5) »0028
f ’5"!1.38 .0205 o 2.62 .0022 0
Umlo28 0228 2,72 20018 ;
wlelB o0240 2,82 ,0015 .
b ‘-1008 .0248 2.92 .0012
'.97 .0255 3903 ’0012
".87 00260 3.13 '0012
we77. +0279 3,23 L0011}
’gbr\ ’@0292 3J3§ 00007
veb6 0301 " 3,46 40006
oh6 0315 3,56 L0006
LY5<].) /\.0332 3.&4 .0003
".26 .0 “4 3.74 .0002
~el5 00333 3|85 ‘.0003 \.
" we 08 20315 3,95 20004 -
I Y a V- ©
. " ‘ 3
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1
|
i

ESTIMATES OF THE AUTOCORRELATION AT DIFFERENT

LAG NUMBEF

jrk ¢ «1000E+0]
;l 100 =,1582E400 150 =~,2388E+00
i - 101 ~41619E+00 1561 =,2407E+00 N
| D 102 - . = 2438E¢00
%(’ 103 ~,1671E+00 153 =,2454E+090
f 104 =,1712E¢00 ° 154 =,2472E4+00 '
: 105 =o1737E+00 155 =,2509E+00 y
106 =41756E+00 156 =,2550E+00 1
107 =,1788E+00 157 =,255B8E+00 :
1’108 _=,1828E+00 158 =,251)E+00 !
— 109 =, 1865E+00 ) 159 =,2443E+00
110 =,1894E+00 160 =,2382E+00 3
111 =41926E¢00 "161 =,2312E+00 :
- 112 =e1949E4+00 162 =,2223E+00
. 113 ~,1963Ee00 . 163 «,2157E+00
, 116 ~,1973E+00 164 ~,2142E+00 1
{ { 115 ~41977E00 165 ~,2155E400 1
, I16 =4 1990E+00 166 =,2164E+00 ?
} 117 =,2018E400 . 0 16T =,2153E+00
3 118 =,204BE¢00 - # 168 =,2142E+00
l 119 '=42080E+00 169 =.2144E+00
1 120" =.2100E+00 170 =,2123F+00
121 =42113E+00 171 *,2077E«00 '
122 =,2125E+00 172 =,2052E+00 !
\ 123 =,2)141E00" . 173 =,2032E+00 ]
124  *,2151E+00 174 =,1998E¢00 §<
' k o 125 =,2145E+00 /}/ 175 =,1976E+00 i
! _ 126 =,21851E00 176 =,1992E+00 |
é 127 =¢2162E¢00 - 177 =,2000E+00"
: 128 =, 2165E+00 178 =, 1977E+00 |
; 129 =,21658E400 po 179 "=, 19T0E«00 ;
{ ~ 130 =,2171E400 180 ~,1993E+00 ,i
| 131 =,2179E+00 181 ~,1986E+00 .
: 132 =,2182E400 182 =,1962E+00 j
133 ~,2184E+00 - 183 =,1982E+00
| 136 =,2194E+00 184 =,2019E+00 i,
i 135" »,2202E¢00 185 =,2008E+00 [
. 136 =,2204E+00 186 =,1975E+00 ]
; 137 =¢2206E+00 187 =.1979E+00
; __ 138 =.2228E+00 188 «,1982E4+00
139 =,2249E+00 189 «,1956E+00
140 ~=42253E400 190 =,1935E+00 .
141 »=,2267E+00 191 “ =,1938E+00
142 .=422B1E+00 192 ~,1916E+00
/ 143  =¢2288E+00 193 =,1872E+00
144 =,229BE+00 194  =,1847E+00
(145 =, 2328E+00 195 ~,1845E+00
146 =~,2350E+00 “196 =,1828E+00
, 147 =,2383E+00 197 =,1811E+00
T 148 ~,2363E+00 198 =, 1H07E+00
“149  wy2374E400 199 "=, 1799E+00
- 1560 =,238BE¢00 200 T

......

-



ESTIMATES OF THE AUTOCORRELATION

F

.

]

N

e8831E+00
28660£+00

¢e9426E+00 -

+1000E+01

)
52
53

AT DIFFERENT.  LAG NUMBERS
i
%

¢8245E01
o T156E~01
26327E0]

-

oBATOE+00
o TOT0E« 00
o TOTAES DD
“eT63L1E«00
oT440E400
o7098£*00

54
55
56
57
58
59

05402E=01
4319E=01
«3{70E=-01

o2i94g-01

o 1316E~01

2 3756E~02

o
W

- e :
= OODIPOWMEPRD N

268B2E+00
o6775E00
2 6565E+00
06284E+00
v60B4E+00

60
6l
62
63
- 64

Y EN Y
w,1{55E=01
~,1990E=0]
=e3086E~01
"o 3962E»0]

6%

»,4508E=0]

05746E+00

" «B848TE+00

»5305E+00
25170E«00
24983E+00
0477)1E+00

66
67
68
69

T0(’

1}

»o5]104E=0Q])
~5T48E=0]
»6082E=01
~63T1E=01
"y 684TE=0]
»y 7478E~0]

]

26

24625E+00
0 451BE«00
04387E+00
241T7TE+00
v4032E%00
.ggjbEOOO

72
73
TA
78
76
11

=oTY31E=D

-.83145-01\‘
"y B933E~01 ™ ~

*s9517E=0]
" 9654E=01
e 9T66E=0]

29 ..

30
3l
J2

33

V375BE+00
¢«3576E+00
+343TE+00
+3310E+00
2 3145E¢00

28977E¢00

34

—

78

&
ial
82

g3

=e1010E400
wyo1033E+00
»eJ0BOE+00
“.10895‘00
"e1l41E+00
=, 1173E+00

+2880E+00
02T21E+00
228859E+00
Le2420E+00
e2312E¢00

'2180E¢00 -

84
85
86
87
a8
89

»e1196E+00

»e1233E+0Q0
ws 1268E+00
»e1281E+00
-.laa‘sooo
w, 1285E400

02027E¢00 .

v 1913E00
v1820E¢00
01675E€+00
01523E+00

_95_

90
91
92
93
94

s 1289E 00
»y1298E+00
ne1324E000
~y1350E+00
=, 1383E+00
vs1413E20

|f
1

«1338E¢00
01215E¢00
v 1099E¢00
«102BE+00

96
97
%8
99

100

»o145TE+Q
~s1500E¢00
'.15325’00
we 1548E«00
»,1582E+00

+9362E-01




' . ’ | S S 101
i ‘ . , ,
Mm1+50
, 29 PRINT 180s1,R(I)yMsR(M) o -
180 FORMAT (25X [39E12,6010X1 131E12,6) . ' : .

PRINT 11RO
1] FORMAT (1H1920Xy*ESTIMATES OF THE\AUTOCORRELATION AT DIFFERENT
. | © CLAG NUMBERS®y//¢40XsE10,4)
/ . DO 27 MM=100,150 -~
* LLaMMe5B0, |
27__ _PRINT 18 MMoR(MM)vLLoR(LL)

4

185 FORMAT(Z 1I31E12,4910Xs13+E1244)

%
o0

'POWER SPECFRAL DENSITY ANALYSIS .

: 7 FCs700 :

‘ o DO 5 1K=1l,101 ) N
Km]K=1 " :

F(IK)sFC®K/100

PI=(3, 14159265“K)/100

SUMmO ‘ » e
DO & IR=1499 >
SUMaSUMeR (IR)#COS(PI*IR) .
G(IK)=(1/FC)®(RO+29SUMe (= 1#¥K)#R(100)) -

fn o

GG())204,5%6(1)+0,5%G(2) '
DO 7 K=2,100
7 GG (K) B0 (2596 (K=1)+0,5#G(K)+0, 25“G(K*1)

PRINT 171
171 FORMAT (1H1+15Xy#SMOOTH SPECTRAL DENS!TY“/’

i

|
?. 6G6(101)=0,5%G(100)+0.5%6(101) Lo
H

113X9*FREQ . MAGNITUDE® 14Xy #FREQ MAGNITUDE®/
214Xy 9HZ® 94X o8 BINCH/HZ# 93Xy " HZH 96Xy 9L BINCH/HZ®)
DO 100 I=}s50
NIsI+50
i . 100 PRINT B99F(I)eGG(I)sF(NI)IGG(NI)
) 89 ~ FORMAT(12X9F5400F94494X9F5,09F94%)

[

STOP - z
END \ ‘
« -
‘ o .»*r W 4
v . *
-
/
.,// -

. Q ) \
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PRSI

| g PROGRAM TIN(INPUT,OUTPUT,TAPELO)
[ - DIMENSION Y (10000) +R(200) ¢GG(L101) +G(101)4F(101)
c Y=SAMPLE_DATA RECORD OF DIMENSION 10000
C- READ RECQRD IN
READ(10¢30) (Y(I)yI=1+10000) "
30 FORMAT(6(EL5,941X))
CONVERT VOLT UNITS TO MECH UNITS FORCE < .
. FCF=350/120 '
. SUM=a0
, DO 40 I=1,10000 '
\ Y(I)sY(I)®FCF - ¢ ) 4 =
40 SUM=Y(I)+SUM
AVGYSSUM/10000 '
PRINT 50,AVGY
80 FORMAT(IHIo///olSXv“AVERAGE OF_SAMPLE RECORDm#,E1l,4)
CONVERT DATA TO ZERO (MEAN VALUE | .
DO 51 I=1410000 \ . S
51 Y(Ii=y(1)=AveY > o
: SUM=(’
DO 3 i=1410000
3 SUMsY(I)®Y(1)+SUM
" RO=SUM/10000
PRINT 1704R0
170 FORMAT(/415XVARIANCE OF SAMPLE RECORD=*sE10+4)/)

e ——————
[g]

(2]

vy

c TEST FOR. NORMALITY .
PRINT 15 '
15 FORMAT(1Hl» 1ox.woeyxATon FROM THE  PERCENTAGE OF DEVIATION AT O
: 1R0gc13X,°AVERAGE VALUE BELOW THE GIVEN DEVIATION®/)
P » z.
K=0 ) N . g
DO 20 JU=ly19 . '
¢ » Ziz - 0‘0 5 ' '
DO 10 Is1+10000 ' R v
% IF(Y(I)4,LEsZ) KuKel ~ S ;
©o 10  CONTINUE i
o AsK : . :
‘ DEV=(A/10000,)#100 ) !
* PRINT 174Z9DEV S : : ’ ~ o
17 FORMAT(16X1F6el) IQXvaoli ' '
20 . CONTINUE

o o ot afat i daiaus i~ S
t

}
H
|
c TEST FOR THE RANDOMNESS ,
¢ THE AUTOCORRELATION TEST . . C . 3
Na) 0000 i . 1

{

DO 1 IRm1,200.
SUM=( oo ) Y
JUSN=]IR . )
DO 2 JslyuJ — o
, z\sun-suncvw)wwozm ‘
ZaNwIR h e
- 1 R(IR)=SUM/Z(Z8RO) 7
\ RO=RO/R0 RN . ‘
PRINT -4yRO ™ v
4 FORMAT(1H1+20Xy%ESTIMATE® OF THE AUTOCORRELATION AT DIFFERENT
CLAG NUMBERS®¢//940X1E)1046) -
DO 29 I=1,50 ‘




PP e o T N IPI

¢

SMOOTH SPECTRAL DENSITY

FREQ MAGNTUDE.

FREQ MAGNITUDE

HZ LBINCH/HZ HZ LBINCH/HZ
0, 0574 350, « 0005
7. 00483 357, 00006 ’
14, 20260 366, 20006
21, (0095 37, «0005
28, 00054 378, “0005
35, 00037 - -385, « 0004 .
. 42, 00027 392, «0004 .
49, +0022 399, « 0004 ) ,
63, 20013 413, 40003
: - 70, $00IT 420, . ,0003
; 77! 0011 . 427, 20003
: 84, $0010 * 6434, . ,0003
i 91, ¢0009 441, +0003
g , 98, « 0009 448, + 0003
3 105, 00009 455, «0003
.ﬁ 112, . 40008 462, 0003
P - 119, 00007 469, «0003
£ 126, 00007 476, « 0003
¢ 1330_" «0006 483, «0003
,' 140, 00006 496 «0003
147, «0005 497, . 40003
{ 154, ¢ 0005 5045 #0003
f 161, «0005, 511 ‘40003
, 168, + 0005 518, 00002 -
. §75. .+0005 525, « 0002
! 182, 40005 . 532, 20002 A
: 189, ' 0004 - 539, 40002
196, 00004 546, .« 0002
203, -40004 . 5535— .,0002
" 210, 00004 560, 00002
217, « 0004, - 567, 00002
226, 20004 . 574, «0002
231, «0004 581, « 0002 pre
238, 20003 . 588, 0002 ‘
245, - #0003 - 595.\», + 0002
252, _ 40003 - 602, 00002
259, «0003 609, «0002
( 266, 00003 616, 20002
273, v0003 623, 20002
280, +0003 630, «0003 3
287, v0003 637, 00002
294, »0003 644, «0002 .
g 301, 20003 651, 00002
N 3081 QQ003 : T 658, . 0003 :
315, »0003 665, '«0002°
322, 20003 672, 40002 "
329, 20004 679, <0002
336, . 0004 686, 0002
343.  .000S. 693, 00002
b?-
e ihossa .

-
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SMOOTH SPECTRAL DENSITY

FREQ MAGNITUDE "FREQ MAGNITUOE

HZ LBINCH/HZ  HZ LBINCH/HZ
0. « 0574 350, «0005
7. 00483 357, Mdoos
14, 20260 364, 0006 - X _
- 21, +0095 371, «0005
} 284, #0054 378, «0005
4 . 35.% ,0037 385, 40004
¥ 1 42, 00027 392, %,0004
P G 49, +0022 399, «0004
% §§; 10018 406, 20004
4 63, 00013 413, »0003
% - 70, «0011 420, »0003
H 7, 0011 427, 20003
84, 00010 434, +0003
91, »0005 441, 20003
98, 20009 448, 40003
105, v0009 4554 «0003
112, v0008 462, +»0003_
119, 00007 469, 20003
126, «0007 476, +0003 N
133, « 0006 483, 00003
140, 00006 490, «0003
\ 147, «0005 497, ,0003
154;. . 0005 504, 20003
l61, + 0005 511, v0003
168, +0005 518  +0002
175, 0005 525, «0002 \
182, 20005 532, 40002
189, 20004 539, 00002
196, ¢ 0004 546, 00002 s
v 2030 ¢ 00 553. 00002
216, 00004 560, 20002 -
217, 0004 567,  o0002 .
224, 0 0004)7 574, . 0002
231, 2000 581, ,0002 .
238, +0003 588, 20002 <{
245, «0003 595, 20002
252, «0003 602, «0002
259, "+0003 609, 20002
266, 0003 616, 20002
273, ,0603 623, 20002
_ 280, +0003 630, «0003 d
287, 20003 637, 20002
294,  ,0003 644, « 0002 ‘
. 301, « 0003 651, «0002 '
308, 40003 658, 40003
315, 20003 665, 0002
322, +0003 672, 20002 -~
. 3?90 0000“‘ 679. 00002 ‘ -
336, . 40004 686, +0002 ;
343, 40005 693, 0002

o

4 e ke i i aaa,

R e e,



! ' 105 N ;
i A
N
o “ZQRF
. ¥
AVERAGE OF SAMPLE RECORD= =,3193E-01 oo
VARIANCE OF SAMPLE RECORD= ,1653E+0])
i NUMBER OF RUNS FOR SEQUENCE X= 58 ‘ 4 f
£ ¥ .
- NUMBER OF RUNS FOR SEQUENCE XX=55 : !

k" -~
NUMBER QF REVERSE ARRANGEMENTS FOR_THE §§QUENCEX=1894‘

NUMBER OF REVERSE ARRANGEMENTS FOR SEQUENCEXX=2526
¢ oS '

\

DEVIATION FROM THE PERCENTAGE OF DEVIATION AT O R

L e a RSNV
AR AT e -

n ¥ AVERAGE VALUE BELOW THE GIVEN DEVIATION -
445 , 99,9
- 4.0 Y 199,8
n ' 3¢5 29905
°, 3,0 ) 398,7
! 25 ' £$96,9
' 2,0 , 592,5
’ 1.5 . . - 68202
! 1.0 . N 761.9
X '95 N 82?02
! 0,0 877.3 .
\\ -.5 ' : 91106
, . =1.0 . 932,7
g =145 Yo 943,4
5 ’2.0 . 968'0 !
: ~2,5 949,8
: w340 9504
i w35 : 950.5
' ) : 950,5
q ~4¢5 : 950,5
#




