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) The mode] qushgated 1s a hnear branched torsional system sub-

jected to a dynamic loading env1ronment wh1ch reflects the, 1nﬂ uence of
the tr,ansmtted. torque. The ‘useful working 1ife of gearsihas .been 3
évaiugte_d at,yarious S5peeds ‘by the deterministic and random approaches.
" Also, the working 11'fe_of gears -has been esti_mated at’ varying 1o;ad1'ng
conditions by cha.nging the 'st‘;tic angular transmission _erroi- at various
- operational speeds and at d1f’ferent Toading conditions by assuming the
angular transm1ss1on error to be dn exponentTaHy decaymg functlon of

t
the speed of operam on.:
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CHAPTER 1 N -

INTRODUCTION AND‘LITERATURE SURVERY

»

NG

1.1 JIntroduction ~ cook

Y Gears and gear trains are used exteﬁéiveiy throdbhodt modern
. ‘devgqes angﬂequipment, to provide change in angular_speed-and to transmit
v i * -

torque. The applications may-be simple, as in bicycle drives to guite
f\ N

" complex such as gas turbine speed reduction arrangements and process -

) . machinery drive mechanisms. ! :

AN ce

+ " Gears are one of man's oldest mechanical devjces.-.The earliest
known example 6f,gear¢ng is found in the "South Pointing Chariot" con-

structed circa 2600 B.C. This chariot incorporated a cbmp1icated
t

<« ~ _differential dear'train with fhé gears'constructed in the form_qf_wooden
pin§ {1]. As-early as 100 B.C., there are severa} examples of gears
made from metallic materials and wood [2]. The gears were cut with tri-‘
angular teeth, blittressed teeth andJBiqhsaaped teeth. Gear trains aé
this time consiste% af spur gears, rack and pinion, and wérm gears. For

= right angle drive applications, pin tooth drives were employkd. -

» ' N '
In 1000 A.D. there are ’‘examples of machines constructed in India -

r .

in a form approximating closely 30° pressufé angle involute. Sevéra]
Islamic gear devices used for pumping water, which were constructed at

\ . \ about the same time, appear to have .involute ‘profiled gear elements as ©

well. Willis [3] was the first person to }ecognize the apvéntages of the

involute tooth profile and based his development on a 143 degree pressure

v

" angle system. -

.

The first ané]ytita] works’ on involyté profiles and general gear

'
v = A

-~



.respeétive}y.

. -2-

3
)

technology bggah to appear in the seventeenth century [4]. The saijent

i

features of the published works of that time are:

1) James- Carmichaels investigated the load carrying capacity of
geérs which, he stated, to be prgﬁbrtional to the product of face width
(breadth) and the square of the thickness and inverse1y'proportiona1 to

the height (Jength) [5]. ‘ , S ’

2) It was recognized that in order to transmit angular motion
with m1n1mum friction, the tobth prof11e shou]d be an epicycloid. Such
prof11es were approx1mated by employing a spr1es of circles with

dﬁ%#erent'rqdii so that the resulting tooth form approached an involute
p:;fiTe. Tﬁ% minimum number of teeth on a pipion was thouéht to. be
six [6]. . f

- 3) The effect’of frwctlon and shape 1rre§u1ar1t1es dur1ng enéage-

ment of gear teeth is much more severe than during d1sengagement

¢ ~

_Because of th1s‘1t was the general design approach to engage gear teeth

" as close as possible to the line joining the two gear centres [7].

. s - l .
4) The influence of wear tn enhancing tooth shape irregularities

and then by intreas%ng frictional losses had been recpgnized [8]. '
~N “

The literature development of gearing manufacture and analysis up to the

beginning of the nineteenth century is summarized in Tables 1.1 and 1.2

i

&

= The dynamic character ofﬁthé gear meshing

P

face in the ear1y 20th century when 1t was observ d that high speed gear

rocess began to sur-

trains failed prematurely when compared to the slow speed gear1ng under

-

similar torque conditions [9]." This phenomenon/ was initially attr1buted

to the fact that gear teeth are subgected to transient loads, the



TABLE 1.1:

3 L 5T

CHRONOLOGICAL .CHART [1]

~

C]assiqai Europe

1245
1267
35271

1285

1300
1320

1364

Archimedes Planetarium

Hipparachus stereographic projection
Vitruvius hodometer and water clocks
Antikythera machine . '

Hero hodometer and water clocks
Salzburg and Vosges anaphoricJF]ocks

~

" Gerbert astronomical hode]

r

Neckham on compass

Jocelin on water clock '

Villard clocktower, "escapement"
perpetual motion

Villers Abbey clock

Peregrinus, compass and perpetua] motion

Robertus Anglicus, animated models and

" "perpetual motion" clock *

‘Drover's water clock with wheel and weight

drive .
French geared astrolabe . ‘k
1 ¢lo

“ Richard of Wallingford astonom1ca

and equator1um
de Dondj's astronomical clock with
mecharrical escapement

r

Harun'aT Rashid

. Earliest extamp astrolabes
. Geared astrolabe of al- Birumi

Equatorium text K

Saladin clock .

Ridwan water-clocks, perpetual motion’ and
weight drive

al-Jazari clocks :

Geared astrolabe T .

“Chdrlemagne clock '

al-Konpas (compass) |
Alfonsine corpus clock with memory drum,
equatoria

../4




&

R4

v

TABLE 1:1 cont'd .

)

[ A

China
' 4th C; B.C. Power gearing
~ 2nd C; A.D. . Chang Heng animated globe hodometer
continuing traditien of an1mated
. astronomical models - ’
725 Invention of Chinese escapement by I Hs1ng
. and Liang Ling-tsan

1074 . Shen Kua, tlocks and- magnetic compass

1080 Su Sung’ clock built .

j]Ol Su Sung clock destroyed

India -
. ] , ;
1100 Surya Siddhanta animated astronomical
models.and perpetual motion
1150 Siddhanta Siromani animated mode]s and
' perpetual motion-
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_1.2 _Review of Past waﬁ/

' '.\.' : ’ ! >
magnitude of which dependg directly on the rotational speed. In 1931,

the first known attempt to define the actual nature of gear loads
™~

- \\ '
occurred when a reséarch committee of the ASME under the chairmanship of

- . -~

Eamle Buckingham conducted experimental studies on different types of
gear trains.  This work culminated in a series of Fe1dt?onships for the
estimétion of dynamic loads and'revised design criteria which included”

dynam1c factors appropriate- to the- speed of the gear train. -,

PR

. L
Subsequent to the work of Buckingham, severa1‘investigators

studied the dynamics of gea}s. THe results directly relevant to this .

work are reviewed in the following paragraphs.
: . i )

'

Tuplin [10] showed that gearing failures are primarily duf to =

fatique and conséqueﬁtly, for infinite life app!ications, he recommended
th;% gears be designed on the‘basis of the material fatigue endurance
Timit. In his analysis, it was assumed ihat the time rate of strees
appl{cation (frequency ef stress history) doee not affect the life of
gears’ and that the governing parameter'was the magnitude of the stresé
jtself. Failure of high speed gear teeth at stress 1e§els apparehtly\
belew the eedurance Timit were'attributed to pitch and profi]e errors
which gave rise to actual stresses h1gher than those ca]culated on the

basis of static cons1derat1ons alone. Tup11n felt that these dev1at1on§

were proportional to the rotational speed up to a certai} 1imit. Beyond

. th1s critical speed the magn1tude‘b#-i1\ptuat1ng load rema1ned constant.
' TﬁvEe statements were made on the basis of a limited number of observa-

tions without any ana]ytica]ljustification. The potential occurrences of

A

h%gh‘stress in high speed installations opqratfng close to the system

s

. ~ .
’ .
v .

B . .
- \
\
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structural resonance was identified as a factor to be considered in any

future dynamic analysis of gear trains. /{*\ £
. ) :

A method of computing”the:-dynamic load increment arising firom
profi]é'and pitch errors has bee?/ﬁeported in [11]. The profile and
pitch errors were defined by mode]]fng the meghing process as a ore
degree of -freedom spring;masijsystem uﬁdeF‘thg g}CiFation_pr9v1ded by a
reciprocating wedge inserted atkthe spring end. - This has becqme known

as the wedge analqgy and has been used by other investigators [12].

Bishop [13] showed that gearing errors are of two types:

1) Errors in wh1ch the pitch point moves backwards and .forwards

along the common tangent of the p1tch crrcles, and

N

2) Errars in which the pi;ch point moves radially.

Yates [14] showed that displacement excitation in gear meshing

Systems ar1ses from errors in the gear cutt1ng processes which cause.

periodic var1at1ons in the velocity ratio of the mating components
. » ’

Johnson and Bishop [15] analyzed the response of geared systems
to the excitation of harmon1c forces usang the concept of recep:gnce
The receptance or flexibility wh1ch is the inverse of stiffness 1s ‘defined
as the npvement in a given direction per unit of applied force. It was

found "that the concept of receptance can be used successfully in such

, problems. .

Johnson [16] treated dynamic loading as a set of’harmonic
vibrations, ratﬁer than as a number of isolated transients. Since
troublesome resonances are likely to be restricted to a limited band of
harmonicsvonly, applications where vibrational modes involving éhaft

P »

o v et ek e




/" 0
f]exuke, having yresonant frequencfes within the narrow Qanf, should be

i
€

anided. ‘

“Mahalindam and Bishop [17] have ouflined 5 method for thé calcu-
lation of the dynaéic torque due to angular transmission errors. ;he A\
angular transmission eréér‘is,defined for any instantaneoug position of
one bear, as the depé?ture of&the mating gear from the pos{tion it would
occupy if the system exhib%ted an unvarying velocity ratio and the'te;th
were rigid. The static transmission er}or encompasses all such effects
as'eccentric mpﬁnting, errors of manufgcture, e}astiﬁ defonnation etc.
This is djscu;sed in detail in the next section. ; : o ’.;;) -

»

1.3 . Summary of "Errors" in Geared Systems

It is to be noted that due to production equzﬁrent.limipations,

» [3

the manufactured spdr gear form is not :a pure involute helicoid, but a
: : . .
somewhat modified version of the ideal involute shape. Consequently, all
..errors are detéfmined with respect to theymanufacturing model and not .the

theoretical one. Further,'the magnitude of these errors 45 a function of

“

toéth deterioration and hence, will vary with time of operation.

n ,

e

Thére are four t¥pes of errars which may vary frbm tooth to tooth
su éé pitch, profiléwftooth a]ignmegt and tooth thickress. Radial run-
out or lateral runout is independent of tooth spacing and is given for

each individual gear. These errors are defined in detail below:
. -1 . T .
Pitch Error 1, S Lt
—_— . - , ‘ N
The spacing.of the teeth must be uniform along the circumference.

Any departure from the ideal spacing represents a pitch error. This is
.' - i - <
also designated as division error. - /

Y . ‘ !



" In the measurement of pitch, a reference circle is“impficit

around which the pqinté of intersectioh of the set of tooth-flanks

ideally, are equa]ly space&; but the refere ge circle used in actual.

A

measurements rarely, c01nc1des, w1th the pitch circle. .Thus, heasured
pitch errers do not represent the abso]ute departure from the nom1na1
pitch-around the pitch circle, but the departure from equal spac1nga
around whatever reference c1rc1e\happens to have been uséd dur1ng the

| ]
process of measurement. In the presence of variable prof11e errors,

’

bftch errors are different,on different reference circles.

Thus, the adjacent pitch error is the departure frogiieea]
spacihg of the corresponding flanks of two adjacent teeth. Considering

all the teeth around a given reference circle, the sum of all the !

‘adjacent pitch errors on either set of flanks will be zero.

1

Between simiTer flanks of anyltwo chosen teeth more than one
pitch apart, the deperture from the ideal-spacing is the*ﬁf%umu]ated
pitch error between those teeth. This is clearly the sum of the adJacent

pitch errors of all the 1nterven1ng pa1rs of teeth.

If a perfect gear is mounted about an dxis eccentric to that on
' )
which it was cut,.a curve of apparent. acculumated pitch error will result
(Fig. 1.1). This curve will be a-sine curve having a half’amplitude equal

to the eccentricity; theé peaks of the curve will be displaced around the

peripHery by 90°-pressure the angle. relative to the radius along which the

- eccentricity is measured. -Similarly, the efffect of any ‘error of eccen-

\
’ ‘ . . W
tricity in its mounting is to superimpose a sine curve of apparent error

on to the errors about its own axis. _ o
. (

~

CorreSpondingly, if a gear is mounted about its operating axis of

N
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° rotation after having been cut with an error of eccentricipy, the* curve

. \ . "
of accumu1ated pitch error shows the effective errgr when the gear is
I
running, embrac1ng both the error due to eccentr1c1ty and the«errors due
to the gear cutt1ng mach1ne ‘. ‘ S '
. v
Minimum pitch error is important in precision instruments and

mechanisms in'which, particular angular positions as distinct from mean

. - L

speed, must be transmitted. In a'long train of gears-used for such a

purpose, the resultant pgsition error reflects the sum of the pitch errors
N 4 - ] .

»

. A
in all the gears. . e

In s1mp1e power transm1ss1on dr1ves, pltch errors are only one
factor 1n the kinematic efror These errors cause vibration andqnaase.
.“The part p1ayed in this hy a smooth curvelof acgumulated.pitcﬁ error sgch
as a charactéristic sine cutve due to eccentrigity is comparatively smai]
since the slow rate of change of pos1t1on error wilt result only in very .

Tow angu]ar acce]efat1on- More severe 1rregu1ar1t1es ia the curve af

r
accumu1atedfb1tch error, i.e. rapid changes in tooth ty/tooth p1tch errors,

are clearly more detr1menta1 but.the resultant changes in pos1t1on grror

are then influenced by profile errors also.

2 N B L}

Profile Error _

- -
¢

.A11 transverse tooth sections should be identiqat. Deviations of
any transverse sect1on chosen for measurement f/mm the design form con-

\§t1tute a profile errdr

he)

-

‘A schematic diagram of profile error is shown in Fig. 1.2. It

will be noted thatlin Fig. 1.2:the pro?ile of tooth A is shown touching
\

the true involute drawn to the base c1rc1e at oo1nt R only The -

. departure of the actual prof11e from the 1nvo]ute at any po1nt is measured

. ) o 4

P
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‘1nvoluf¢ error'progreSSive1y giving m}gus metal towards the tip.
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2

normal ‘to the invdlute.” At the tooth tip, this deviation is denoted by

e. .
b : -
_If a gear having true involute profiles is set up fé&vmeasurement

~ -

with an error of eccentricity present, apparent profile errors will be
i

recorded. Profile diagrams of different teeth indicate apparent error, of

. o, ;
base diameter alternating from plus to minus arbund the gear. The effect

is not however, the same as that due to'an abrupt change of profile

Becauée the base pitch remains unaffected and in the runniné of the gear ‘

) e = I3 I3 » .
eccentricity gives rise to'a small cyclic speed or positional variation.

If there is an error eo on the noména] diameter Do of the basic
M - \ .

disc, the effect of e, 1s to cause the tip of-the tooth to deviate from - .

the normal to’the gear radius.. The result is to produce am apparent

¥

In tase of hobbed gears, inhccurate mounting of the hob on its
arbout Teads to profile errors. Eccenfric modnting of a géar shaper

cutter produces cdrresponding accumu{ated pitch é{rors often with a

local, more pronounced pitch error at the p]acg‘where the cutting

ope}ation terminates.' An error-in the setting of a rack form~éutter,6n

a"gear planning machine produces mainly profile errors:
! >

A\ .
Tooth Alignment Error . '

from this relative motion are termed tooth a]iénment error.

The tooth surface may be regarded as‘swepfiout by a designed .

N

traverse profile moved along the axis with linear motjon. Deparfhtgs

Tooth Thiekness Error

-X

V .
Departure from the designed relative position of the driving and

¢

-

e
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\ . [

. trailing flank of any tooth are referred to, as tooth ?hickness error.

{ ‘ g
Raidial Runout or Lateral Runout .

] : ¢

'
o s -

It is assumed that tpe_axis‘_Of measurement, th.e' axi§ of gear °
' cuttiﬁg and the axis of gear mounting all coinciqe. But any“two‘ of
these axes may not be coincident, and .an error inﬂ position of any one of
them relative to any other will result in a real or apparent error of

radial runout or lateral ‘runout, singly or combined,

1

3

Periadic Errors . ‘ ' ’

'
- ‘.

Deviations in the ’angular motion of the gear blank with ;respect

to the motion of the generatmg cutter produce per1od1c errors which re-

«

L]

* _ peat with every revolution oz‘ the gear. In effect these errorg supemm-
pose an‘ascillation of the nominally u;ufor-m rotatwn of the blank and
the presence of this superimposed error is not detected by tooth pro'fife

) measurements nor pitch error meas,urements. ' .
) . ’ ¢ ’ \

In general, pér10d1c err‘Or results 1n an undulating departure from
the true profile. Small amplitude butx high frequency periodic errons may
be caused by the generating gear devi ces. Becausa of the many factors .
which may give rise to generating dm ve errors, these are mani fested as

random f1uctruat1ons of the accumulated p1tch error

. l - »

”~

N , o

¢ A compdsite error is one revealed by measurements of a dimension

- Composite, Error's

+ which is iﬁﬂuenced by two or more of the errors of ‘pitch proﬁ‘]é, tooth
’ , -

ahgnment and radial and lateral runout. ‘ T
@ \

The ultimate composite error.is the kinematic error of a pai‘r of

mating gears, or the .departure from the uniform motion of one gear shaft ‘
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1.4 Reliability of Gears
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relative to‘the other. If one of the gears is a perfect master gear,

\ 4 3
then the kinematig error is the single fTany composite error of the last

»

gear. . |
: - A

Kinematic and Transmissiop Errors -

o)
\

If a pair of gears is very s]owly rotatéé under very light tooth

Toad, the departure from the theoretical un1form ve]oc1ty transm1ss1on is

’ *

def1ned as the k1nemat1c error. This error is7 the result of the pitch,

profile and ruhout errors on both gears .

L}
3

The statiq transmission errdr is defined, for any instantaneous

position of one gear, as the departure of mating'gear ﬁrom the position

it would occupy if the system were perfect, with an unvarying.velocity, .

ratio, and the teeth were rigid. The.static-transmission error thus
encompasses a]] the effects such as eccentr1c mount1ng, errors of manufac-

tur1ng and elastic deformation. = °°

The static transm1ss1on error can be measured dwrect]y ‘while one

\

of the gears is rotated very- s]ow]y and this produces .an oscillatory

motion in addition to the steady rotation with constant’ velocity ratio.
¢ 7
when gears run under full operat1ng load and speed the errors
induce dynam1c logds between teeth, with resulting v1brat1ons which -
‘change the deflection pattern of the teeth. -Then the departure from the
- theoretical uniform velacity transmission is the dynemic transmission

error. . !

» ¢
.

- ~

‘ 3

The parameter which is used to obtain an indication of the useful

’ '

life of a'bear~is the reliability index. This index is based upon a

-

-~




]

according to Xistris [18], reldability can be expressedtasafu

, -16- )
~ |
functional estimation of the difference between actual and acceptable -

performance. In the context of ihdust;ia] gears, re]iabi]ity may be

interpreted as g Teésure 6f the remaining failure free iife. jThué, reli-
~ . . ‘

ability calculations require quantitative knowledge of'setiéfactory or

acceptab]e perfo ance.

The gears jof a mechan1ca1 system considered in this 1nvest1gat1on .

!,
[}

are subgegtgg"to I ynam1c 1oad1ng environment. These anut cond1t1ons

‘severe1y limit the usefu1 11fe of gears. Therefore determinat1on of the

re11ab111ty index requires- kndw]edge of e1ther the system properties and .

~

input forcing function or, the output time h1story.

For gears operating under constant loads, in an accruately .
controlled environment, the input is completely known at any instant of
time. However, in most real cases, ‘the input dynamic characteristics

are not fully known. The operating conditions, loading intensity and

qenvirénmenta] parameters all change gradually, or at times, abruptTywdggr

e - ]
the 1ife of gears.” - ‘

1

For a given 1#near system, its behavior and propert%es such as

fatigue resistance, damping, stiffness and natural frequency can always

be established.’ o J

° Regardless of the actual natire of forcing’functiogs arising

\thing operation, fluctuations in the input will affect the output to the

_extent predicted by the system transfer-function and thus influence-its

P

re11ab111ty Therefore to assess the performance of a gear .in a mechan1ca]

system, the input and output should be monitored.

If it is assumed that gear properties remain time invariant, then
0 - ] ~/"\ .
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4 . s

4
.

R = f (input fluctuations) ‘ o : (1.4.1)
R - ‘ ,
. But, this 1's an oversimp]ificat‘ion of the real situation \. Gears change .

their character1st1cs with increasing operatmg t1me It is known~ that

gears deteriorate in proportwn to the Iength of seNme Progressive
. cumulative detemoratwn is caused by overstressing of gedrs, an accumu-

7
tation of set—m-defor‘matwn,- reduction in elastic propert1es and heat

dissipatidn capacities etc. Thué the éy_stem properties and. functions
M i . . , v
change with operating time. So the reliability index should be expressed

as e ) .

R:= f (input ﬂuctuatigns & system property f{Iuctuation) (1.4.2)

In some casessy the response of a geared system is re]atwe]y easy to
oétam and also, the response reﬂects both the input as weH as the
system properties. " Therefore it is-better to utilize response ﬂuctua-

- »
-

tions to monitor the reliability of a geared systen'l‘ N
R = G (response fluctuations) ‘ (1.4.3) .

. However for any geared system vjbration is a reliable performance depen-
dent indicator D9, 20 ,21]. Mechanical vibration is the response of the
geared system to the forcing functions wh1ch arise within the system
under operating co‘nditions. Further, the level.of the vibratory respohse
* s directly proportilbnaI to tP;e severity,of the detect's present in'the

'geared system, (

1.5 Objective of the Investigation

N
1%

Although considerabT’é work has been done in the dynamic analysis

-

of gear trams, the prob'lem nf predlctmg the expected useful hfe of

-
gearing has not been fully- addressed In machinery where, gears are the

L ®

o

R



. primary elements, there Eis @ definite requirement to develop reliabJe

estimating the working -1ife of gears in-a linear branched torsional

. system subjécted 'to dynamic loading conditions:

torque which have established that. the stéti_c trafdsmission erjrbr approach

- features to approximate- closely the actual Toad]‘ng conditions.

-decaying function of the speed of operation.

—]8- v ° < + L
’ ' v N
) R

T
condition assessment mec%am‘sms in order to predict the performance ‘of o
gearing. S , - ’ : . -
» L I ¢ - ) ) N
ﬁ’e purpose of this investigation. is to outline a methord for ‘ ’

~
¢

NV

Te Toading g.nvifqrzméni reflects. the influence of manufacturing ;

‘and assémbly imperfections as well as fluctuations in/the transmitted

employed in a two bnancheq gear system indeeancorporate the necessary

-~

This method has been used: successfully in this thesis to‘éva]dafg A
x ' i

the Tife of gears under varying dynamic Toading conditions and at varigus

speeds. The results obtain;ad f’rom this ﬂphase’ were employed .t__o gstimate

- the Tife of a gear at varying dynamic h')a;ﬁng conditions. These con- )

»

ditions wererbtai‘ned\ by changing the éta;ic angular transmission error, B
at various 6per"ationa1 speeds., The dynamic\loading conditions were al,éo.

_:changed, by assuming the angutar transmission error to be an exponentially S

J

" - . i h )
*e Y 4 -
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2.1 Generalized Coordinates
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CHAPTER 2
o+ UESCRIPTION OF MATHEMATICAL MODEL OFA . . °
LINEAR BRANCHED TORSIONAL ‘SYSTEM

The configuration of any system can be expr‘é'ssed in terms of .

various sets of coordinates. No specific se% of coordinates is uniquely

suited to the analysis of a given mechanical system. In fact, there is
’ - s N .

arJ infinite number-of coordinate systems, all of which can express the

‘configuration of any given system. The number of coordinates used in any

" one system depends on the choice of axes.emp]oyed The number. of

. such systems are ca1'led generahzed coordmates

equatmns describing the configuration for any system of coordinates 1s
a1ways equal to the number of degrees of freedom pf'Ius the ntmber of con-

stramtswﬂaced on the system conf1gurat1gn The coordmates employed m

7 X
S .

In-a g1'ven coordinate system, the number of coordinates depends 5
on the actual choice of coordinate system. If a coordinate*systerh is

chdsen in such a way that the ‘mi,m‘mum coordinates are required to specify.

the system comp]ete]y, then these coordinates are called independent
v,

genérahzed coordmates The number of independent generahzed doordinates

1‘_5? equal to the numbe r of degrees of frekdom. In such a system, the

_configuration is completely described by a set of 1‘ndepepdent equations

. of motion, the number of which equals the degrees of freedom present in

the system; E.'e./ there are no redundant equations.

-

2.2 Principal Coordinates

v

. A linear systep with n degrees of freedom has n Q;atura]
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. establishing a set of initial conditions.
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frequencies. It is possible for the system to oscillate by properly . "

-,

A set of‘princibal coor‘din'a"ces for a sys'tem is a set of coordin-

. ates c_ﬁosen in such a way that when the system is viblra_tin”g ina princiba]

mode,-bn]y one coordinate varies while the others remain zero. In other
words principal_coordinate is that coordinate system for which, when the

system oscillates-at any single natural f‘réqUen‘cy,‘ only one of the

coordinates varijes, whereas all others remain invariant. For a linear

system, wit/h n degrees of freédom there are n principal coordinates . .-

‘When the system is vibrating freely in ‘the nth mode, the nth principal

coordinate will vary harmonical]y with frequency Wy while all other

remaining n» 1 principal coordinates will be zero. In term$ of generalized

. L , - .
coordinates, when the system oscillates in the nt_:;n)gde, all genéral co-

ordinates will be multiples of the n principal-codrdinate>[22]. = -

~

If {p}-and {q} are the principal and deneralized _coor;dinates, !
{w} are the r;atura1 frequencies and {y} the amplitude vector corresponding
to {w}, then as’suming a value of the principal coordinate (Pt) equal to bne

for the first mode, the generalized coordinates (q) will be |

=l o :
q] - \Pl ' '
-, " (-3
=l .
q2 ‘wz (' .- [ - v 4 o, ‘a
b o
- = - t
s i
- S - t R .
- . r
qn = lpn : ' ' ) : 3

’

F\or the’ sth mode with Pg = 1, where the subscripts identify the coordinate

number and the superscripts designate the. vibrating mode, ane obtains,
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* When the system is vibrating in aH 1ts modes s1mu14taneous1y, the gener-
ahzed coordmate '{q} and the pr1nc1pa] coordmate co]dmn vectors {p}

. wm be related as foﬂqws:

T fql = [x] (o} - o 2yt
where ' . S - T ) .
v on i ,
. . r-“’1 o T vy .
*+ . “ .
- 2 n v .
’ ' ‘ \p; ‘pz = wz
= - :
f" ! ’ '."rr "”’ﬁ‘,- “ "1‘ = = m —
. . . * ‘ .
LA l ' 1 2 - n , + .
¥ ‘pn 1"n -~ '
- Since {q} are the generalized coordinates, they are known. The principal” = | .
IS . v N Lo t g . . ’
coordinates {p} may be determined from
Br=Ix1"" 0 Y - - (2.2.2)
2.3 _ Modal Ana]ysis' ) - N - |
The system: shown 1n Fig. 2.1 has four degrees of . freedom and -
consequent1y, four different natural frequenc1es CorreSpond1.hg to each = ‘
B ¢ L
natural frequancy wy the angu]ar displacemerits (mode shapes) "are defined - :
) L co ' X LT X L
“bythe column matrix w‘. ' ¢ . : o
If w, and w, dre two of the natural “~frequencies of th’é system .
- ) \ 4 ( . . ” B . . ‘ . . ;:.‘
t L3 ‘ | I | o .g - . ) . I ‘ . .. . »‘.’ ‘ ¥ | ;;.. ‘
IR | ) | - .“‘ P K N N ’ )
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and f\vr} and {ws} are the corresponding di\splacement"vectors. ;then “wr
and U must satisfy the following conditions - . v >
u2 - S . \ ‘
(k] - w2011}y =0 ! (2.3.1) -
[0 - w2mjet = o - T ae)

‘ where, [k} -and {17 are the syitem stiffness énd 1nert1a matmces Pre-

3

T(r)

mu1t1p1_y1ng Equation (2.3.1) by the transpose matrix {{ }.for the rth ,

b
f . . !

mode gives

RIGE aereo - ‘; sy
Since [k] and [I] are symmetric [natr'ices, the transpose of Equation (2.3.2)
becomes : . | _ ‘ o " ’
g - o] <o I (2.3.4)
;l;ost multiplying Equati.ioq (2.3'.4)\ ey WY yields \ ' J
T3 Ik - wng®) \o | @A)
S;bracting quat‘ion'(2.3.5‘)' from Equati'oe (2.3.;) resullts in r '
. } o « S
- )Ty - 0 Y e
- Since wFurit—fo | -
) {wT(_")}[Ii{f} =.o. \(fer rEs) | ’ | (2:§.7)
.COmbﬁﬁng Equa_tyions (2‘.3',‘7)~ and (2.3.5) results in.
TN =0 (rrrss) ! o o (z'.m
) - : e .

The system of equatwns defmed by Equatmn (2 3:8) may be solved -

4
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~ 1Q3;hendent1y‘only when static and dynamic coupling is e]iminated;

For

ndamped éystem, the equations of motion may be uncoupled Uy'a .

) !

. Jjudicious selection of coordinate axes; namely the principal coordinates.

For a four degree of freédom lumped mass system for which the normal .

$

oscillation modes are known, the equatlons of motion may be uncoupled in.

‘the fo]]ow1ng manner:

-

£

<«
vof the

b
’-

In the matrix product [XT] (1] [x] where tx] is a square matrix:

de” shage column vectors
LA
I '
N
FI
S P
— 4 4 '

-~

the elements im the rth row and sth co]umn are fbund by mu1t1p1y1ng the

rth row of [XT] by the sth co1umn of [11[X].

sTmply* {y T(r)} and the sth column [I][X] is |

[ S

RSO .-.-.-.-.«.u-\.‘u- bty AR et 4

s S i s
ran‘pl taLYp . an‘l’uT

S S . -1
00 Al b

S S

= [11{y°}
But
-

W o+ a ¥ a’ ‘
....anwv auzwz o awwu-

1 4. ’%\ "-

‘The rth row of [XT] is «

’

, '(2?3.11)

Therefore the element in the rth row and sth co1umn of [XT][I][X] is
wF ).

"
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3:2)

and_the ¢ termsaare defined by
, . 4

' . e
et o e e = e e
. Mt . LTS
, N L,

‘ el = o hewny

Expanding Equation (2.3.3) yields

.</ ' “8-
' 3 . . \\‘{ o
. - WIS = 0" (forr#s)
‘.. hencey - . i . - . ‘
= I00I0dd = [AY X
where [A] is a diagonal matrix of the form
. i
& = /" -
n a4 0 @' o7,
. . 0 . 62 0 0' L
’ [A] = . . : ’r ¢
. o 102 a a0 3
a g - i :‘ : &
, L-O ‘0“ 50 . au’.-‘ -f
—
from Equation"(Z.Bi]f),and are given by
. e ‘
L = Mgt -
Similarly, o ‘
' BRI GEN
- {c, 6 0o 0.7
o @ ' ) ‘& 0 C2 0 0
- ‘ (8] = X . \
0.0 ¢, O
e y ,
o 070 ¢
" (‘ .

(2.3.13)

AN

X (2.3774)
N

-

The elements of Equation (2.3.14) are always positive as can be inferred’

(2.3.15)

(2.3.16)

4
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"rhnde®y - we"himes) - o  (2.3.719)

}kJ{¥3} and Equat1on (2.3.13)

‘31 ™ - . .
substituting Equation (2.3.17) for {y! (")

Al

@ (fur ws{w T(r) }[I]{w } gives. the uncoupled’ form of the equat1on of motion

SR CmBl- WA= 0 ’
, , . v
In view of the structure of [A] and [B] for r = s we obtain
\ ¥ . P

.
’

. 16,1 = wila ] | o - (2.3. 20)

The stiffness coeff1c1ents [c ] and inertia coeff1c1ents [a ] will be

v employed to compute the pr1nc1pa] modes and dynam1c torque in the

ensueing section. . - )

. . .~ 2.4 Determjnistic Mode] N ) ,

. 2.4.1 besctiption of Analytical Model ’

- ' (

The system under consideration is-a 4-degree o; freedom 1umped
paramefer linear torsional system hqving.two branches coupled by a gair C ;
- of\geayed wheels. The displacement excitation is provided by the statie
v transmission error whi ch %s periodic in nature and is applied at the

inéerna]'point which Tinks the ﬁﬁo gear' wheels. The model emp]oyed in

\J o i
. this analysis is illustrated in Fig. 2.1. ' N

R Theeanalysis of dynamic systems of-several degrees of fmeedom is
cumbersome due to the large number of equations requ1red to define the.
system The transfer matrix.method is 1dee}1y suited to the manipulation

;_ ‘of large arrays becausevof the concise and efficient manner in-which the °*
vamious equations are identified. It is mainly for this reason that ‘ '
this technique has been adopted in the present_investigation. "
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In the transfer matrix method, a 1avge sysfem is broken) ‘inﬁ
to sub- systems‘w1th d1st1nct e]ast1c and dynam1s properties.. Th:0¢i>hu-
la 1on~of sub-systems 1§ in terms of state vectors, whwch is fﬁb ‘column
matr1x con51st1ng of the rotat1ons and the torque at each mass po1nt,

’

the point matr1x wh1ch conta1ns “the dynamic properties of the system,

. and the field matr1x which describes the elastic¢ properties of the sub-

7
system. In this. formulation, the analysis proceeds from one end of the

ststéh to the other end. The natural frequencies aré established by’

satisfying the appropriate boundary conditions.

)

- For the four degrees of freedom system shown ip Fig. 2.1, the

coordinate aleng the axis of rotation is tonsidered positive towards the

right. If a cut is made across the shaft, the face with an outward,

1

" normal towards the positive coordinate direction is defined as positive.

Positive tordués ana positive angular displacements are indicated on the
positive face'by arrows pointing along the positive sense according to
the righthand screw rule as illustrated in Figs. 2.2 amd 2.3. A multi-

degree of freedom system is shown in Fig. 2.4. k .
g * : ) LoD .

_ éigure 2~5 shows a typical subsection of the linear torsional
system. The nth subsection consists of the 1nert1a I with angular d1s-
placement w and the shaft k1th st1ffne§$ k whose ends have ‘angular - .
displacement Uy and wn_ The quantities to the 1eft and to the right
of the element are dgsignated via the superscripts L and R respectively.

1f the torque is dénoted by ¢n’ then for the rotor having inertia

In’ Newton's second law states that !

L, = o8 - 8 0 (2.4)

B
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A ) .
For-harmonic motion, the angular acceleration is
. _ o .
: ry
. . " W

N

n n

™

where w is the- n§u1ar velockty.. Thus Equation (2.4.1) bgcomes_

S

R L. o : -

S P - .
v © Tty = ey - 4y e (2.4.3)
or R )
YR .o L B
¢y = ~Lo'y, + ¢ 0 | o (2.4.‘?) .
The angular displacement on either side of %; is the same i.e..'
¢ " ' . ’
_ L _-R ‘ |
Yo = ¥y = ¥y - : - . | (2.4.5)~.
+ ' -* - ‘ ) ‘ e' ' y
In matrix form EqJ%tions (2.4.4) and (2.4.5) become .. -
. S ()R 10 ()
= - (2.4.6)
+ 2 -
)n ~wi L n o \* n :
where - g ,
. \ . ‘ : .
w A ? A
*In

.

!
is the state vector for the right faee of sépt{dn n. In this represen- . .
tafion,‘thé supergéript identifies the side and. the subscript the sub-
';gcpion of the linear torsional system. The square matrix on the right
hand side of Equation (2.4.6) is the point matrix. cEquation (2.4.6)
defines the state vector relationship betweegithe left and righ;'hanq-

sides of a given subsection.

4,;) Under steady state, the stiffness and‘f%rques acﬁing at t?e two

a .}
» -~
-

\ i ! ' , .

~w2y oo : , (2.4.2) '

o
f




or

Y
‘ =31- -
ends of a given shaft element remain unqﬁange&. Fhus,
RO L " S o
CRET - | (2.4.7)
The shaft torque is‘ré]ated to the stiffness'kn and'disp1acément wh by
. ’ X 0, ) 1 te PR
‘ ! oF g ,
WL . wR - .n-1 o .
.-l k, T i
. 7 . ] ‘ ~ .
v ,'¢R\ : { ’ o .
h N n-1 ‘ D -
‘pn e Wn_] +, k ‘ . . A (&4.8)
. on s L _. :
Combinﬁng Equations (2.4.7) and (2.4.8) yields %
. / = ' . P
! O g ()R ' .
‘ = | (2.4.9) !
s o, .0;* A [P *n-1 o
where the square_mqtfix
‘ - {
- * . ‘ . 1 ‘ N
) 11 173 B N
. - J. : .
10 1 o
, n
_is the field matrix at the nth subsection ‘ ,
- Using Equations (2.4.6) and (2.4.9), the matrices for the nth sub-
sectidn hay be expressed in terms of the parameters for the (n-1)th sub-
. i\ . ) \
section as- . - - |
o)R 1 o]l-[1 k] (vR C
= |’ : , ! ‘.’ " (2.4.10)
: *Yn -w’l n L0 T @y \
[ ~ . ‘ f 1
i . a BRI
- /. ~'~ -. N g \' ‘ .
N ;.\ e ' .
: ..... e - - e e ol i - s
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_ -.vector for branch A which has 3 stations becames

L]
s —
N
<< »
-
-
1]

jlor ' {Sv}

. -32- y /
1 k1 (AR L . o
A - e . - v .. -
= ’ (2.4.71)
Wi (-8 ] ) U
. -~ n A\ Un-1 .
) ‘\ ‘Q -
In Equation (2.4.17) theé state vector'at n-1 is tranferred to the state =,
vector a@ h through the transfer matrix for subsection n.. -
In short this ¢an be written as . .
s} - [t {s} L (2aa)

r}4
o . 1_

where {S } is the state vector conta1n1ng ¢ and ¢ and [T ] is the

: transfer matr1x for the nth subsection. To evaluate the overa11 transfer

matr1x for branch A, this ooeratmn 1s repeated for each segment of? the
branch startlng from segment 1 where the stat1ons are numbered in in-
creas1ng order from left to.right with the transfer matrices also progreds-

ing to the right. The '0' section is taken at the freerend. The state
5 * >

o
«
’

Tn] 64
[, s}
I AN AN T
) M S
ool Bl b8l 0 Ny
By e

]

-
N
it o —
[ [
< <
St o Nt ot
" ) W

"
ST
3

N

where [A] is the overall trans fer matrix for branch A.. This can also be

¢

P

y-




’

station.

9

‘The state vector at the left

L

: . .
AN : -33- .
written as. | _.. T B
' \ & . S
o [A]a[r-] [T] [T] - - 3
L ml, Unl, ‘h 1 (:‘
In?expahded\fonn*the overall transfer méfﬁfx'ié" — ,
TR, AGTT 7k, [ Vk, M 0]
E '
L ] . * . '
- \ v w?l ( w?l 1}
..421—'. Azz_‘ _-m'zla 1 -~—k'-}'_ -wQI.z “1 *T‘z' :wz\L 14
. h) - Ry LY 1
. ’ \ ’ -
where A,y, A),, Ay, and-A,, are elements of [A] defined in Equation
. : PN - =
(2.4.11). : “ ,
- Equation (2.4.13) for byanch A, may be rewrittenas
' \, \ - .“ A}
« R ' ‘
{Sv}3 - A] {SV}L (2.4.14)

. «

»

"‘\‘"(2.4.15)“

‘where-fhe superscirpts R and L denote the right and Ie?txﬁurface of the °

of section 1 under the boundary

condition that the torque.at the free-end ¢& is 0 and for an initial

- . _
angular displacement w& of 1 will be<¢’-5\\‘

u
lo
Cpn;equentgy, :

-

‘.

/



. A o
- A \ = e Ay - et - i "‘ - . ‘ A "&
_=34- ‘ -
‘\ b 2 ".. . ¢
i .7 y oL " ' o \ '
" R o L
, ' 5” An( A2 “ )
v l s = l (2.4.16)
4’. 3 Az Ry2 JLO \ ,
, . . PSS ‘
or -} = A, P O (2.407)
Vo R _ - ’ d ' .. ‘ a
and. « ¢.5 = A, . . v (2.4:18)
Similarly, the transfer matrix for branémB is sim;‘ﬂy"w
R- L “
{sv} . [Tm]: {sv} . (2.4.19)
. bt e Ul ;
. . ‘ . )
‘where . ‘
1 1/k, . '
ORI IR ST
_ A 2 Y ' :
"(1? -I“ 1" k3 ‘ . |
- ' . w o~
and [B] is the overall transfer matrix for branch B. The angular dis- -
" _placement and torque to the',rjight of 1 (driv]'ng gear) is equal to the
angu]ar,{dgsplacement a'nd tordue to the right I" (driven gear) and is ) o
_also egqual to “gu1ar disb]acemenf a‘nd‘ torque to the left of section 4. ¢ .
'[he}"e fore I T N
~ ' . r
AL I S T (2.4.21) :
D‘ DR L - ) ' . - . N .
.8 - ¢& . | (2.4.22)
J ( . lr. ‘ ‘\ ‘ -
Equation (2.4.19) becomes - , o B S
R . -
‘1’) Bys ‘Bu_ Au ' ‘ . .
, ’ = . ‘ , :.\7\" o (2.4.23) B
¢ 4 B, - By, Az1, . ' '
' . . !
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:” which simg]y‘states'that no external -torque is required to cause the

. .system to oscillate at its natural frequency. -

s _
\-35- ' &
which yiefds : ,
¢, .= By A11 +,Bzz “ A, ' - (2.4.24)
| . .
The ‘boundary c6ndi§joh at the free end is - ;
R _ : i '
¢, = O : . . (2.}.25)
and substituting in Equatién (2.4.25) into (2.4.248) gives
\ o 4‘ . .. , N "" )
0 = B, A, +B,, A, - : (2.4.26)

-

The natural %requencies'of Ehé system are obtained from Equation (2.4.26)

using the condition ‘ ' . i :
L . i
o . (2.4.27),
[ "\\
o . B .«
. R =0 . (2.4.28)

L3
. .

’
] .

r L]

The solution to Equation (2.4.26) subject to the conditioné de-*
fined in Eguhtions (2.4.27) and (2.4.28) were obtained numerically'using

the bisectiqn!ﬁethoq,{23]. \\5 ¢

The mode shape to ‘the right of each rotor is obtained with the
: .

initial state vector and transfer matrix of that sectiqn.' The mode shape -

thus obtained is then adjusted to the mode shape of the actual. system

since the appropriate ‘speed ratios are known.
Al / B - J‘

‘To evaluate the dynamicitordue, a modal analysis of the system

was performed as eXpal&Eed in Sectjon-(2.3).‘ The modal equations are -
' ' B .

"'_é‘“

L R i stiassn oo
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A . ' ‘o .
¢ ' S NTN2 : - X A S ‘ '
. a,p; = NLjwpy, sin ot , (2.4.}9)
. | ot a .
| . .

) arﬁr * C.p, Nw Q" w2 - . ) Y, sinjo,t «for r=2,3,4)  (2.4.30)

The steady state so]ution to’Engtion (2.4.30) fol‘thé of f resonantnmodég
. 4 ) ’- * t

is ‘
. (Nw“I" - ¢") ) ' ' |
P 334 3 vy sinwt (for r=2,3) « (2.4.31) L
r . a_ (wz - wz) 0', L] 4 B
- . rrosTul . . 9 '

and %or the resonant mode it is

AR - gY) |
Py, = i3 ¥ d. Qvy sinwt (forr
C ’ ' 1

1]

4) Q.4~.32)
4 . , ! .
{

where Q-is the,dynamic‘magnification at resonahce.

i
The amplitude of theff1uctuat1ng torque on the slowgr ‘shaft rtan

. be obtained, as dlSCUSSEd 1n Sect1on 2.4.2. ’ -
. ' a

In order to obrain an insight into the' interdependence of the ~
. mean and fluctuating torque components, results were calculated for a

range of mean and f1uctuating torque values.

* - 2,4.2 Derivation of Torgque Equatidn

The Tinear system depicted in Fig. 2.1 comprises the sub
A and B. Subsystem A contains three discs and'stbsystém B two discs.
The ve]dcity ratio between subsystem A and B is | Therefore, the Tinear

system under consideration has four degrees of freedom._/

J . ’

If g be the generalized def1éction, coordinate, then -

92050, 9,29, .,
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ir
N

-~
- s

where ) : ’
) ' ) ! . v i
g » q3 - q@ > \ !
2 . W n ~ B ’
© o and gl = N - R ,

d The q3\and 93 indicate the gener511zed def]ect1on\for the dr1v1ng and
dr1ven gear respec@;veTy ' : ) / R .

The system has four principal modes and hence four pr1nc1pa1 )

; cogrginates p, such that N s
fp=psp,p,p} - T p) LT s
. P ‘ » ) e
Let the system be.distorted in the nth mode only such that pn‘é 1, then e
) the distortion can be expressed by the modal vector . L . |
, {q}=w"" , ‘ B T
\ 4 In the ] mode when the ¢istortion is 1mposed upon the system, let. the
torque app1ied by subsystem A to subsystem B be ¢ L .. ‘ L
. The equation for the general static djstortion~is ’
. — - . .
\\ . 4 P 0 . *
{at = £ py
. ' .n=l
~ \ . ¢ ,
where {p } ]S the princjpal coord1nate and {w } the moda1
, . pondang to nth mode. The y subsystem A to subsystem B'is Ce
4 o j' '”
p {¢.i}= § Pn¢1 ) ) " . . "(2-4"34)‘ v'
< n=2 . . .- »
; 3 v -
o ' P 1 v N : J . 3 ! P, * © ;,\.‘
' since ¢i = 0 corresponding to the rigid body moqe. . : o
L, % : . ’ T
| The governing_equation for the ?ree vibration qf~?he complete .
/1 , systeﬁ is C ' - L o . e du
, e Ay ' " . ? 1 ‘» ’1,
~ . ! ‘ ’ 4
T , - ‘ “ L, L ’ A T 1. .'
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¢ principal coordinate, and [Cn] is the stiffness coefficient corresponding b

.0

P } forne 23,4 . 4%y

Ly

anpnq Cnpn

1t
O (=]

”
*

where, [an] is the inertia coefficient corresponding to {bn} the nth

to the {p }. ‘ ' , )

-

" The equation of kinetic energy associated with the motion in the

rigid body mode is - ‘ °
. % , ) - ) n ' @
-, :

1 ~2 n2 4!'02 nau2’ '2.
7 [Ilqit +1q;+ 19,7+ 1q] ‘+ quu]' » ’

—
(1]

3

t

1

-

3 [, 253}

< (2.4.36)
.- !
where = S - .
I, =1y 4N
j , SN
the -superscripts ' and " identify the driving and driven gear respectively.
.\. . e .

e~

If the angular tramsmission error be Y(t) considering the gear in

subsystem A as a reference gear, then at any instant the configuration K
is defined by the vector ' : ©
-

o
[ 9" "

”{pl’\iF’ p!’ p“’ Y(t)} ) ' ’ . r ] :
- ” d, ’
where the displacement q of the ipdividual discs is obtained from the '

relations: . .

"

.
& © !




in Subsystem A °
L\

; r.qj ] ngl ﬁn g
. 4 n
q, =9, ~ n§1 Po¥y
in Subs§§tem B .
| q} = Ng, +.v(t)
g
N 3] [

To obta1n the strain energy, for the distort1on {r,, pz, Pys Py»

and copsequent1y ¢, =0.

-39-

~_<,L

So g

4
L A2 2
P, +5 I ot NI{Y Z] P tb

‘ is first noted that the strain energy for the rigid body mode is zero

Thé’strain energy for any general distoption is

.
.

N

Tt e ,'i.'f‘m;;j

- (2.4.37)

VR
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1 4 !
V=% 1 Cp? (2.4.38)
2 n=2 nl ’
- _ N . s .
‘From Equation-(2.4.34) the torque exerted by subsyster A on subsystem B
is < MR o
: ;N - ‘
@ ey
1 n=2 tn .
"
J
" If the-distortion due to transmission error ' .
. | Ve .
‘{0, 0, 0, 0, ¥(t)} :) R |
N ‘ : . . ' . ™
‘is admitted to the strain energy, ;he'strain energy is increased by
1o Moleve) & op h -
2 n=2 ,pn i I
r < - ‘ - «
. ’ : . '-
whene C. i is the torque applied by subsystem A to subsystem B during
an imposed static separation i
» q:l' = Y(t) = . \
] ~ ~‘ 4 "
while p,=p,=pi=p = 0
Thus the total strain energy becomes '
- ., "
V=l 3 cpt s+l DT Fv(t) T g, o] (2.4.3)
T ZpePn Ty R TR 2, P % el

-

~ﬁsing T and V in Lagraﬁge's.from‘[23], the equation of motion reduces to
s -

, a,, = N (t) W

anBy + CoPy = M 1¥(E) - ofr(t)  (for n = 2,3,0)

Lo hads ’ “ re L
e 1 .
) B . .
- L] " . .

RS
it

o
FX o
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4 ‘ n 'u 4 N ) ';- . A '
Q= I opdy + NI Iopuy+ Iiy(t) + C,h.y(t) (2:4.40)
J n=2 n=l ", ,

’ 2.4.3 Force Analysis

~

Figure 2.6 depicts the nomenclature employed in the force analysis
of geared systerhs. If gear 1 is the driving g&ar mounted on shaft x and

') .
gear 2 is the driven gear mounted ¥h shaft y, then the force exerted by
b “ .

gear 1 against gearrz is Flz', The force of gear 1‘aga1‘nst‘ sihaf't X is
F]x where a F « denot8s the force of shaft x against gear 1, Thus the
f1rst element iscassociated w1thgsthe or1g1n of the force and the second

subscmpt indicates the e]ement where the force 1s mamfested + The super-

-scripts r and t refer to the rad1a1 and tangent1a1 _d1re¢t1ons respect1ve1y.

oy

If W, is the transmitted load-(force) then

t
= F
'wt 21

m’th T = Q the apphed f]uctuatmg tomu}and d; = d the diameter

of the drwmg gear, then -

Q{: g— t ‘ﬁ' | /o . \ ' (2.4.41))

N

-
P

The radial component of the force F2 is small and produces a compresswe

1

stress, ‘which is benef1c1a1 in fatigue loading. o «

2.4.4 Stress Analysis

!

Figure. 2.7"shows a spur gear'tooth loaded at its tip\ by a force wt'
which acts at a pressure angle «.. This force is assumed to be distrib-
- b
uted equally across the tooth.width b.~ The force Nt exerts a bending

-Toad on the gear tooth. Gear teeth under normal operating conditions

2
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‘ " . . -~
r
)
.

are subjected to %ransmitteq loads w as well as, impact Toads ;s

L 4

succéssive teeth come into contact.,

The magnitude of the 1ncrementa1 or

1mpact load is a comp]ex functwon of severa1 factors such as gear manu-

factur1ng accuracy, operat1ng speed

and the moménts of .inertia of the ma}1ng gears

tooth rigidity transm1tted‘torque

"To account for the

presence of 1mpact 1oads it 1s assumed that the force w at the tip of

one tooth accounts for the entire torque carried by the gear.

e -y
ically, when a tooth is in contact at its tip, the load is sgared by at

least one other toqth.

Because\of errors in the tooth profile, this

Theoret-

distributiaon of load does not take p1ace thereby JUSt1fy1ng the conser-

vative assumption that one tooth carries, the fu11 load at its t1p

7 ' \

-~

¢

An anatysis to determine whether the bending Stresses Wéne higher:

when carrying part of the load at the tip or when carty1ng all the 1oad o

E

nearer the base of the cantllevered tooth, was done by Lewis [24].

L4

Lewis proposed that a parabola be inscribed within the tooth outline

(Fig. 2.7).

4 ~ ‘. [} . “
where the two confidurations are tangent, the maximum bending stress

is
slz .wi ’§-2.'.
b ’hz.
where )
S =
ﬂwt = tangential load .

* b = width . . .
. \ AN
4 = length

i / '
h = height -
o/

Since the actual tooth cross section is stronger except

bending stress of the root of gear tooth

. S (2.4.42)
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ro. B . R

i
( . ' . .
The term 62/h s a linear function of the size of'the' tooth

v

. (proportional to h) and the s.hape of the tooth (ratio of h/¢}. In terms

of diametral pitch P% which is the number of teeth per inch of pitch
. x . ! R '
diameter, and the form or shape factor Y, the bending stress is

WP : : '
§- it o " (2:4.43)
2.4,5 Féatigue Loadifg . . o : =

&

- Gearing eTements are subjected to a wide' variety of-o\perating o

§
L

conditions. Only.rarely however, are gears subJected to constant 1oads
of the type dep1cted in Fig. 2.8 throughout the1r ent1re service hi story

Theoretically, under these “dealized conditions, gears should have
, . \ ‘ N

\

infinite life. .
& L} \\\ )

Gears in ‘industrial equipmént, experience variaBle loading condi-

)

tions as illustrated in Fig. 2.9. These loading cond;itt'ons result from

R

M
W

!

) \C\\wbratmn ﬂuctuﬁtmg power or 1oad requirements, non-uniform road sur-
s |

faces, var15[t1on in atmospheric gust patterns wind 1oad1ng, wave motion

at sea, nand repeated temperature changes.

1
1

In practice, very rarely a s,Jngle apphcatmn of a stat1c 1oad is

N \&,tesponswble for faﬂure but on the other hand the repeated apphcatwn

)of a 1oad of much lesse: ~'magnitude, may u1t1mate1y cause sudden and -

tatastrophm faiture. ~

N

T ?
. Qu \ . ‘.

Figure 2.10 shows various types of-gearing service loads which are
encountered in practice. In a number of cases, the variation of stress

(or load) with time may e approx1mated by a sinusoid. Irrespective of

\

the nature of the applied forces the shape of thae 1oad1ng cycle exi sts

\

The parameters used to characterize gearmg stress histories [25] are

%

e
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, kn'o'wn.' Since tensile loading is considered positive and compressive

’

3
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N .

-
*

alternating stress (Sa), stress range .(S,r)’ ;rm)axiinum stress (smax)’

mihimum stress (Smiﬁ) and mean stress () . The stress cycle can be dg-
f1ned‘comp1ete1y‘1f two of the four parameters Smax’ Smin’ Sa’ 'Sm are

-

Toading negative, it follows that .

s ] Smax * Smin A

m ~ 2 v

- r

Smin = Sn ~ S, - \
Smax = mt S,

Sr * 28a - Smax - Smin .

- Y
- 2.4.6 Fatigue Failure -, -

(

. Material fatigue is a very common engi neering prob]qm. It affects
each and evi\ry corﬁpqnenf that movés and it also affects stationary objects

if the object experiences cyclic forces or deformations. To handle

o~

material fatigue, one must have a complete knowledge of the cyclic loading

" conditions imposed on the element. Secondly, every material has its

1

characteri sti"c' fati_gué behavior ‘which is freqtiently de.pend.ent on the
nature of the applied load. To obtaiﬁ detaijled méteria] fatigue data is
a very time consuming brocéss and ‘cdnséqugnﬂy, our current understanding

of material fatigque is incomplete and sketchy. -

" Gears often fail under the action of repeated orfﬂuctuéting

stresses even if the maximum fluctuating stress is below the' ultimate

' s'trength of the material and frequently even below the yield st'rength.'

Such failures bgcur for stress histqr‘iés which 'involve the repetition

of many stress cycles and are commonly referred to as fatigue faﬂ‘Uresv.

R -
am— DN ‘
4

j
!
H
|
!
.
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b ’ I .

A fatigue failure begins with small surface cracks. At the outset,
14

"the crack is so small that it cannot be detected by the naked eyé. The

crack initiates at a point' of discontinuity 1‘n the material, such as a

Change in cross-séction, a key way, or a hole. It can also begin at

stamp marks or mspectwn marks, internal cracks, or at irregularities
/

calised By macmmng Once the crack has formed, the stress concentration
effect is enhanced and the crack %*ogresses more rapidly. Since. the °

r . . ‘ :

stress area decreases in size, the stress increasgs in magnitude, until

the f‘eméin;‘ng area fails suddenly. Thus a fatigue failure can be .

« N ‘ ] . .
recognized by the progressive development of crack and the s@en fracture

as shown in Fig. 2.11].
L. - ¢

. . )
When a material fails staticaﬂy, the large deflection causes high
stresses which exceed the yield strength Thus_static failure gives

warmng in advance because it is v1s1b1e whereas fat¥gue faﬂure giVes

. no warning; it is sudden and complete and thQ dangerous.

',1be Tow. The relationship between the fatigure failure stress and the

!

stress curve" or "S-N curve”. The fatigue failure stress decreases

é.4.7 ?atigue’ Life with Fluctuating Sfress V!

Failure by fatigue is caused by the repeated application and
remaval of stress. For aigiv‘en material, if the intensity of the applied
stress is high, the nﬁmber of stréss cycles before failure occurs will

—_—

number of applied stress cycles is given by the "fatigue life

" exponentially from a relatively high value Sf glose to the ultimate
. )

strength at about 103 stress cycles, down to the endurance stress Se for- .

.an infinite number of stress cycles (Fig.2.12). Comparing Figs. (2,12af

\

and (2.12b), it is clear that!the Jog graph emphasjzes the knee of the

A -3 . .
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Al

curve, wh1ch m1ght not be apparent if the results were plotted by using

¢

the Cartes1an coordinates. ‘ '4»
1

The ordinate of the S-N diagram is called the fatigue strength
-"Sf.‘ For steels, a knee oczurs in the graph (plofted on 1o§ paper), at

~N.5 10® and beyond this knee, failure will not occur no matter how large

the number.of cycles is. The strength corresponding to the knee is called

”
~

the endurance 1imit Se or the fatigue 1imit. For non-ferrous metals and
&

alloys, the knee doés not occur and hence these materials do not have an
endurance limit.” . P
/}he meah fatigue 1ife correspoindihgt;o any reversible (bending)

stress is found from the relation

) S (2.4.44)

where N is the mean life in cycles at a stress level S, ¢ is a material

%onstaqt gnd 6 is the negative reciprocaT“of slope ‘of the mean S-N curve.
It shoﬁ]d!be emphasized.that_ thation (2 4.44) is on]y applicable to

reverse bend1ng stress h1st0r1es for wh1ch the mean stress value is zero
26]. \ L

2.4.8 Fatigue Life with Mean and Fluctuating Stress

\ -
In the determination of material fatigue 1ife, it has been observed

that the mean stress can significantly Slter its endurance strength to
cyclic loads. In general, the behavior of materials in the presence of
mean stresses is suE;/that tensi]efmpan stresses reduce and coﬁpressiia\ﬂ
means increase the life at a given amp]itude of 1oading.“ For different .
ﬁean siresses, a group df curves caq be p{otted with each line

corresponding to a differeqt mean,sgyaés_as shown in Fig. 2.13.
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The theory of prediction .of fatigue strengt? as influenced by the
mean stresses is not fUl]y developed. Several emp1r1ca1 re]at1ons have
been proposed and thesg are adequate for the handling of simple prob]ems.
A1l of these are based on the'concept of superimposing an a]ternatingt
stress on a mean stress. -For the combination of these stresses attempts

are made t& find the 11m1t1ng values in fatigue 1ife [26] !

~——

The superposition of stresses can be deschjbed with the help of
Fig, 2.14. The limiting value of any)comhinatiZE\Qf.stréSSes i9.5¢,
i.e. the true fracture §trength in monotonic tension. According to

fig. 2.14zpat zero mean_siress, the maximum allowable alternating éthess
fs s¢ but when S, =.S = S¢, the expected Tife will mot be mdre than one
quarter of a cycle. -Similarly, when the mean stresses approach Sf

the a11owablara1ternat1ng amp11tude superwmposed on the mean

be zero. Thus, for an ideal behav1or, when the mear and alternating

_Stresses are present, the fracture strength is

LS, S €S o o (2.4.45)

However, this behavior fs.bn1y valid if damage did not/accuqmu1a£e from

® o i

cycle to cycle, Al

This prob]eﬁ has been approached in a practical way b deve]op1n§
empirical relations. ;In essence, the adopteéd approach is simi]ar to the

concept of Fig. 2.14 and the most widely used relations are shown: in

] . *
Fig. 2.15. {

The ordinate\of the diagram is a fully reversed alternating stress

[

S, for a chosen Tife span. The limitihg maximum mean stress is- arbitrar-

ily_chosen as either the ultimate stren%th Sut or the yield strength Syt

N

el
Eytns
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subjected to-one way bending only. The strengtp in one way bending is.

»

. '58' , . 5 . ‘

These strengths are be]ow the true fracture strength The Tine connecting

the selected po1nts on the two axes indicates -a combination of medn and
/
superimposéd alternating stresses that gives the same endurance as the °
' ]

.

selected fully reversed amplitude.

Materials also have different responses depending on the num er’

{

" of cycles experienced. To account for cycle-dependent material-propgrties

and mean stressés, a concept similar to Fig. 2.16 has been adopted |i.e.

. a1ternat1ng stress plus the mean stress can never exceed the true cyclic

fracture strength. ‘In other words, a change in fat1gue 11fe is caused

by |a mean stress which may be expressed as'

~ 3

NS¢ - Sp) = (s S )e : - ; " (244.46)

o
?
»

It has been sdggested [26] that the endurance strength of ‘&~

material is dependent on the applied steady stress With the increa e -
in mean stress the endurance strength reduces as” shown in Fig. 2.17 nd

the goverﬁing equation is

- 'ﬁ S ’ . ,‘ . ‘ R ,
\ S = S lr - ._m...l . - o . " (2. .
a e sut . o

whene Sa is new endurance strength. ,

The bending strength of gear teeth depends upon the typd of sur ace

finikh, its size in comparison to the rotating beam specimen (d=0.30/in),

- | o

the ambient tempereture etc. In‘the analysis of the strength of geer

teeth, the miscellaneous effect factor (which takes care of all factors
\ ’ ~

mentﬂoned above) has been considered. In the case under investigétfo ,
‘ -

l
the load acts only upon one of the tooth facesy and hence the tookh is

£

N
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geperally 40 to 50 percent higher than the two way strength Se' Thus . .

for one way bending K. = 1.4 has been used.

'2.4.9 Effect of Various Transmission Errors on .the Fatigue

s o

; Life of Gear Teeth C - 2

<

Ay

The gear tooth life has been evaluated for the various values of

stStic.traQ§mission error. - - e S < -
. ' \ L
It has also been attempted to determine the effect of variable.

transmission_error as an exponentially decaying function of tﬁe gear -

speed. - Iff?g be the static transﬁission error, A be slope of the curve,
w the angdlar velocity and Yg @ constant, then the transmission error is

4

expressed as:

e’ - . ) .
Y g € | \\ (2.4.48)

By taking several values of Yg and A, .the fatigue 1ife has been evaluated

at.different velocities. @

2.5 Stdchastic Model - . , C
2.5.1 Introduction ’ ' | >

When tpe,gart; of any system underg%kmotiohs thch fluctuate in
time, théy are ggid'to'be Qibrating. The characteristic forgs can be
noted from the records ‘taken from transducers such as acceleometers or
strain gauges. Naturally, in studying such records, one looks for a
particuﬁar pattern or reéu]arity. 56 that the variation can be
.characterized;;imp}x. For example, the vibration record can be easily

characterized, as be%ng predominantly a simple harmonic motion. A .

sinusoid can be generally used as an analytical approximation to the

\ .
- . . . f N

>

H

[P



vibration, since it represents’most physical situations.

“prediction of their instantaneous value is not, possible.

N . 3
. -62-
¢ .

A random

vibration is oné in which no obvious pattern in a vibration record can
v ' v - )

be noticed. .

7

<
-

¢
A more detailed study of randomness involves the belief that apart

A

from .the given record, one ought to consider all the other possible

.. records which might have also been produced under the same conditions.

If identical experiments are performed a numger oF times, and the records
too are identical (either regular or irregular), then this process can
- . hd .

be called deterministic However, if thé’conditions over which the

‘ -

experimenter-has control, are kept the same always and the records differ

from one ,another in each case, then the process is known as random If

*this is the case, then only one' record is not adeguate and a statistical

description of’ the totaTitj of all possibie records is required. Such

random functions‘are characteriged by the fact that a deterministic

o

A deterministic
approach is.one in which a sinusoid is characterized by its amplitude as
. ' 7

well a?'its freqdency But in random vibration characterization by an

average ampIkLude and a decomp051tion of frequency, can be regarded as

adequate. Usua11y, the rms or root-mean-square va]ge is the average _ -

1

amplitode used. The mean square spectra] density idnicates the frequency

‘1

decomposition. If there is no dlfference in such averages with different

ya]ues‘of‘time then the random process described by the whole ensemble

" is called statiagnary. _ o

Thus, % random process is deseribed by the whole ensemble of the
possible time histories which might have been the result of the same
experiment.

\ .
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2.5.2 .Ren'dorﬁ'ModleL oL ) ¢

>

It has been noticed that with time, the a}tlplitude fluctuatiohs in
gears, undei‘boes'variqtions. Thus," for‘ each different angular velocity,
the fatiég'e life of gears also changes. It is practically impessible to
account for this change'in fatigue 13fe.through a 'ae‘terministie model.
Only if the load 1% treated as a nandom variable can th'lS aspect- bét con-
s1dered. Inspite of the unpredmteb'lhty of its putcome, the random . N
pfocess does exhibit some degree of statistical regularity whh ch makes
+ it possible to adopt a stati'sti'cﬂ approach to the problem [27]. TI;e

statistical quantihtes such as'mean and mean square values can be

established hy averaging and the outcome can be ,obtamed w1th the hﬂp of - .

the system transfer fucntion and subsequenﬂy expressed in terms ,of its

- probability density function.

2.5.3 System Transfer Function

Frequency response function

tr
=
[
0
=]
3 -
b=
w—
«D
b
o
3
o
—
-
r
=
o
1]
o
—h
1)

responses at one Point ceused by J
other point. These complex fkeguenty response funct{/ons are sometimes

" called 'System' tran\sfer functions. Or in other® words, the frequency
response function is the ratio of the output to the 1nput under steady
state cond1t1}ons, with th,e,{l\put equal to a harmomc time functmn of ~

unit amplitude.

Thus, in anj/ Tinear system, there is a direct re1ations'h1'p between
v -
the input and the output, This relationship is true for random

fluctuations-as well, }

wr

1

..In\put ' x  System Transfer Function = Output

e d

-
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This function may also be expressed as

CAlw) X Hw) = B(w)

. where A(w) and B(w) are po]&nomia1s1h If, onfy the force solutjon is

" taken into consideration, the™ impedance transform becomes ‘ -

‘the average frequency of the oscillations, the probability distributiqn g

R . : -
.-

Z(w) =. Alup .

A B w

and 1t§ reciprocaf admittance transform is denoted by
/ £

]

M) - o .

The admi%}énce trqnsforﬁnH(w) is defined as the ratic in the subsiduary

plane of the'output over igput with all the initial conditions equal to

>
i

2ero." ~

3\

2.5.4 Narrow Band Random Process

The mean square spectral density of a stationary random process
is a partial, though incomplete desEription'of the process. This.descrip-‘
tion is examined for two extreme cases. A wide band spectrum and-a

narrow band spectrum. For a narrow band normally distributed proces&,

of the envelope aqd'the probability distributfbn of the peaks are obfained.

A T’ “The narrow band process depicted.in Fig. 2.18 iﬁ stationaryfaﬁd
random in nature. Its mean square spectral density S(w) is uSef&1 only
in a band'oﬁ'range of frequencies whose width is small in c;mparisop to
the m;gnifUQe of - the center frequency of the band.. “In samples which
reprégent such a process on]y‘a narrow range of fFequencies appears.

. o . 4

Narrow band processes are typically obsgiveﬂ as the response variables,

where the excitation variables are wide band'processes and the systems

’ -
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areostrong1y resonant vibratbry systems. The spectral density functién
is concentrated around the frequency of the instantaneous variation with-

[N 3 -
in the envelope. The spectral density is the contribution of the mean

square value in the frgquency interval Aw divided by Aw. Mathematically,

it is given as ¢ 1 ,
. . Limit a(x?) )
S{w) = CAw~0 AW .. ‘

S(w) is determined by sqﬁaring the output taking the average and then
S ®
dividing by ;he frequency interval Aw. ’

2.5.5 Response of Gears to Random Vibration

" Identification of an excitation (input) or of a response (output)
) <
is possible. The excitation may be either a force history or a motion

(i.e. displacement, velocity or acceleration) history. The response may

be in.the form of either a desired motion history or even a desired

stress history. If the éxcjfétipn s a random process in nature, then

the response quantity will be a random process too. For a lTinear time

invariant system, if the_gxcitation is steady state and simple harmonic,

-

Pailine AS ° - 1]
then’ the response is also steady state, simple harmonic motion at the
" same frequency. The amplitude as well as the phase“of the response, are

both‘dépendent on the fregquency. -

 Gear vibrations ére cqnt;ined'in*fréquenpies which have a contin-
luous distribution over éuwideﬁyange. 'If.S(w) be the spectral density,
1.e. S{w) be the densify of the mean square value in the interval dw at’
at the frequen&y'w then [28] ’ L

2]

2 e .
e Y .
Sw) =5, : L. (2.5.1)

. { ~
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where, the transmission error y(t) is periodic, and,is represented as .

. . 7 -
Y(t) = Yo sin wt (2.5.2)
<The impGt spectral density of the displacement excitation is ’
. Vv [
) .
W Y
: = 9 » ~
Si(w) = ma . ' (255.3)
Thg frequency'i-esponse funct{on or transfer function H{w) modifies the Y
input excitation to yield the output response. Thus, -~
oo i (‘
H(w) = Qutput response \ .
~ Input excitation !
. - ” , )
‘ - -Qutput stress P
or H(w) Input displacement .
Ke Q. (w) - n
. Ao (2.5.4)
10 b - o
f

» + where KG a[geometric shape f:act'or [29].

|

a

’

¥

If SS@) be the spectral density

of the response then, the.input and response spectral density are re- '

- lated as

\
J

" . where o is.the. rms {rplue. { ' G

s (w) = [H@)|® syl

A

4

’

-~

&

f‘

L

v,

o

%

- (2:5.8) .

The variance of the fi rst deriyative 6f stress’ and ”second derivative of

stresstwith time are

oot furo sy w
5 - . ‘

-

Z-‘. ‘ ) "
°§ -fw" Sg(w)dm

r ]

3

- v

(2.5.6)

\

_ (g.5:7) '
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2.5.6 Failure Mechanism in Gears

When any mechanism, i.e. gear, ceases performing its desired
function,‘theﬁ it is regarded as havipg failed. Several criteria have '
%9 be ?u]fi11ed to ensure the satisfactory perfarmance of the gear.

Gears are basically govéﬁﬁ;d by the vibration environment, but other

environmental factors such as temperature, pressure, radiation etc. often

\ihterdct with vﬁbration enviF%nment to chénge the fundamental cause of

the failure mechanism.

£

.

. 'A‘ '
Classifjcat?on of failures can be according to the behavior of the
gear (tooth) i.e.” in the absence of failure due to vibration. The two
classifications are (A) reversible and (B) irreversible depending upon

]

whether or not the failure disappears with tﬁb'removal of the excitation.

Failure of gears due to v1brat1on depends on the 1eve1 of V1brat1on
The higher the level of vibration, the more probab]e is the chance of
failure. In the case of statignary random vibration the most conxsnient
measures of Tevel are the mean and the mean square If the mean is zero,

there is simply,the'mqqn square or the root-mean-square level. The

. cha?actEristics;d? d random process are thus indicated to some extent by

these parameterS\\ A stat1onary narrow band, Gaussian process can be %

comp1ete1y descr1bed with the he]p of the' mean square spectral dens1ty

43 Accumu1ation‘§*’aamage may also be the cause of ,failure, Depending

. upon the amplitude of the eicursion, a finite amount of damage is produced
L] .

by each excursion. When the incremental damage aceumulated reaches unmity,:

\
\
failure .occurs. ‘

) B L . ' -
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the fatigue of gears. S is the f&ed stress amplitude and N is the

_where ¢ is a constant dependent on the material.

!

2.5.7 Fatique Failure

~
When ‘a fluctuating stress history acts upon a gear tooth a number

¢

of small changes takes. place. There is migration of dislocations,

10ca11zed plast1c deformatmn mwcroscopwc cracks are created and there .
is sTow gropth _of these cracks. EventuaH), if the stregs excurswns are '
1&Fge_enough, there is rapid growth of one of the cracks, and the material

N
ruptures. - ' . .

r
AN

The mean S-N curve or fatique curve makes it easier to understand ’ .

number of cyc1es until fracturev The fatigue curve is not'a smg]e
curv‘e To be more precise, .it is the mean of the statistical d1str1bu'—
tign of fatigue lives obtamed for given stress amphtudes To‘iﬂustrate
its apphcatwn a representative S-N curve for materials‘is cons1dered
This curve is approximated by a straight 11ne when lag S is p]otted
against Tog N which means that the S-N curve may be "approxmated‘by the

i - \
equation .

NSP = ‘ ' | (2.5.8)
- A
I )
. * 5] . N ‘
. It is a more diffjcult-problem to predict fatigue faj]ur.e when the?‘
stress 1‘§¢:a random process instead &f the-fixed amplitude fluctuation. . . i

Accordtng to th Palmgren- Miner hypothesis when n cyc]es'°’of stress :

. o

amphtude S \lzav been exper1en ed, the material has “used up" +a fragtion
gue

of its fat1 i fe equal to n/N where N is the number of €ycles at whu:h

failure occurs under uniform amplitude S as predicted by the S-N curve. ‘ .‘ . 5,.'
It 1§ assumed that at this“stregs 1eve1 the fractional' damage| can be - P

added to the corresponding, fradt‘lona'l damages of other stres,s levels to
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obtain thq total damage’éxperienced. _mThus for n; cycles of stress,

amp11tudes Si for i = 1,2... the .t_otaf‘ cugulative damage fractibn is
/é,
taken as )
: ni« ’ . '7 Lo d b~ ) : p ‘ .
D= I 5 . : (2.5.9)
i i . ) ’

]

. . ,/“ . .
" "According to the Palmgren-Miner hypothesis when, D reaches the

vailae of uhity, figue failure occurs. This hypothesis places no re-

v
striction with reddrd to the order of application of th\e var'i}ou; stress

levels. Hence, it is ap‘pliéab'le to random processEs in which there is

a/cyc%«,to cycle change in the stress amplitude. -In accordance ‘with this

o -

hypothesis, an incremental damage can be ascribed to each cycle. If

*

these damages are "accumulated, it leads to a total damage D(AT) for; a
time interval AT. As AT is increased the damage D(AT) increases monotom-,
ically. (At some time \ATF' tﬂe. total damage reaches the value unity and

”

failure occurs. ' ' . . \

Using a.model developed in [30], the expectépd damage accumu1a,teq' -
» . a

1n‘ a time interval AT]. is found to be |

E[ﬁfgfi )] =47y 1; (_,% o_)er(-g- ”)(;é)e-y

S

] .
(2.5.10)
-

] v T » P ' l :
The time failure i.e. when E[D(ATi)] = 1 may be evaluated from EquaFion

(2.5.10). . . . /| . —
j[ Lin [31] showed that'faf s’ta"t_ionary Gausgiap processes yith zero .
) . < RO L
mean, the expected number of peaks is : ' . H .
. g | \ - v
=1 5 C
ElN)) =5 AR (2.5.11)
.. N " o
. . . <
o S ! v
“ b t 1 / )
~ ) # \]
& ' o ‘ . » W .
ﬁ / !\ [ .
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' number of cycles. Thus, for, complete failure of the tooth the }ota]

©)
I

! 5L=E[Np] ot - | : . S (2.5.12)

Qg ° _7] - ) . ‘ '
- J '\L\ Y v
The é,xpec'teﬁ number of 'peaks is found cor‘respond‘lng'to the exbected

number of cycles (L) required is

—~——

'
<

-

{Studi_es’ w?re also ' conduycted to in?esﬁgat\e the 'différence in gear-
ing life, if. thére is ;ariatiop in the trahsmission error or y Two
separate cases;were‘ exqﬁﬁned. In case I,ythe transpisston error was in-
dependent -of the speéd of operation and in"’Casé IAI, the transmission ‘
error was ‘dépendeht on the speed. In the latter, the re1~at1‘§nshﬂp Se- \

tween the transmission error and the speed of operation was
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, CHAPTER 3 ‘
e ' ANALYSIS OF RESULTS, COMBUSTION AND .
", 'RECOMMENDATION FOR FUTURE WORK g
o
3.1 Discussion of Results .

fl

In order to ha{)e an e‘stimatioﬁ of the span of life of a gear”ip a’
Hnear branched torsTona] system in a randclmy loading environment, a
number of ca]culatmns has been made. Through both deteyministic and _
random approaches at di fferent speeds, an idea of thé working torque and
~useful hfe of gears was attained.- The working torque and life of gears -
was estu@ated at d1fferent toading c0nd1t1ons by bmnglng about changes
in the statlc angular transmwsswn error at any pert1cular speed of
operation. Apart from these, an estimate of the span of workmg torque
. ancf useful Wife of gears has been calculated by taking the angu1ar
transm1ss1on»em\r to be an exponeqtiaﬂy decaying function of‘ the. speed

of operafi'on.

3.1.1 Effect of Error on Torﬁu’e

- . N

Keeping X constant at 0, VYB‘Was'increase_d and the resultant value

of the torque was qbersvéd at various speedfTas seen in Fl:gs. 3.1 to 3.4.
A3 . ‘ \ 0 .

3

‘Nuhen g is 0.00001, it is observed from Fig. 3.1 that initially, -« ‘<
lwith incr;;se in speed{ from 200 rad/sec there js a gradual increase in.
\ torhdue Then suddently a sfeep rise occurs above 400 rad/sec and the
_torque reaches its peak\ value (1600 1b- 1n) at 600 rad/sec near the

second natura1 frequency After thjs, as the speed {ncreases further,

a steep decrease in torque is noted upto 800 rad/sec. When speed vbe(comes

even greater (above 800 rad/se¢) a gradual fncrease in' torque is observed, .
N . Ny :



P

.73-

.

\ ¥ ’ o ’ -« - .
N
.

S SR T S

_!-—- h}-L-—

~00000°0 = X ) ’
10000°0 = N ~ . -~ -
. ' v :

, - -k - . - "
.7 0 = Y"PUR “10000°0 = ZA 4o0) paads snsuaap anbuo) jo uopaeraep g "bBid o« -
- - . s = t\ B N . ~ )
R ) . ) N o, N ’ !
. N . (29s/ped) v9IW0 - o - -

A




, « . - ~ - ~ L. . e . -
- - ) A 1 . - . . . Gt et e e b v o, corim O
R w . ’ : . ¢
v ~ < ip =Y pue 1000°0 = A 40j poads snsaap anbuo) 30 uoyjeraes :2°f 614 - i
: . N  (o@s/pes) voawo

-

000z 0es| " ee@l . ees * . o S
) : | N TS T S M I TN TN IO R AUNE NN T NN T T N T T e | -

-

' - . . t * ,M
S . 0000070 =Y v ’ . __eo0st |- s
; . : < t . {
1000°0 = % . . - S
. - 2 - ~- ' ] ) . * =
s y . oL . . : - . .
2 ~ -
: ! ! - t A n\.. ' *
] e\ > - - m we




~

o A e e s e - A

!

0 = Y pue G000°0

N 3

- 84 40y poadg snsasp anbuol ja uoiierdepr :g°g ‘6L

‘89S

(23s/ped) y9IW0
‘200 1

000000
S000°0

"

.

«

(ub-qL) 3np¥oL

~




»

ST VS

r

0

LTy
.

X Pue 6000°0

N

m\w,go.,v poads sSns4dp 9nbuo0] - 30 uoprjeiaep p-g bB1L4
- s -~ .J Ad

-

vt

- @0eC
1

1

1

8es |

\

\Auwmmvm.‘_v VO3IW0 -

0001}

1 — |

=

1

o’

-(ut=qL) 3ndyoL

&




-

=

t{»

. when vy is 0.0007,

' The peak value of torque is approximately 1500 1b-in, 15000 1b -in,

.0.0005 and 9.0009 respectively.

72 | , .

-

A similarity in the nature of the curve s observed in Figs. 3.2 to 3.4

0.0005 and 0.0009 respectively. The peak value of '

torque obtained for vy = 0.0001 was 16000 1b-in and for vg = 0.0005 it
was 80,000 T-in for v, = 0.0009 it was 150,000 Tb-in.

’

) «Fa‘gure 3.5 shows't?(’ variation of“torque with speed for Yg = 0.00001

and A = 0.00008. From 2 0 rad/séc to 400  rad/sec a steady but slow rise y
. \ :

is observed in the corresponding torque. There is an abrupt and steep’

rise in torque when the rotational speed increases from 400 rad/sec to
600 rad/sec, followed by an equally abrupt fall from 600 rad/sec to

800 rad/sec. Thus the peak va]ﬁe of tdrque is approximately 1500,1b-in

at Q00 rad/sec near the second natural frequency. Above 800 rad/sec,

~ N N [ 3 $.
there is once again a gradual and steady rise in the value of torque -
3.6 to 3.8 exhibit the

corresponding to the increase in speeds, Figs.

same nature of the _curve, Yg be1:ng 0.00071, 0.0005 and 0.0009 respective]y. 2

75000 Tb-in and 140,000 1b-in as 1n evident form Figs. P§ 5 to 3.8 at

600 rad/sec.

~

In the th1rd set of “calculations: shown in figs. 3.9 to 3,12, A 1§

'SA

kept constant at 0.0007 while the values of YB are 0.00001, 0.0001,
As seen in ’3” four figures from

200 rad/sec there is 3 slow rise up to 400 rad/sec, much slower than in

Bl

Again there is a steep and sudden .increase in the

+

- . \
value of torque from 400 rad/sec to 600 rad/sec. , The peak values of

the previous. case.

torque in Fligs. 3.9 to 3.12 are 1000 1b-in, 10000 1b-in, 50000 1b-in

and 90000 1b-in respectivley at 600 r'a~d/seNc near the sétond natural ¢

A sudden decrease in the value of f:‘quue_ is now noticed With

~ |

the increase in speed to 800 rad/sec and torque reiches its 'min_imum

frequency !

4
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“sloper than in the previous eases.

* the value of torque.-'“ L ‘ \

¢
LS /
. .

o ) .

. 86 o

i
i

value at th1s/speed, 1n all four f1 gures. FoHowing th1s abrupt de-

crease, there is a gr&dua] mcrease 1n the va]ue of torque when speed

-

. fqrther 1ncrgqses past 80Q rad/sec. But this 1norea§e is very slow, far

H'enc\e; from observations of aH the four <tases, one may conclude

that the value of torque is m d‘IY‘ECt proport1on to the mcrease in error

(ABL. ;If the error (,A'B) mcreases there is a c“brréspondmg increase in
. RN

-

Tt is'a1s'o‘ observe4 that'by‘ keeping 'the error (YB) constant and
£ - h;; 'y
increasing’ the values, of A, there is a correspondagj\ decrease in the

value of torgue-e.q.- in the set of Figs. 3.1,°3.5

f e

stant at‘ O..OOOOI, whiie A‘increases from 0,to 0.00008 to 0,0007

d 39 YB is$ con-

respective]y.\- A corresponding decrease in the peak torque can be noticed
{ ) - . ‘
in these three figures from 1600 1b-in to 1500 1b-in to 1000 1b-in re-_

" spectively. The same characteristics hold for the other values of error

_in the three remaining sets of Figs. 3.2, 3.6, 3.10 and 3:3; 3.7, 3.11

and 3.4, 3.8, 3.12. The values of error (YB) in these three sets is\

0.0001, 0.0005 and 0.0009 respectively.

Thus, from the three cases described-éarHer, two salient points

»

emerge, namely;

1) increase in error- Teads to a proportional increase in torque,

2) increase in the value §f A leads to a decrease in torque.

3.1.2 Effect:of ‘EY‘Y‘QY' on Working Life of Gears
. . ‘Zﬂ’
An estimate .of the effect of the error y on the working life.of

gears has been attempted through both the o‘eterm1n1st1c and’' randdm

W

approaches. In the deterministic approach requ;s were obtained for zero

2

s

+

e,




-

. . -87- - \
i . ) P
o

mean load‘;‘f'or_stead_yL or mean load equal‘to the fluctuating load and

lastly, for, mean load equal to twice the ﬂUctuating']gﬁaq. ‘ .

Keeping A constant at O, four figures have beéh taken ‘into gonsid-
eration - 3.\13 to 3.‘16 wherg Yg varies, beiné 0.00001, O;(é‘ODY, 0.9005
and-0.06_09 respectively. In Fig. 3.'\13 gearing life isﬂob‘servec/! to be
mi n‘imum at 600 rad/sec near the second natural frequency, and-maximum at
800 ;ad/'sﬁéc betweén the second and thi;'d haturaln}requuencies. The r:1e;3n )
load does qnot have a significant a_;ffec.t on the working er',, A}: all the
frequencies, random 1ife is less than the deterministic life.  In Fig.
3.14 it is cfegrl that‘ at 600 rad/sec the working life of gear is a
minimum for all vajues of mean load. A marked 'changle‘is evidef\t in Fig.
3.15 where the gear fails near the second natural frequency. However,
the working 1ifé of the gear. is maximum at BQerad/sec bgtween the
se;:opd and, 'thi;r;i natural frequencies. ‘It is also noted that at higher
frequéncies, the mean load -has a signficiant effec"tu.on working 11 fe.
When the mean load is equal to the fl ucluating load, ‘the gear \;n'ﬂ'faﬂ

’

near 1700 rad/sec. If meén ‘Toad is twice the fluctuating Toad, the gear

will fail near 1300 rad/sec. In Fig. 3.16 whatever the working load, the

gear fa‘ils be’f‘bre'the second natural f‘requency. On highér speeds , i'g

o~
I

can be observed that its life is maximum at 800 rad/se§, The,gear will-
fail at approximately 900 rad/sec when the mean 10* is twice the fluc-

tuating load, at 1300 rad/sec when mean load is equal-to fluctuating
A

load; and at approximately 1‘800 rad/sec, even in the absence of the mean )

9

load, by the dynamic load produced:by f:he gearing error. By random

_approachi, the gear will fail at approximately 1600 rad/ﬂsec.'
( ’ ‘ ’ / .

. / .
Insthe four Figs. 3.17 to 3.20, /A is donstant at 0.00008 with

;/ values of Yg of 0.00001, 0.0007; 0.0005 and 0.0008 resrfeci:ivé]y. The

r

i
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life of gears in Figs.‘3.i7 and 3.18_1s minimum at 600 rad/sec, hear the "
, i 5
second ratural frequency and maximum at 800 rad/sec between second and
third natural frequencies. The effect of the méan load on gear1ng Tife

is significant in Fig. 3.18 at 600 rad/sec; Figure 3.19 shows that the \

7}
.,

*? gedr fails near 600 rad/sec. Again its 1ife becomes maximum at 800

rad/éec. . '

+

Above 1000 rad/sec, the higher the ratio of mean load to the

fluctuating load, the Tower is the frequency at which failure takes

place. For example, when this ratio is 2, failure occurs at 1500

t

rad/sec. o Similarly, when this ratio is 1, the failure freeuency increases

{ to 1850 rad/sec. These f?equéncies for the‘pther two cases, are ggowr”/j

4]

\\ 2000 rad/sec ‘ ' . ' | e,
\ In Fig. 3.20, fa*&ure in all four cases, takes place below the

seconq natural frequency. In the higher frequency range, the nature Bf
\
* the curves is similar to the earlier case, except that the gear fails at
‘\ s .
a \;wer frequency. According to the random approach, the gear will fail
t

%

pproiimate]y 500 rad/sec or at 1700 rad/sec, ang the 1ife of the ,,'
3 -

P

gear\vil1 be maximum at 800 rad/sec.

*

\in Figs. 3.21 to 3.24, A is constant at 0.0007 and the values of
Tg are \.OOOOT 0.0001, 0.0005 and 0.0009 respective]y. From Figs. 3.21
and 3.22, 1t can be. deduced that the mean Joad dqﬁ§ not have a s1gn1f1cant
effect but\tﬁe random 11fe is 1ess than the determ1n1st1c life, at all
frequeneies The minimum life of gears is at 600 rad/sec near the second
natura] frequency and the max1mum at 800 rad/sec between the secondsand ¥
third natura]_frequemc1es, in both these figures. Figure 3 23 shcvs

that the effec%\of the mean load is more prominent at low frequencies '

than at higher frequencies. At about 600 rad/sec, it is-ohserved that
3 :

>
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the gear fails 1n the presermce of steady load. When calculations dre
made employing the random approach, the life of the gear is less fhah
that given by the deterministic approach. ' ) -

a ' . . . .
Lastly, Fig. 3.24 clearly shows that the gear fails at 600 rad/sec

-and life i; greatly influenced by_the bresence of a steady load which

-~

i's evident in the region 200 rad/sec to 500 rad/sec and also maximum at.

800 rad/sec, between the second and third natural frequencies. ,

~ ~ * ’
Thus, . from a detailed study of the different cases presented, it is

apparent that the working or useful 1ife of a ggér is minimuﬁ (if not

.z?rob at 600 rad/sec near the second natural frequency and maximum at

-~

800 rad/sec, between the second and third natural frequency.” Further,

4

: LI, N e
gearing error and mean load have a s1gn1f1Fant‘efféht on gearing life.

The higher the,error or mean, 1load, the lesser becomes the useful life of

-~

gears, causing complete breakdown in some cdggsi Eaét]y, with

increase in the value of the decay constant )\, there %s a substantial_.

-

\

increase-in the working 1ife 6f)gears,espeéia11y at higher frequencies.
K a ‘

3.2. Cortlusion

This study outlines a method fbr estimating the usefuT working.

life of a geaf subjected to a dynamic .loading environment, which ineludes .

~

manufacturing and assembly errors as well as fluctuations in the trans-

mitted torque. The static transmission error has been considered as

periodic as well as, an expopentially decaying function of speed. -~

a

- ’
The conclusions drawn, based on the results obtained are:

1) The dynamic torque increases with an increase in operating

spéed thus reducing the working life, for a given error. This appears

. to be va]id‘at all frequencieé of vibration except at the natural

Y

> -
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frequencies, where it is observéd that initially 1ife decreases steeply

J *, ] '- ' * » ~ .t
and after reaching a particular value (in some cases failure may ‘occur) /\

increases rapidly.

»

2) Failure of gears may occur at the _second natural frequency, of
the system. If not, a maximum 1ife is reached between the second and

third natural frequencies of the system.

’ / 14
3) The dynamic torque increases with an increase.in gearing error

resulting in a decrease of themorking life of gears. This-is valid

o~

at all operdting s,peéds)// : )

4} An increase in the static and/or fluctuating tor'qug\ decrqasés

‘the 1ife of gears, .

. - O
3.3 Reéommendation'for Future erk

AN

-

The following items are proposed as a list of suggestions for the

.

extension of ‘the analytical work pregented in this thesis: °

1) In an operating machinery where gears are a prime alement, the

Ay

‘

load is transmitted through gear trains. At high velocity of operation,
the gear teeth do not remain rigid and thus, there is loss of tontact

*teeth. The separation of teeth causes an oil film to fill

(Y
between gear
the space which makes the system ‘nonlinear. This should be considered

in dealing with the geared system.

2) AN operafing machinery are inherently provided with some

damping. Hence in any practical case damping should be cansidered.
. , L

. 3) In a geared system, often gears fail due to surface wear.
" Thus surface failure of gear teeth under steady‘axnd dynamic loading

conditions should be considered.
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o Ce ’ ' .
4) , The present work can be extended to torsional systems having
< ) N - ! "
branches at different stations with di fferent velocity ratios.
- 4 o \

5) Investigate the implementation of this work in the devélopment

i

of health mo|m‘t9r1‘ ng programs for.eqhipment whére primary failures are .

attributéd to gears.. - ( : i N ;
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-3

«

[ R L)

FROGKAN GER(INPUT,CGUTEUT, TIPEOO INPLT, TAPE&‘-CUTPUT TAPE1O,

CURGUK )2k

WH1TE (61

K=sK+1
Wlzh 140,11
COUNTILUE

CALL AMCDELAL

| R
pC 11§
.)1;

Fh T,

o £20 11
WR1TE (b1

TAPR 1T,
COMMCN KE,RC, M, M, MR,
CORY ON
COMMOR QMEGL
COmMMON PILRY L PE(D),
CUMN UN
QULLUK ALIFE(EO)
CobkMCl 1L, 1GE,1LANM
DIMENSTION, AF (B, 4)
EATEKILAL FCN
CLLL KPLITH
CALL  JULiP

. h=t

Wi1=z=0.0 - . .
gL 100 J=1,30000
Wesh140.1
WTCL20 .1
FTOL=G.01 g
NL1k=100 .
121
CALL ECGT (ECN, k1
WhITE(E61,20) 1
FORMAT(5X,15,5%)
12==2 ©
1F(1.EC.T2) GO TC

J50) CNMNG(K)
FURMETES),

"CMG(K) =

1)}

?OO)

+ NB
.300)

CALL ‘GThIYS

CELL
STOP
bhb '

¢alL CTLIFE ~ﬁ

RAMLG

T (hM(1.,d).d=
EUR ETCI0N TR 1T T)
"LALcuLAmlom,OE

knp*(l.J).J=1

TEPF12,TEPETS
NE,MC, AJb AIC, P T,
T™w.FL. PﬁCE FEY, 58K ,ST121, TLPE
lﬁb “IG‘L.JIGSLD FANEF
KA(2,2,.8)
uUT(51.GTh(5/.uLGPh(5
JRANLIFE(BO)

\

"LE10.3%,5X)

JhH),

NOUE ShAPE EGh ACTUAL SYSTEM®

JN)

Lz,

,kZ,K,hTGL.FTOL.NLWN.I‘

h N

PALE PRIN® =
PMPRUELICTE PALE

.cz2a

LOLG(T) VACT(M  4)  STKESS(E00)
LLUNET(EY, GAkbAE(R) FLAMDACYY ¢
JEALTIME(BO)

- em - -
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FUNCTIGN . FON(W) :
COURRUN Kb, hU, Mo WA NE NC,AJE ,AUL, AT B2 k21, P22, LET, 022
COLLGN TN, PR EESE bEY, SARE,STTF , TEMF ]
CUMEON ULEGA,S1GS,81GSL,S1GSDD, hAAA * -~
COGMMON AJ(T) AK(C) TRA(Z,2,6),UNG(T) (ACT (8 4) STRESS(E00)
COMMGN SUT(5),GTh(8) ,SLCFE(S),CONST(5) ,GAMMAL (L) ,ALFMDACK)
COMMON AL1ER(80) ,RFNLIFE(B0) ,RENTILE(BO)
CChMON TN, 1GE,ILAL ‘ B h
RA(1,1,1)=1.0 -
RA(1,2,1)=0.0 ' -
EA(Z2,1,1)=(-war}22J(1)
KRAa(2,2,1)=1.0
DG 10 L=2.k

"LL=L-1

RE(CT,1,L)2=1.0 . ’
Ba(1,2,LY=1.0/AK(LL) | )

RA(Z, 1, L)=(~wt22)yap3(L)- , .
KA(Z,2,L)=1.0-(We*2Y*g(L)/AK(LL) . '
FORMAT(BX,b15.%,8%,F15.3,5X) ;e

CCMT1INUE ‘ .

1a=1 ' ) ’ T
Id=(hA+NEINL) 41 : '
1P=(hA+NL+NC)* U4+

11

1hZz=4411 . v ‘ .
TAL=(NE*4)=5 . . . v Y )
DG 20 IA1=142,1AL,4 " ’
CALL  hkMthVE(hA,KA,HA,2.2,2,1A1,11,1P) : \

CALL - SWITCh(kA(1,1,1A4),K&(1,1,18),2.2)

CCNTINUE \ ! e

BV 1=RA(T,1,1A) Co / . .
E21=RA(2,1,1R) Yo
le=NA+? . b
GU TO 67 . ,

11 =Na%La1 T

1BE2=4+11 '

DU 30 lk1=1k2,ILL,k

CaLL  KMMEVE(KA,RA,RA,2,2,2,1F1,11,1P)
CELL SWITChy (KACT,17,1F) RA(3,1,18),2,2)

CCNTINUE . ‘ . |
Ez1=kA(2,1,1}L) v L !
BEz2zhp(2e, 2, V)

GG TC 167 «
IC=(NRA4+NEY+T

1% s(NA+LE )%l

TCze4411 l )

« ICL=(NA+NB4+NMNC)*U =3

4o

167
166

pc® 4o 1C1=1C2;1CL.4 L

CALL KMMhVF (KA.RA,RA,2.2,2,IC1,T1,1F)

CELLSWITCE (K&(1,1,1C),RA(1,3,18),2,2)

CHNTINUE '

cetv=hh(2,1,10) , Rt

"Ceezkh(2,2,1C) N N b

FCN=A114E21+Lz2%A21

CONTINUE : L ' .
KETURN , |

ENL

Mar 2o mtuw«unﬁ:.. L *
- .
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SUERGUTINE KPDATA

RE,KC, N, M, NA,MNEYNG, AJE, BIC, &11.A21.E21,£2%,021,c22
Th,PC,tACE,FFY,S5AKF ,S1ZF, TEMF
OMEGA,S1GS, S1GSL, S1GSLD, AAAS )
RUCT) ,pk(b) ,RA(Z,2,6),6MG(7 ), £CT(Ugd),STRESS(400)
SUT (5, GTE(5 )+ SLCPE(5) , ccnsT(B) GA VAE(H) . ALAKDA(H)
Aleh(bO) hEKLIFE(E0) .hAthFb(bO)

M, 1GE,1LA&M

thD(60,*)N,M.EE.hL,hA.Nb.hC.AJh.AJC

— K KEAD(60,%) (Ad(1).1=1.h)

READ(OO,*) (AK(L),1=1,N)
PRILT® *N, p,hE,RC,NA,NL,C,£JB,AICH.

WR1TE(61,105)N, M, KL, KC,NA KLMC, AJE, AJC

105 FURMAT(SX,215,2F10.3,315,2F20.4),

PHRINT®

VEJ(T )=

WhITE(61,115)(AJ(T),1=1,N) o
» 115 FOERMAT(5X,F10.3%,5X) )

. '  ERINT®

VPAR(T )=
WRITE(61.,125)(AK(I) 121 k)
' 125 FGRMAT(5X,E10.3,5X)

hEAL (60,%)Th,FL,FACE,FFY, SARF,S1ZF, TEMF
PRINT® “TL,PD,FAECE ,FFY,SAKF . S12F, TENFY
WHITE(61,135)TN,PD, PACE F§Y.ShhE,SIZF,TEMF

135 FURMAT

KEEL(60.%) (GAMMAD( 1GE) . 1GE=1.4)
REL&L(GG, )Y (ALAMLAUILAMY, LLAN=1 4)

(5X,bK10.5,5X)

READ(6D,*)(SUT(INY ,1F=21,5)

READ(60,*) (GTH(IK) ,1h=1,5)

PRINTS \"GAMMAE=Y"
hthL&bl.13‘)(bANMAL(IGE) 1GE=1.4)
FRELINT® "ALAMLA=" .
; WERITE(61,155) (ALANDA(ILAM) ,ILAM=1,4) . » ‘ A
} FHINT"”UT*" M
!  WAITE(61,135) (SUTCIM) ,1k=1,5) '
; "PRINT®, "bTh-" : .
oo WKITE(63,135) (GTH(1M) ,1kz1,5) - Lo
*  hETUKN , . C e
ML . . o - .
- 8 . Co ™ o
! ‘ .
' -2 N
A
P LN
! . \ /NUJ‘
: ! | N 13
: N , . ——
! . v ‘ \\/
. : ‘ ‘PALR PRINT J
'lk o , . FMPREINTE '

P S - PR T TR

W

SO
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SUERGUTINL JUM 3\ ' ‘ ‘ B

COmMMCM
COMMLCUN
COMMON
COMNGN
COMMON
CCORHON
CUMMON

Kb, RC,N,M,NA,NELNC,LAJE, RJC, A11 A21,F21.p22,C21,C22
T™h,PD, EALE FFY, SARF,S1ZE, Thlf
OMEGA.SIGb,blGSD.SIGSDD,AAAA ) '
BI(T) L AKR(6) kR(2,2,86) ,0MG(T) ACT(U, L) STHESS(800)
SUT(S) G?h(ﬁ,.ULCPL(S) COhET(S)Y, GAbrAh(b\ FLAMDACUD
ALTFE(E0) ,RANLI®L(ED), hFPTIhE(BO)

I, 1GEDILAM .

NET=NA+1
NEL=NE#NE ol

b 10~

11=1-1

1=NES {NBL

AJC1)=AJ(1)*(REN*2) .

AK(1)=
AK(11) =AKCET) = ({pre2) I ./

NCl1=z=hkA+

0.6%(10.9%6)

NCL=NAwME+NC : \\\' . . ?

o 20,

11=1-1

1=NC1,NCL

RI(L)=RJI(1)*(KCH¥2) ‘ :

AR(1T1)}

Ah(ll)*(kb‘*Z\ ) e

CONTINUE -
AJ(NR) = AJ(NA)+AJE*(HE'*2\+AJC*(RC**Z)
WRITE(G1,125) AJ(MA)} :

FCKMAT(S5X,"AJ LAST 1N Eh A =" ,F15,3,5%)

PHINT™

SOJUMP STARTE® -

&

WHITE(61,135) (£JCI),1=1,K) : ’ -
PUKMAT(SX, F15.3,5X) '
WRITE(61,145) (PK(11),1T=1,1)

EORNAT(5X,F15,3,5X) . ’
,"ENT OF JUMPY - C- . ' o

PRINT®
HETURM
END

[ 4 ’

{ , . C.

s

s ? s o 3
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105 FCKMET (1LO
1

115 FCRMET (1HO,ZCBTULERAMCE

b0

1

- e N e 4 e e e o s

' » C:] ]0-

kLLH(,U'Y‘LNE HCOT (b&b W1, w2, W, thL FTOL, NLIM,I)

LUG1CAL PRINT .

PRINT .=+ THUE,
IE(T.NETG) PHIMT
F1zFUM(n 1)
F2zFCh(W2) 3 )
B, LF1*F2 (GTL0)°GO TCO SO -
Le 20 J=1,NL1L
=(hWl+kz) /2.
Ph=bCN(L)
Wehk=2ALS (L 1-kz) /2.,
1F (WLWUTLFREIRTY GC TG
WHITE(61,105) J,w,Fk
TYHA™ ITERATION
GE k(W)= ' ,Ek12.5)
1F (WEKK.LE.RTOL) GC TC 60 .
1F (AFS(ER)JLE.FTCLY GL TG 70
1¥ (FR*F1.LT.0) GG TC 10
RN .
Flzkk
GU TC
Wesh
t2=kh
CORTIbUE
1= -1
Wh1TE

5. bELSE.

5 - ~,
"1‘4'

20~

l61,115% NLIb, W, FHR
NCT MET. P

156 1TERATILNS W= ,Ev2,5,121

CRETUKL

l=-2 |
WRITE(61,125)
FURMAT (THO,5X,
RETURN
1=1
WH1ITE(GT,

»

o : p

135) Jd.k,FR °

135 FOGRMAT (VRG, 19Kk TOLEKANCE MET Ik

70"

145 PORKKAT (3kO,

1

1

JE12.5, b6h F(R) = ,k12.5)

RETUHh
1=z

WRITE(61,145) J,w kI
19HF TCLERANCE HET 1IN
12,5, L rth)=z E12.5)
KETURK '

END, A S B

L3

EWt W=

FTER
AND F (W)=

3

Qlui
JE12.5)

"FUNCTION HAS SAME SIGN AT W1 AMNL W2

n)

,14, 180 ITERATIONS W=

DIu‘

’

16H ITERATIONS,W= ,

- ap m we e oeee ve
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[ -l U P R AR - e v e e do ey e e R . e h .
LI « -
. B
s .
R - LN L . ™~

' '> =111~ v , .
L4 . . e 4 ) . " R
SUE KOUTINK RMMRVE(A.%.C.h.N.K,lSTA.ISTE,"ISTC)-
\ .
A 1S ThE LEET RAND MATRIX S
E 1S ThE RIGHT MATRIX UF REAL '
C 1S THE METRIX ""h[-"" CONTA'INS TEE PRODUCT i
() y i : —
vk 1S Tx--t"nm EEK GF KOWS 1M A ' ' ¥
N. 1S THk NUMBEF Gf COCLS 1M £ AND NUMEER OF "KQOWS 1IN E
K 1S Thk NUP EERK CF cons It ° L
THEhEFOKE C 1S M EY , ‘ ,
P - ' = - ' 7
1sTA IS ThE STARTING FUSITION KOK THE MULTIPLICATION Ik 4
ISTE 1§ THE STAKTING POSITION FOK THE MULTIPLICATICN 1b !
ISTC 1§ THE START Ck THE RESULTEMT- VECTOR 1N ¢
- REAL A(1),EC?1),C(1) . :
¢ ™ T . . L
A ETLS S o . S
b0 1 1s1,kK _ o : «
+ C{ISTC+1-1)=0.0 ‘ ' .
J1=0 ) T - C ' :
Bh=b NN o = ’ : . .
BleK®h . . N : v '
DO 10 T1=1,Mb,b _ : .
RIS I Y ,
ToJ1=d 140 e
1(1=O -~ . , *
DO 10 J=JV',K1.K - . o -
DO 1C I=It,M1,1 - -
C(1ISTEC4IC)= C(le(,+IC)+A(15’!‘P+I 1)‘E(IST£+J-—1) . : )
1C=1C+1 o
10 " CONTINUL LT - L. N o
RETURN . . , . . ¥ -
END 2 < - ) :
v . - \
L 4
- . & -t
. ‘ t . .
, T~ - .
; R - N i ~ ]
o R ) .
L ' PMAE,M“ ' o v _‘
e oo | ePeETWTR PALE ‘

P . row 1

UPRSPRUE IS WA Y




... .

B

R . ok et e, S WS T N

b

b L4
« 3
Y
3
B
K
3~

R0 7

10

N . ' ’ - N .
. ¢ i ’ b
R S
'\‘ - ’
v - . ]
. ‘ 5 )
SUEROUTTNE  SWITCH(A,B,11,9d) s
DIMENSION A(1) (EtT) : . ~ ~ i
1(/=0 e ’/_./‘./ v . ) ! . .
DO 10 J=1,1T _ T ) \
oo 10 J=1,34 . . . - ‘
1C=1C+1 .
A(IC)=E(1C) ) A .
KETUKN ‘ . _ T ’ "
END . . ' .
- + 3
. \ M ® .
. i . ) . .
/ / ) : , :
- - ”
< . ! )
’C R . » ' ’
L3 ’ ' . e
Vs l
- ., ' 3 ' 1
Y 4 A .
(o S
. ‘ (s " , F
. f ’ ) ' . - - ,
1
- A 2" -
B - . s . '
pn - . R
Ed ’ f.j ‘ AN 4
‘\ - S T
, o ey ‘
- . | ' : . ‘.
. . g . .
N —t " ! ' ) K » . .
! o “5‘}:\ L i 3 - 4 .
o *l ‘ s W ' ‘,' - /
Q-\‘ \ " N ‘ ) : ‘
1 no# ' B . . ' . . . * - .. Y ' ’
‘_;i“ Ny ' v ) ‘
: 4 ‘ .
. + i PALEPRENT . Co :
1 . . o FIR — 3
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- =113- L .
. SUEKOGUTINE AMODE( £M.E) . ‘ .
. CCHMON HE,BC.N.M.NA,NB,NC.AJE,AJC.A11‘A21,B?1.E22.£?1.622
.COMMUE TN, FD, FACE FFY,SERF ,STiF, TENF e
" COMMOK OREGA, SIGSD \IG%DD ARPA .o
COMNON AJ(T), AK(6) RACZ,2,8),08G0T),ACTCY b)Y, STREbS(BOO‘ . 2

Y COMMOK SUT(5).GTE(5),SLGPE(5),C0NST(5)  GAMNAB(A Y L ALANDAC L)

COMMGN ALIFE(O), EANLIFL(&O).RAhTIMk(GO)
CUIMON Ik, TGEILAM , .
ADIMENSION  ANM(h,4) A .-
DTMENSION AN(2, %) o A1(2.1) . . '
. LO 150 KK=1,4 . T
W=OMG(KK) ‘ = '
¥ “AN(1,1)=7.0 ' -t
N ,Am(z.nzo.o . ‘ 4 ' :
RECT,1,1)=1.0 . -/ oy
KA1 ? 1Y=0.0- - '
CHACZ,1,1) = (=h*42) = 80 (1) ;o - :
RE(2, ¢ 1)=1.0 : b -
% (RLL RMMEVE(HA.AP.A1.2,2,1.1,1,1) ' '
< AMCYURR)=AT1(1,1) ’

[

. ACT(1,kR)=£1(1,1) . - o :
.. bu '10 L=z ,N ' : '
, LL.=L S : .
KA(CY,15L)=1.0
RAC1,2,L)=1.0/8k(LL)
T RA(Z, 1, L)z (=WiR2IWAJ(L) | ' o
y o kA(& 2 L)z 0-(h®*2)*AJ(L) /AK(LL) -
10 CONTINUL : ;
< _].A:‘\ i
= (LA+NL4NC) 41
IP'-(I\AWBHMC)WH . ’ ) .
11=1 , N .
TRz =441 A e . S

1AL=(NA*Y )3
DC. 20 JdA1=1A2,IAL. 4 <
CALL KMMKV.E (RA,RA.KA,2,2.2.181,11,1p)
CALL SWITCh(KACT, 1, IA) RA(1 1. ls)‘c.z)
1F(TAT.EG.G) GO TG 39 L ‘
CALL RMMRVE (KA A1, AN,2,2,1,541,1) ' ,
AM( 2. KK)YEANCY, ) - L i )
ACT(2,KK)=aL(1,1) - , )
1F (KK.EG.1), ACT(2 ,KK)=1.0000000 S
FECIAT.EL.S) GC TG 20 °
39 CCNTINUE )
CALL htiMKVE (RAVBN, A71,2,2,1,6.1,1)
AMC3 L KK)=A1(1,1) " : ’ _
ACT(3,EK)=A1(141) : o ‘ . . ST
Tt (KK EC.1) ACT(3,KK)s= 1.0000000 ‘ . :
20 "CONTIMNUR - .o . S v
105 FURMAT (5%, E15.3,5X ,E15.3,5X) - . '
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A
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105

30
1206

L e, R N

FORMAT (5X,E15.3,5X
E11=RA(1,1,14)

JhZ1=KA(2,1,18)

1k=NA+1 ’ :

Go TG 120

11 =KA*441

IEZ=4+11

1EL= (NA+NE)* U -3 )
DO 30 1E1=1b2,1RL,4

GALL  KMERW ( kA, RA,RA-2

CALL SWITCH (RA(1,1,
CUNTINUL
E21=RA(2,1,4)
Lez=zrA(2,2,U)

GC TG 154
IC=(NA+NL)+1

11 =(MA+NE ) %441
1C2=bae11 .
1CL=(NA+NE+NC)*U4-3
DG 40 1¢1=1IC2,ICL,}H

. CALL 'RMMRVF (KA, RA,

bo

CALLSWITCH (Rhe(1,1,1
)

-CONTIMUE

" C21=RA(2,171)

159

Cez2zHA(Z,2,1)
TOE=zpe 1

TCC=421-TOF
ANCT, 1) =411
AR(2,1)=T0B

CALL KMMRVE(KA,AN,A?
AMQH KK)=ptL T, 1)
ACT(U  KK)2A1( 1, 1)%KE

GO TC 150

CELL KMMEVE(KA,A1,AN
AM(S ,KK)=AM1.,1)
E1(1,1)=A11
A1l2,1)=T0LC '
CALL RMMEVE(KA,AT,AN
AM(6 ,KK)=AN(T, 1)
CALL- RMMEVF(RA , AN, A1
RM(T ,KK)=A1(2,1)

. CONTINUE
RETUEKN

LE15,3,5X)

e e e B S R e A e e o <

r

-114-

1)

RA,2,2,2,1C1,11,1P) .
YL RA(Y,1,18),2,.2) \

~

v 2,2,1,13,1,1) ' h ‘
i .
v2.2,1,17,1,8) . ‘ L

v‘2v271y2101y‘!v)

,2,2,1,25,1,1)

'
v

PERELNTE (X .

Sy gty ot

ALY PRINE o

............




10

20,

coee

ASY(3.3) =ACT(3,

" AY=AAR(1, 1)

Ve

- e - A sAsrar e by e e Do 4a o

-115-

_ SUERGUTIME GTRDYS
C OMKUh

MMON
CONMMKO

TN,PD.EP.CE,FFY.SARP S1ZEF, TENE
W OMEGA,SIGS;€1GSD, $16SDD, AAM\

CCMNON AJ(7),AK(6),KA(2, 2 8y, onﬁ(v) ACT(4, L),
COMST(B Y,

C GMMON SUT(5),GTE(5),SLGPE(S) ,

RE.‘RC.&,M‘,M.NE.mc,AJB,AJc',AH

. A21,B21

STRESS(800)
GAMAP(“).ALAEDA(M)

C OMNMON ALHE(BO) RANLIF E(BO) RAN'TIME(bO). .

COLKON 1L,1GE, ILAN
DIKENSICN  P(4) ,AI(1,
TQ(4), ASYS(h,b),

ARKCT, &), bY3(H8 ), pSYL( 1)
135=1 , _
DO 22  Ih=1,1 ' '
TF(IM.EC .2)60 TO 117 co
DO 23 IGE=1,4 , K
DO 24 - ILAN=1, 4
WRITE(61,8)IM, IGE,1LAN

FGRMAT( 5)( LN VER L
CHEGA=200.0
Lo 21 1K=1,10

ArL{(1,1)=0.b

CA1(1,2)=10.0

PI(1,3)=0.167
AL(1,1)=2.0
£13PP=0.6 ~ &
ASY(1,1)=ACT(1, 1)
ASY(2,1)=ACT(2,1)
ASY(3,1)Y=ACT(3,1)
ASY(4, 1) =ACT(4, 1)
ASY(1,2)=ACT(1,23)
ASY(2,z2)=haCT(2,2)
ASY(3,2)=ACT(3,2)

ASY(L,2) =ACT(4,2) .
ASY(1,3) =£CT(1,3) :
ASY(2,3)Y=ACT(2

ASY(H,3)=hCT(Y
ESY(1,4)Y=ACT(? -
ASY(2,0)=2CT(2,UY) ,
ASY(3,4)Y=ACT(3,4)
SY(4,4)Y=ACT(L,4)
ACHS(1)=COMG(1)*=2
ACKS(2)=0ONMG(2)*=2
AOMS(3)=0MG(3)*»2
ACQNS(L)=OMG(L)®%2

DO 10 J= 1 u

Do 10 1= S B

ASYS(T, J) A.,Y(I J)*ASY(I Ji
DO 20 J=1-4.

AAR(1,J)= 0.0 °

DO 20 K=1,4
AAR(1,3)=AAK(1,J)+AT(1

1

LK )*ASYS (K, J)

A2=haR(1, 2)

© PALE PRINT

P . EMPREINTE PALE .

B

4y, ASY(u 4),A0Ms(4),
ASY3(H ),

5%,14,5%X,"1GE=",5X,14, 5X ,"1LAM=",5X, I4)

+B22,C21,Ce2

~a

S M ek A e o e e NI AT
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< 116w .
A3=RAK(T,3) o -
v BUHzAMR(T,L) : . . ,
C1=A1*A0MS(1) '
Czsh2*ACHS(2)
C3=A3%20MS(3) .
ClspUmpCro(lyY ’
LA14=2,0 \\

‘ Fh=0.33533

ASY3(1)=A5Y(3,1) . .
BSY3(2)=R5Y(3,2) e ' 4
Auvsta) ASY(3.3) d
ASY3(UY=A8Y(3,4) . :
ASYH(1)=AS1(4,1) i ) .l -
ASYH(2)=A8Y(Y,2)
ASYU(3)=ASY(L, %) L -,
ASTu(U)=pSY (L, u) . ¢
DU 40 I=1,4 ' .
4o kl3(1)-(-AOP‘(1)’(AI3PP‘(PN)*ASY;(I +ATU®ASYU(TY))
(=30.0 T
PADD= (AN‘AIJPP“(CLEGA**2))/A1
AP1zP1DD/(ONMLGA®*%*2) . .
131 FOKHAT (5X,"AP1=",5X,k45,.20,5X)
DO 459 TI=2,4
CMGUP=OMG(I)*(1.4+7,/(2.%Q))
CHGL =2CHG(I)*¥(1,=-1./(2.%0))
IF (GLEGE .GT. OMCL JAMD, OLEGA .LT.ONGUP) GO
-1 TC $10 , )
v P(1)Y=(AN> A<15(1)-AY3PP*(0MEGA**2) FYX(1Y)/
1 (AAK(T, 1) % ((OMG{T)**2)-(OklbGA*#2)))
GO T0 920 - -

‘910 POLY=(ANYASYS(L)%RIPEP*(OMEGAN*2)=FY3(1)) %0/

1 (AAR(I,1)*AOME(1)) g
$20 CONTIMUE ,
499 CCNTINUR 4
TC(1) =P (2)4%EY3(2)+F (3 -r15(y)+P(u)*pY3(u)
Etz PIDL*ASYS(1Y / )
k2= RUbS(2) P(2)*A8Y3(2)
B3= ACHS(3)%P(3)=A5Y3(3) -

/.

bBh= AOMS(UISP(UY*psY3(h) | T .

TC(2)=Ch1-ke-E3-KE)¥PN*A15PP
TQ(3)z(~hLIPP*ClibEGA™*2)
AR3z600000.0 ° , j
TC(4)=hKS3 .

0 ETgs TL(1)+TC(¢)+mL(‘)+TQ(4)

DP=TN/LPD .
GAMMAG= GANNAE(IGL)*EXP( ALAMDA(ILAM)*OMEGA)
EPSFTC=FTC(™0.225%3G  U*GANMAG -
REPSFTQ=AES(FPSFTQ)
© WTAN= AEPaETQ/(PD/?) '
165 FGRMAT (SX,"WTAN IN POUNDS=",F25.9,5X)

bTHLSb(lb) WTAN® DP/(PACE*BEY )
I1S8S=1S+41"
OMBEGAzOMEGL4+200.0 ' /

\
21 CONTINUE {
24 CONTINUE |-
23 CCNTINUB . oo
22 CONTINUE §

-
17 CONTINUE : A
' KETURN , ' PALR PRINT . - -
END , . mxxmm b
\ ) et 3 b
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SUEROUTIKE GTL1FE | '
COMMGN RE,HC,N,M,MA,NENC,AJEAJC, P11 ,A21
COMMUN TN, PD,FACE,FFY, &LMF,SIZP,TEMF
CCMLGN OMEGA,SIGS,51GSD,S1CSDD, ARAR
COMMLON AJ(7).AK(b).hA(c,c.L).UHG(7).TCT(huN) STRES
CCMMCh SUT(5),GThR{(5)Y,SLUPE(S)
COMMGN ALTFE(E0) ,RANLIFE(8Q) ,RARTIME(H0) )
COMMUN 1M, IGE,ILAL
DIKERSIOM RY(10),#X(10),RE(1G)
DIMEANSTON SHEAM(E00)
Is=1
DL 22
IF(Ini, kR
DG 23
LG 24 1D
1H=1
OMEGA=200. o
SDC 21 1=1,10 v
WHITEL61,91)1r,1GE, ILAMTTIR, 1S
PQHhAT‘(SX;"ik-" 2X.14,5X%, "IGL-".cK Iu,ex
Sk=0.9%SUT(1N)
WHITE(G1,S10)SUT(IN) : ) !
91Q thIAT(SX. "eUTE", F10.2)
. AME=1.,4
Sk= ANP'O ExSUT(IM)
SMEAK(LS)= o*pbs(\-nb&5(1s)\/1coo , 0 )
LRRTE (61,52 SKEANCIS) T . o)
92 PORMAT(5X,"SMEAN(IS) 1IN KPST =v,2X%,F15.5) A
SFh=SF -
. WRITE(61,522)5FM . &) .
922 FCRLAT(SX,"SEMEAN(1S)=" 85X ,F10.5)
SEN= bt*«1-(orLAn(ls)/<UT(1h)))
WRITE(G1,93)SED
93 FORMAT(B5X,"SEM IN KFEL ="5X%,F10.3)
1F (SkM.LE.SEN) GO TO 19 0
TF- (SMEAM(IS) .GE. SUT(IM)) GG TO 19 )

yE21,kee,C21,G22

$(800)

@

1
GO T0 117 Co. T
y

;e

n Ny =
-
P =y

3 ~ -

"7

SLOPE(IR)Y = 35.0/(FLOGI10O(SFHM)- ﬁLOG‘O(uEN)\ . s
ALCG10k=%. O+6LOPE(1N)*ALOG1O(uFM) -
. ' . CORST(IMN) = 10%*KLOCIOK . v ’
v ASTHESS=STRESS(15)/1000.0 »
.- .
it
e
© L " -
—~ - . B
- . \ } )
R DU PALE PRINT T
“ - ‘ mm P‘LE L 4 »

) - —

D S —

.CONST(S),GAMRAL(N) ALANMDA(Y)

"TLAF="2X,14,214,5X)

. . . ¥

Shrdb(1s) - . : o
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117 CONTINUE

i
.

FORMAT (5%,

DYS=ABS(LETHESS)
1F. (DYS.GB.SFM) GO TO 19
ALIFE(18)= CCNST(IM) /(DYS**SLOPE(1N))

PRINT* ,"1GE, 'LAM,I" .

hRITh(61 166)Y1GE,1LAN, I ‘
FORMAT (10X,319) ' ¢
WRITE(61,121) ALIFE(IS),STKESS(1S) ,0MEGA
WRITE(10,*)ALIFE(IS),CMEGA ?

"ALIFE IN CYCLES=",5x,2E21.10
RYLIR):ALOG1O(ALIFE(1&))' :

- KX 1h)=ALUG1G(OMEGA) .

GG TG 1060 [
ALIFE(1S)=0.1 .
WRITE(61,121)ALIFE(IS) ,STRESS(IS) , OhEGA
WRITE (10, *)ALlfb(IS) OMEGA T .
IR= 1H+1 \ [\ Qv ’
‘1521541 . . .
OMEGE=CNEGE+200, 0 :
CONTINUE
CONTINUE ~
CONTINUE .
CONTINUE

RETUKN
LMD

STKEES

-

PSIM

c

JFE.2)
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SUERCUTINE EANLOM
c | .
) COWMON RE,RC.N,M,NA,NB, NC,AJE 4AJC, A11 A21,E21,k22,C21,C22
COMMON TN,PD, FACEsEE\ Ahb SILP ThY b g \
" COMMOUN- OMEGA , S1GS,81GSD, 51usnn LARE ‘ ‘\
COMMOM AJ(7),AK(6).HA(2,2,8).GNG(7).ACT(“.“).uthb“(GOO)
~  CukMON SUT(5},GTE(5),SLOPE(5),CCNST(5) ,GAMMAE(H) ,ALAMDACH) -
CUMMCN ALIFE(80),KANLIFE(E0), RANTIME(&O)
COMMON INM,1CGE,ILAM . : T
DIMENSICN  hY(10) 3x(10) ERLIEE(10‘ hhE(10)
f\, \ FHINT'."############ T RANDOM bTAhT°/°ﬂ##i#### YA
T, lki=1 . .
"DO 24 1IM=1.5 .
IF(1M.EC.2) GC TC 107 . .
\ DU 25 I1GR=1,4 . . . .
DU 22 TILAM=1,Y4 : . R
1S5= 1 N )
UMBGA=200.0 ' ‘ . S
Lo 21 Iw=1,10 ’ :
LARA=OMEGA-10.0 N ) ~— .
Y1  FORMBT(SX,"AARA=".5%\,F15.5,5X ,"FFEE=" 5% ,F15,5,56X)
CALL IMNTEG , " :
51 FORMAT(SX,"1lM=",2X,14,5X,"1GE=",2X,I4,56X,"ILANM=" 2X,1L,5%X,214)
TR1=TK 141 . . "
EAP=SIGSLL/(2%3.1414*S1GSD) : .
.0
Th=SLUPE(1hL)
ALLL=Th=1,0
F1=3.1815
0
ATE (1.u1u"TH)‘GTh(IH)‘(B**ALLL)/P]
Rb=1.0 & .
© psD=((S51G5L/1000. 0)s$*TH)/CLCNST(IN)
Aoz (STCSD/SIGSED)Y*ALLL . ' :
RANT=EL/(ATE*ASL*ASK) '
KARLYFE(IS)=aNP*KANT
. 21 FORMAN(5X,"RANTIME(1S) EN SEC =",5X ,E45.5).
* hthh(b1 151)HAhL1kh(IS),OMEGA '
131 tOHHAT(“hAhLlEh-"‘h15 5,5% . "OMEGAF" . F6.1,5% ) o
WRITE(15 ) #)RANLAFL(IS) ,CLEGE ,
.29 FORMAT(5XE15.5,3%) ‘
- I15=15+1 \\2 - '
OMEGA=OMEGA+200.0 -
21 CCNTINUE
22 CONTINUE -
23 CONTINUE :
g 24 LONTINUE
107 CONTINUE . ; ‘
RETURN : - —_—
' END ) . ' N
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. -120~ - - .
SUERGUTINL INTEG ' ‘ !
COMMOE KE,hC, L, M, NANE,NC,AJB,AJC, A1, A2, 541%52¢.L21 c22
CGALMGM B, PO, PACL Ebt.erP.SILP TEMF

COMEON OMLEGA,SIGS.SIGSL,S1GSDL.ASAD .
COMMGE AJ(7) ,BK(6) KE(2,2,6) ,0LG(T),ACT(4, h).STRESQ(bOO)
CLNMUN°ﬂbT(5).pTrL%) SLOPE(5) ,CONST(5) ,GAMMAE (), PLAVMDA(Y)

10

20

CCOMNMON ALIEE(YOY,
CCEMCN 1b:,
DIMEFPSTICON  P(4)

SUF1=0.0
SLhe=0.0
SUMN3=20.0
BOMLGA=ALELE
Do 125
“A1(1,1)=0.6
A1(1,2)=210G.0
ALCY, 3) 0.167
AI(1,4)s2.0 .
AIBPP:O 6
ASY (1
LSY(2,1)=4C7(2,1)
ESY(3,1)=ACT(%, 1)
ASY(h,1)=2CT(h,1)
ESY(1,2)=4CT(1,2)
ASY(2,2)=zACT(2,2)

Jd=1

n

\

JI1Y=ACT(1, 1)

KANLIF R (80), kArTIPE(bO)

16k, 1LAY
JAL(
1 ASYSCU L)

+ 10

AEY('ﬂvZ):ACT(')\'Z) -

ASY(4,2)=6CT(4,2)

ASY(1.,3)=ACT(1,3)
ASY(2,3Y=4CT(2,73)
A<it?.3)-AcT(3.,,
ASY(U,3)Y=207(4,3)
ASY(1,4)Y=4CT(1,L)
AoY(2,4)
ASY(3,4)=ACT(3,4)
ASY (U, U)Y=ACT(4,4)

CACHS(1)=0MG(1) 42

ACMS(2)Y=0LiG(2)**2
AOMS(3)=0mG(3)*%2
ROMS(Y)=UMG(L)*e
Do 10 J 1.4

=HhCT(2,4)"

JUY CRSY(U,U) , pCMS(4)

JASY3(U)Y  AER(Y

-

PU 10 LU
ASYS( ,J):ASY(T.J)'ASY(I.J)
DG 20 Jd=1.,4 :

AGK(1,d)=0.0
DU 20 K=1,4
AAR(Y,d)=RAH(
A3=AARCT, ) )
h2=AAK(1,2) r

CR3zBAR(1,3)

ph=pAar®1,4)

C1=A)*A0MS(1)
C2=A2*ACMS(2)
C3=A3"A0MS(3)
Cu=il¥aoms(Y)

yJ)+RT(1,K)*ASYS(K,J)

" PALK PRINT -

;mnmem"

R )

.TQ(“).

UYL EY3(H), ASYH(U)




4o

G10 P(I1)Y=(ANC*ASY3{(1)*ATI3PP*(FOMEGA®22)
1 (FPAR(T,1Y%ACMS(T))

3

420
Y9y’

© 150

125

£14=2.0

Ah=Q.33335

ASY3(1Y=zASY (Y,
3

As!u(1‘-AsY(u 1)
VASYH(Z2)=ASY (U, 2)
TASYA(3)=ASY(4,3)

ASYU(Y4Y=ASY (U, 4)

DC kO 1=%1,4

-»

FY3(1)=(- Atbu(l) (ﬁI*PP*(Pb) ASYS(T1Y+RTU*ASYA(TIY))

£=30.0

P1bD= (Ah*hleY*(h(bLGP'*d)\/ﬂ1
AP1=sP1DL/(ECLEGE™*2) »

DC 699 1=2,4 -

CMGUP=LLG(T)* (1,41
ULGL =GAG(TI)*(1.<1
CI.GL

1F (ECMEGE .GT,.

1 TG Y1,
P{L)Y=(ANYASYS(1)*A13PPE([CPEGA®*2) -
1 (AER(T, 1) ( (UG ) =2 )~ IOMEGA*

GO MC 620

CONTINUE
CONTINUE

(1) P(c)'EY5(2‘+P(2)*bY3(?)+P(U)*bY (u\
- B1= PILD*ASY3(1)

J20%0))
L2 50))

EZz= ADbQ(E)‘P(c)*AbY;(c)
E3= RUNS(3)sP(3)Y%p8Y3I(R)
Ebz ACMS(U4Y*P(UY)*ASYI(4)
Te(2)s(E1~Ez=-E3=-EBU)®AR*ATISPP
T(())-l-AleP*bbrkbA‘*d)

AK3=800000.0
TC(U)=AKD

PTQ=TQ(1)4TC(2)+TC(3Y4+TG(4)

FOURMAT (55X, "ETC=",5%,¢30.49,5X,"LewTON

DP=TN/PD

GAMFRO=GAMMAE(IGE) *EXP (- ALAbLA(ILPP)*ICPLGF)

FORMAT(S5X,"GAMMNAC=" ,5X,F15.10,5X) -

FPSFTCzFTC®0.225

AFPSETG=ABS(EPSETQ)
WTEN=AFPSFTC/(PD/2.0) .

AKKh=2%TN/(PD*PD*F AC
ECRMAT(SX " AEPSEFTC=" ]

*3G,U*GAMNAD

\

TF:((AKKR‘AkPSETQ)/GAhhAO\

b 1=(ECKEGA#2) % (Th**2 )% (GAMMNACE*2) /2.0
Fe=(LOMNEGAX®U ) e (TF**2)=(GAMMP(* 2

F3=(TEe®2IN (GENMAGR=2)/2.0

SUMT=zSUNT4E1
SUMZ=sSUMZ+F 2
s®m3=SUh3+ea

BOMEGA=EUMEGA+2.,0

CONTINUE

S16SD=SQKT(SyM1/710. )

. SIGSDD=SCRT(SUM2/10.)

SIGS=SQRT(SUM3/10.)

RETURN
END

I T TGNV U

Y3
%2

)/2.0

1

i . B R T LI

. ke

. PALY. PRINE
PMPREINTE PALE

JAND. ECMEGA JLT.CLGUP)

(1))/
M)

rbY*bARF*lef*ﬁEPP‘
X,E30.2,5X,"AkKK=" ,5X ,E10.,2)

-FY3(1))*C/
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