+ While the cable i3 winding ente Lhe doum aucface, there will be no pulse
in the ¥ direction, as Lhe cable remains ab constanlt cadims. When a

layer change oveurs at position 3-4, a strong ¥ pulse oceurs. Theceafter
a smallecr ¥ pulse occurs at each successive roil crossover as the cable

rriftnkd Avaer b H-n:l 1|11r]n1'|tr|'r|:f i'n!] II".F""I"

UT-a ey Lo

s A pulse in the z direction nccurs at each coil crossover, as the coiling rate
is momentarily increascd as the cable rises over and across the Lebus
aurface or lower coil layer. This puise 13 accentuated at a laver change-

'The varions pulses occurrzing in the rope are illustrated in relation to the rope
position in fgure 1.4, The frequency at which the pulscs ccenr iz directly
related to the drurm winding speed. Since there v a cail cross-over every hall

revolution of the drum, the excitation irequency i3 twice that of the drum

cotational frequency, for a [30F Lcbus sleeve.

""‘""_r

At 3ﬂ"

pa——— Gl CalCLin P -

Figure 1.2: Mankowski[1982], Figure 2.4(a): Winder dmm fitted with a Lebus
liner
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Figure 1.3: Mankowski|l
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oo 1 4 Diemitoiosn Ao Whillier|1973], Figure 8: Pulse Initiation by coil cross-
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overs at the drum




1.2 The Study of Dynamics in the Industry

1.2.1 Longitndinal Dynamic Studies

Varigus aspects of hoisting technology have teen examined in the past. Ini-
tially the industry was concerned with adequate rope faclora of safety, This
atimulated research into t

el mass under emergency braking. This aspect waa firat investigated by
Yanghan[1803], where a lumped parameter model of the rope was employed
to mimulate a descending cable with a suspended mass abt ils end, suddenly
atapped at the top support. Vaughan's [1903] analysis demanstrated that a
critical depth exiats, where, due to kinetic shocks, the cable 13 more severely

| 10N =1 llrn.rl - u;rn.:lzr
Al -r =3

. 1 .1 AL L L b= A=t [ 1 I K] =4 . e lom kil
S5Lressed Enan 1AL AL Ercﬂ-1CI QEPLYI. VLY | L2 atdg v, a Siaay pTiREIn vl
ising the solulion to the wave equation, however hig anatysiz concentrated on
the wavelorm and [requency of subsequent stresé cdcillations, These analy-
2o gagwmed idealised instantaneous deccleration and thus simulated extreme

o e vhEam

L +h£ !ﬂru’ifn:‘“n:l hechaviout of a8 cable supnortine an
LA EUIAR T daTay RFLRAEAERISL RS 2 LRSI U Eitg

dimg canditi-ng P and Smibhl 1% asgessed the influence of mechanica
hreaHE on winding equipment. Parct of their atudy locused on the calculation
of linetic tension in the rope due to acceleration/deceleration or emergency
hreaking. They illustrated that if a ramp acceleration/deceleration profile was
applied with a periad equal to that of the fundameatal longitndinal mode,

rainimum dynamic response would oecur. Pollock and Alexander(1851], ex-
tended this work, refining the analysia by including higher order terms in the
1
solution, and examining the residual response of the rope alter the accelera-
tion/deceleration had ended. Harvey and Laubscher[1965] examined the lon-
—g;,‘u&ma]_hehﬁﬂuur of the hoigt system, including the inertial effectly of winder
motor/drum and sheave, for the purpuse of developing a control system capa-
ble of reducing residual response amplitudes during SMECEENCY ]:rra.king._ '[_‘he
coutrel system developed imposed an emeTEEncy deceleration profile camsisting
of a ramp change until & predetermined maximum value had been ohbtained,
holding this value constant unti] the end of the braking cycle. Active winder
control is currently being assessed, with respect Lo the initial acceleration and

LLFLE DLW 40 LRaSrRe=L T W

deceleration profiles imposed during normal winding {Hi‘i}‘“hffg[m?ﬂ]]- T.hiﬂ
will resnelt in lower residual response duting normal operation, thus improving

the fatigue life of rapes currently in use.

More recently, with the discovery of significant ore reserves between 3000-

W o Donrzle tha ogmantk of robe f_a,fr-ﬂ-r ﬂ'f HEEI'_"L? hm heen I'-E!-E'Iamiﬂﬁ-l.'l. 'l"hE
DULLUIIL IEVEELHy LIS By o= ".J.' . ’ T H

rationale Belng th . -
technology to accommodate mining to greater depth without the use of mul-
tile hoist systems. Naturally this would alse benefit existing instaliations in
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teerrna of the aliowable rope lile, or increased paylead and produclion rate.

ITEenWay re-addressed the probiem as stodied by Vaughan|[1003], Perey
[1906], Patry and Smith[1932], Mollock and Alexander(1931], deriving & modei

aof the longitudinal response of the rope with a anspended end 1nass noder var-

e arceleratlon o ars Fyon Dronles .' Y WAR DrIma Clntendesd Lo
be a parametric study Lo assess the influence of physical parameters on the dy-
namic responer. By utilising a non-dimensional approach, it was demonstrated
that the peak reaponse of the upper end dyoamic force, and hence Lhe ratio
of dynamic to static factor of safety, is a weak function of the ratin of rope

mass to attached mass. Alse, the dynamic factor of safety 1 o weak Function

r Lot Bocil cod of mana anlra-tian cbratnoy The aznect af rednced dvnamic
of shaft depth and of rope selcotion strategy. 1he aspect of reduced dynamic

responee with an acceleration profile of petiod equal tn the fundamental lap-
gitudinal mode was confitmed. Thir study Establrirnhnj.cl thal scopr: cxists I"uT
reducing the tope Factor of salety, through controlled ramp acceleration and
develeration Pﬂ;ﬁlgg, In a similar vein, Greenway[1030a] evaluated the lim-
ita of hoisting from great depth. As nated, the cost of develapiog roam and

[ Nt T ] Traw ¢l innla |30 wrineling

SUMBE“- ilﬂi.st SFEEE'I'IH pm?idﬁi Stltuiﬁ mmotivation 1o CeeD SI08:4 U WIDGINE
systems. Greenway{I1990a] concludes that thefac . tope;
o B |esser extent, winding speed are pritnary parameters influoncing depth

and production eonstraints.

The static and dynamic characteristics of wire rope has received concerted al-
tention by Castello et al[1983]. The models devclixiej are alccnrdl_ngll:,r l:,om]:!Ee:nE
and non-linear, and are summarized by Costello| 1933, AR UMPOTEANTL AZpECt O
the rope construction is 1t torsional respanse due to axial load. Butson[l1981)

rvnraiced thiz nrablem in the context of deep level mining. A result of his
EAGRLLIIIIIYY Slily presraroaenr i . '
i apal estrained

ilge:; ends, the rotational coupling can be discarded, redll.Lcing l]llf." problem
i an ncaspled wave equation. Greenway{1980b], reexamined this problem,
since t.ﬁa.ngﬁlm‘ atrand rope mnstmctionrlw.hichf exbite korsional r.rnuphng 1.5
currently utilised in the South African mining mduﬂtry.l Greenway'a analyaia
included az investigation of the lay Jength changes which occur as a conse-

yuence of the torsional response. Tt was concluded that the lay length changr

is more strongly influenced by the total rape mass, rather than the end load.
Consequently, the application of such cables to deep bevel mining may be prob-

lamakic
WAL,
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1.2.2 Coupled Dynamic Studies

In the early 7T0's, it was realised by the mining industry that further research
concerning the dynamic behaviour of the catenary system, including both Lat-
eral as we]l a5 ]onmtudlna.l behmrmur waid reumred Dumtr;gu_ and Whillior

quasi- statlc dmcnpllnn nf th linear lrane-w'rqe and ll:rngjtudmal nal'.ura.l fre-
guencies of the catenary and vertical cable, as a function of shaft depth. It
was considercd that the main souece of cxcitalion was doe to pericdic im-
pulses applied to the drum end of the rope as a result of coil cross-overs.
(lonsequently an analysis of the rope movement during coiling on to the dram
was conducted, resaltiag in & description of pulse frequency and displacement
ragnitudes, They demonstrated that a 180° Lebus liner would impart even
harmonics of the drwn otational frequency, whilst a single groove Lebus liner
wonld impart all karmonics of the drum cotation frequency. Furthermore, the

magnitudes of the first three harmonics af the excitation would be similar.
Subsequently graphical plots conutsting of the natural frequencies and excita-

tion frequency versus shaft depth were prepared?, as illustrated in figure 1.5, It

was haped that this information would explain the phenomenon of rope whip.

Kloof Mine in Carltonville Seuth Africa, was experiencing ropo whip, and
was utilized as & case study. Figure 1.5 13 based on the Kloof bMine system
parameters. Catenativs A D which were of similar length exhibited the most
severs vibrationa, It was observed that the rope whip was more severe with a
full akip agcending than an empty rkip descending. With reference lo figure 1.5,
snvere vibration began at phase 1 during ascent, continuing up wntil the end of

P P [ I TR A —— | rrnm tha l"r'nnni:mr'u‘ nlnhz I'h;ti' H'un conditinn AT
Lhis cycle, It was oDIerved irom LOS Irequenty na CONCILIOD CAN

about a3 a result WWW%WWWmd
lateral mode of the cable. Furthermote, the fourth longitudinal mede of the
svatemn crosees Lhe second harmonic of the coil cross-over excitation (requency
line at the start of phase 1. Hence, the requency of the longitudinal cacillation
matches the frequency of the tension Auctuations induced by the amplitude
of the second lateral mode of the cat.mmr}’ Thus it may ke r_,:u:pcrt.rd that

,,,,, a1 _

lengitudinal and lateral osciliationa would interact, perhaps mubually exciting

one another.

and Mankowaki amployed the notetion FTC for the n'® lateral

: ik udmul made of the vertical enble, where
the vertical rable was treatad as fixad at the sheave eml. Four ¢atenacies are represenied
ihis Agure namely A-D; catenarics & 0 reptesent the overlay winder, whilet B D represent

ibha 1 ;I-.--l-..l-..-!nrln!
il URGITIRY W
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Figure 1.5: Dimitriow & Whillier[1973]: Linear frequency map

The catenary leogths for the Kioof undetlay and overlay winders were;
A=Tddm, B=T0d8m, ' = 638m, D = Th3m

The passage to phase 2 coincides with a layer cross-over, and a significant

axial pulse would be introduced to the syetem, promoting higher amplitudes,

Observations of the [ateral response of the vertical cable confirmed that ampli-

udes rosa at the start of nha_ﬂp I and were auumxlmatpltr ol pmlal wavelenegth
'H'Ll.l'—? ERdeiid FRU LEEL U hLRE ¥ LY L= - AR =2 =iliig

tor Lthat of the catenary.

Dimitrion and Whillier [1973] were aware of the limitations of a linear analysis.
This promnpted a discussion on aspects of nonlinear system dynamics, pravid-
ing a plausible description of the observed behavieur. In this discusaion, the
concept of both the | jump phenomencn and of subharmonic resonance of the

|
Vertice TOPE W ' Tdl

respunse of the vertical tope, al half the frequency of longitudinal harmmonic
tension flictuations. It was stated that this is a natural consequence of string

vibration, as lateral reaponse i3 & subharmoenic of Lension fluctuation. This

discussion led to & brief description of primary stability intervals associated
wilh pararncttically excited systems, and hence Lhe importance of considering
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the poassible influence of longitudinal tenston Auctuations with respect to the
lateral response of the catenaty and vertical rope. The observed lateral re-

a0 verti ope was attributed to Lhiae w n

Mctnations induced by the lateral motion of the catenary. ‘'he cancept of mu-
tual excitation of the catenary by the lateral response of the vertica rope, and
visa versa was briefly discussed. The possibility of an amplitude depeodent
natural frequency relationship pertaining to the catveary was presented as one
explanation for the different behaviour between the ascending and descend.

ing cycles, Although these concepts were discussed, no formal mathematical
treatment was purswed, and thus the discussien led to an intuitively described
relationship hetween the lateral natural freguency of the catenery and the lon-
gitudinal natural lrequency of the vertical rope system. On reflection, these
relationships in essence described the possibility of autoparametric coupling

between the vertical rope and the catenary, as wel] as the cendition of internal

[ AL E-

Dimitriou and Whillier [1973] concluded that & more detailed study including
the non-linear aspects of Lhe system wonld be required to interprel the forred
ponlinear rﬁpﬂn;g observed at Kloof Cald Mine. However, provided care was
exercised during the design stage, ao as to avoid the caincidence of an excita-
tion frequency with any linear lateral natural (tequency, then o some degree,
later preblems could possibly be reduced or avoided. This uniortunately dis-
cards the observations concerning the parametric nature of the system, and

reverta to & purely linear classical approach. This epproach has been adopted

Lie she 'odeickboe: Su sbmmlifiad form.  Boshofl1877] orepared a dacument for
UJ’ LIC IIIOUGDY 10D SELREpAiRirLAE JR55inr 1 ir e

The Anglo Ametican Cotporation, describing a hoist system design methodol-
ogy for the avoidance of rope whip, which stif] at.a:nd? tcr'la.;.nl This dpcume_nt
conaiders ouly the first mede of the calenary and the hrst hatmonic of the
cail cross-aver frequency, and neglects the longitudinal modes of the coupled
system. Cognisance was taken of the posmible effect of transient excitaliony

b b thabk Phooe mayr ranae mineniline nrohleama
L P l“J RSl L gt LT FELEW N ~Tay 11..5 F

PR r w31 - g

which accur at ihe layer change, in Lhat baese
For this reason, the layer change location was gpecifically chosen not Lo ocour
simultapesusly with a catenary reacnance, However, since the phase of the
lransverse excitation changes by 1807 after a layer change, the transverse exci-
tation may be used to precipitate the build up of a resonant condition. Ulsuaily
it is not possible to wind to 2 great depth without inducing resonance in t,hlg
catenary on either the ascending or descending cycle. [h was sugested that it

is preferable to aceept a resonant condition ot the down wind I

the upwind as a design atrategy.

ine ayatem b}r dguel-

er program, capable of simulating the forced response of
d the suggestion by Dmitriou and Whillier [1973] that

op:mg a digital comput
the systen:. This loilowe



a cornprehensive analysia was requiced which included nonlinear elfects, ar wel]
a3 accounting for the coupling between the catenary and vertical rope, [n thia

study, Mankowski|1952] invewmlpmqmﬁweﬂﬂ_—

Firatly, a lumped mass modet of the system was eruployed. The model retajned
three transiational degreea of freedomn for each mass element in the catenary,
whilat only considering the longitudinal motion of Lthe vertical rope. The affect

of gravity on the catenary was accounted for, as well a5 nonlinear gec-m:triu:
di_furm:llnn nr |‘|'|n:r rahblas |:|-||:r11'||:|-r1+=| 'T]'llla tha smalyeis was nat 13 T |
RS R v LuAEL AUS LJiu BEIELY OIS RO BELFL J||||..||.-‘| uu SIThLLE]

deflection theary. The displacoment function induced by the eoil ctoss-over was
simulated accurately, in the three orthoganal directions. The anslysis did pot
accournt for the velocity of the cable, as this was considered a secondary effect.
A simulation was performed on a aystem where the canveyance was ¢lose to the
sheave, and the performance of the programme assessed. It was found that
the formulation fEi‘[inn:d substantial mmpuua;iﬁﬁal effart in order o atialn
accuracy and numerical slatility and thur an aiternative formulation based
on the method of characteristics was tmaplemented. Once again computational

rFFnrt. wWasg a Jimit.inﬂ: I‘actur. and ﬁrmll'rr i methcrd I:m.ur:d on Bergeron's [196]]

wasg gJea,npd by appl:,-mg |t. ﬁrst]y (17 s:mulate the lung]ludlnal response uf
the system under harmonic excitation. Subscquently, the noolinear lateral
tesponse of a rope with a clamped/pinned boundary condition, excited by a
harmonic displacement at the clamped end, was suecessfully simulated. Both
simulations performed satislactorily and eonsequently, a final model atterupt-

anmnen Aot e bedb lneaitindinn]l and laboen]l hohnoirimoap cerae Aoeenl ne |
II]S W ALLDIIILIILUO AR LES LR LE Lullﬁlluulllm hLLh JANMTE L LCEIATY LA L  Wan ugvclupm

In this process, the catenary was simplified to assume a parabolic shape sym-
metrical with respect to the span, where the axial varialion in tension dye
to gravity was diecarded. Thiz was justified on the basis thal the catenary
wan Lant and had & sag to span ratio of less than 1:20. Only lateral response
of the catenary was modelled a3 stated " .each lumped mass ia congiratned
ta move in an I-y plane perpendicuiar lo the span ", whilst the vertical rope
wad constrained to exhibit ooly longitudinal meotion. The calenary tension was
caleulated on the basis of the rope streteh, and coupled to the vertical rope
Ihrmtn’h an nertial balance acroas the asheave. 'The excitation at the drum
WA mgdellﬂd aa a displacement function of Lime, acconnting for the lateral
and longitudinal pulses applied to the syatemn. The lengitudinal pulse was ac-
commodated by increasing or reducing the unstretched length of the catenary,
henece directly influencing the calculation of the average tension. The axial

travelling velocity was not modelled as it was considered 1o be unimportant,

L ocagac—mace wiha canalors wWers uarmd afmfdum Lo the rlrurrl w:-]nm!u and
LI.'_IHE"«'LI. I.-IJ.'E EJ'-BM'JI hd l-"lil TRLE R R

nce the vertic
merical d,fﬁcu]hﬁ in that hi gh frequency modulatmnﬂ in the output occurred.

As a result, a numerical damping function was eruployed to smooth the data.
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Even though care was taken to construct the dipital simulation algorithm,
and detailed simulations of the lateral and longitudinal behaviour testad the
hecame unstable at approximeately 800 m during the raising cycle, ”The reason
for the termination of the grphizal oulpul af {5 s, és primurdy, the breakdown
of the relation governing the apeed of irensverse disfurfances {n the mefined
cable.... and the stmulation becomes unatable”, Thuz the simulated amplitude
of the inclined cable was so severe that the system approached a slack cope

condition, Due to this, further discussion concerning the simulated behaviour
of the coupled syslem was restricted to the region between shaft bottom and
ROD m. Mankowski|1982] attributed the instability of the simulation to the
neglect of rope alip at the sheave, ".#fip af the hewdsheave would occur as
sonm #8 the lension in the inclined cable drops sufficiently and Hhat alip would

prevent furiher reduction in tension”.

T With regard to the stability of the system, Mankowskifi982] states A3 a

reaonant condition 18 approached and the amplifudes tucrense, 2 form aof auto-
parametric ezcitation sets in wilh the reawll thal groweng amplitudes reinforce

5 yatinn G dQ-PETS ARG 1ML EOCENT AR ik

ponential rise in the velocity and fenaton graplitudes ezhibited in the simuiation
results begond 1000m, il is possthle that aute-paramelric excilalion is one canse
for the breakdoun of the simulation model during resonance”,

A simulation of Lhe Kloof winding vycle was thus performed between the deptha

¢ IRG0-200 m only, Mankowski{1982] discussed the results of the simulation
ol 1300-800 m oLy, WIS ACWSREE T vaa) it

at leugth. Concerning the longitudinal motien of the skip he states: "One
puzzling aspect ... ir the appearance of the fourth Ean_gitudinul' m!:m!e. The
fanrth mode appeers tn afl the compuler oufput ... ond is seen {0 be present
Eltfnre the mn;_:;l'etian of the acceleration profile and persiats until & depih of
spprozimalely $00m where i focks in on 2 x §TC2 [ the second lrensverae

[ of i 3 i"  MMankowaki[1952] detailed the dominant lrequency
mode of the catepary) . NVALKOWAK( 102 g v

content af the skip response versus shaft depth in figure 11.28 af his thesis®,
This is repmduc-ed in figure 1.5. The vnshaded circles indecate the varjation
“r the skin velocity during the simulation, The solid lines in this figure reflect
Thi REI% “'“J-'-' Flhrdigmiumuy == 77T 770 . - - -

the natural freguencics of the longitudinal eystem. These lines were calculated
trom = theoretical madel of the longitudinal system, where the sheave inertia
and akip mass were accounted for as lumped masees. The longitudinal modes
are indicaled in braces, where the migt indicates the relative phase between

the zheave and skip motion, The dotted line indicates the relative amplitude

3 Figares of this fotm were conatrucked by counting the cycies _ﬂfll!m cutput records man-
vally, and net by employing a Fourier analysin, Hence no indication v presented concerning
the alm]:-l'll‘.udﬂ iatad with the frequency contsmt, and in sssence only the deminant

ket of Lho wawe Form werd cxlrastedl.
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ratio between the sheave and skip, where the numerical catios are presented on
the vpper ordinate of the figure. This amplitude ratio is defined as the ratio
of-the skip molion to the shcave motion, and hence the relative minimum

at 3.75 Hz indicates a larger sheave tnotion than skip mation, The fgure
clearly indicates the presence of the fourth longitudinal mode in Lhe simulation.

4 el

Mankowski[1982] could find no plansible explanation for the persistence of

the Tourth lengitndinal mode and states - 7.0 fhre properarfy ¢f fhe wmodel
te erhibit o fourth mode appears lo be an inherend feature of the compuler
stmufation model - anbil u precise mathematicu! elosed-form solution to the

non-jinear probfem ran be formnulated, the phenomenon remairs intracteble to
explanalion™,
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11.28: Langitudinal frequency content of
skip velocity - simulaiion model ai h

thg—reabtaal moadans Al Areihla rancs ool
LIBOTOICAL NWGET Cn Oulvis Jads (TiDOct.

''he frequency content of the response depicted in lgure 1.6 was described by

Maukowski[1982] as follows:

¢ The first longitudinal mede is #xcite

tice, the firal [ongitudinal mc ay he
profile, or by the large axial pulse introduced by a layer change,
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e Longitudinal response at 2 x FTC?2 is due to the lateral response of the
catenary at FTC2. ‘

"o The response of the skip at FTC1 is due to tension fluctuations in the
inclined cable at frequency FTC1. This is associated with lateral sub-

bnrmnnu‘ resnonse n‘f fhp 1nr‘| ined cable at freatniency L FT1 due +m +
Qi Ol ISPl Lot Qu LILyuUlULy 947+ v QU 1O I

a4 ALA -3 D AW ALANINL
P
D

Figure 11.29 and 11.30 of Mankowski’s thesis are reproduced in figure 1.7. The
first figure (figure 11.29) contains the dominant frequencies present in both the
inclined cable tension and the skip velocity records from the numerical simula-
10 T T e 17 4l Jbadad Aivnalac carvan f1rAa mittninmana thowr 1o dmnd Lo21
LIOIL. 111 rlguu: L.i, bII€ S11alUTU CI1UITS STI VO LwU pul pUsTy, Ly i1idicai€ ooun
the frequency of the tension variation -occurring in the inclined cable and the
variation in the skips velocity. The second figure (figure 11.30) presents pos-
sible excitation frequencies of the longitudinal rope, namely that at the drum

revolution frequency, coil cross-over and 2x coil cross-over, and the autopara-

metric excitation frequencies due to the transverse motion of the catenary,
. N nlcaVal N o L VYo AA__ . 1110009 _sia a1 . A __ "1

namely at FIC1, 102,22 X r102. MankowsKl[19504| attempied 1o describe

the presence of the fourth longitudinal mode, by examining the steady state
longitudinal response as a function of shaft depth, due to an excitation at these
cies ie at FTC1, FTC2,2 x FTC?2. This did not prove fruitful.

‘FY‘Pﬁ
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Figure [.7: Mankowski{l982]: Frequency content of the simulation and the dou-
hle masa model.

'he autoparametric conpling between the catenary and vertical rope iz evident
in the sirnulation, especially in the region where the second transverse mode
clearly canses longitudinal response in the vertical rope. This occurs at ap-
pmxil-na.t.el}r 925m, after which the longitudinal reaponse ia dominated by the
lateral response of Lhe catenary at 2 £°7C2, It is interesting Lo note that with

i o w mnl nnd Tobaen]l Aabom e ;es o

respect io the mupljng between the longitudinal and laberal Caishaty Lm'.ii'.:lﬂﬁ,

two conditions of internal resonance ate approached whereby the longitudinal

natural frequency tunes to twice the lateral frequency of the catenary, Nameiy
ximately 925m FLV4 = 2 »x FTCU2, where frequency locking oceurs,

al annrow
-y “"FI 'y - T —— -

and towarda the end of the simulation FLVE = 2 x FTL] at 700m.

The concluding chapter of Mankowski’s thesis draws attention to the corre-
lation achieved between the sinulation and observed results. Dimitricu and
Whillier[ 1871] observed that the amplitude of lateral motion began to grow at
ately 900m. The motion setiled inte 2 cleacly defined second maode,

Al N b r ) [T [ ] l

appToxim

eI 7] DIALIE

ajons these vibrations continued to the end of the wind with a gradual change
in mode but no p-ercept.ible ;_]-langg 5! ampli'l;ud.n. (Jo other vecasions severe
mpujd:.i;u:uzcurn:ed at the beginning of phase 2 {indicated in figure L5, at

approximately 530m }, following a tayer change, where the in-plane amplitude
reached ampiitudes in excess of 2, Mankowski's simulation predicts large am-
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plitude catenary motion {greater than Im amplitude) at approximately 900m,
{1 this basis, it was judged that & fair correlation between the simulation and
observed hehavieur wad achieved. Unfortunately & simmlation of the descend.-

ing skip was oot presented. This would have been a vsefu] validation of the
simulation, as rope whip was not observed for the descending cyele,

Although the aspect of antoparamretric excitation was identified as & mechs:
niam affecting the stability of the simulation, the question as lo whether this
was reprosentative of the system was left for future cxperimental and theo-
retical validation, As stated .. unif further inprosements m the simulation
model are made lo sccommodale slack tenstle conditions and cable slip af the
headsheave, the guestion of paramelric excilaiton eccurring in practice cannot

be answered definitely”,
Mgnkmﬁkj[lggg] suggested that further experimental work was necessary Lo

simulation. In this regard rotational acceleration measurements of the head-
sheave would be essential. Experimental activity on operating shafts is hm-
ited due to production restraints. T light of this, Backelwrg[1984] construected

a laboratory maodel of the iystem for further expt:rimcnt.&] asgeasmenl. The
model consisted of an hydraulic actuator which provided axial excitation to

a wire rope passing vver a sheave to & suspended end mass. Figure L8l

lustrates the laboratory model. The purpose of this work cheary stemned
{rorn Mankowski's thesis in that it was intended to complement the sitmulaticn
threugh cvorrelation with experimental ohservalion. The configuration of the
model focussed the experimental results on the parametric behaviour of the
system, Unfortunalely a dimensional analysis tuning the laboratory model
1o simulate cven approximaiely the parameters of an setusl installati

not performed. In particular, tte tuning of the first longitedinal mode was
substantially higher than the lateral catepaty modes excited during the test.
Thus ahy possible interaction betseen the longitudinal and lateral catenary

madea was pol marked, Nevertheless, the results indicated that a relatively
grmall axial parametric excitation was sufficient to excite the lateral madea of
the catenary. The aspect of nonlnear response, namely the jump phenomenon
was obscrved to a degrec. The headsheave was observed (o rotate when large

tude catenary motion pecurred, accentuating the coupling between the

ampl d _
rape. ‘Thia illustrated that slip at the sheave could

the catenary and wertical

anse, LThe §c
of the tegions of parametric atability of the syatem, and thus these were not

identified.
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Figure 1.8: Backebergf1934], Figure 4.1: hine rope model
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1.3 Scope for Analytical Research

Az iz evident from prl:\"ltrus research, adverse catenary motion is a plmnnmenon
which ir cause for concern in the mining industry. 3uch moetion s cotunonly

[ 1 bn ea srme snhem Pha fiemdormnmt o] i sebases mrscrmrrii;me rmeo ke
TEMETIEd Ul &8 FOpE Widdf, L 00€ TWDMmamaT e, patdifituers pOTIining Tops wiiip

tave oot been clearly defined, and thus the dynamic integrity of toisting sve
tems has depended on the experience and intuition developed in the mining
industry.

Mmkwgm[maﬂ identified & number of features of the hoist system which
conttibute to the complexity of the aystem behaviour. It is evident that these
aspects motivated his research, and that emphasiy was placed on modelling
the nonlinear aspects of the system and its respanse mumerically. Features of
the ayslem identified in the modelling proceas were:

Ll apw S LIl w) RN

s Thc geometrically complex nature of the cable constrociion.

N . o
+ The inclination and zag of the catenary.

¢ Ceometric stiffening and the associated tension variations in the catenary
during large amplitude transverse mokion.

s The complex boundary conditions applied to the rope at the conveyance
end and at the winding drum.

o [ntermediste boundary conditious at the headsheave, coupling the cate-

mpmy Ion b 1.lﬂl‘+h'.:|| TORE,
POy MAF REEL YRS LG 2T

e Friction and slip of the cable at the headsheave.

The scope for analytical research within the context, ol those ileron identified
by Mankowski[1982} is substantial. Mankowski[1982] chose ta develop a digital
rererrs e radalling t!'!l: -E.'ﬂ'l!.'l:'.t- 'I:I'f gl'ﬂ-'l-’it,"l" 4 rﬁ?” aN g-mmELric &t i'ﬁleninsi ﬂ.ﬂd

JHEARER CAELE AR L RAALIRSAAARST e

thereby investigated the dynamic behaviour of the system.

In contrast, it is proposed here Lhat au approach which develepa the nonlinear

partial differential equations ol motion for the mine hoist system priot to -

merical implementation, enhances the scape for deacoibing the dynamic nature
This g inferred from studies presented in the hiterature con-

il _urot o
o1 tnE S¥Suelin,

e s b ; and cables with pigned
cermihig the dymna f

end conditiona, These studies provide excellent paradigms ot adv_anoed stud-
ies in nonlinear dynamics. Although the techniques applied in this study are



22

pot navel, the unique characteristics of the ming hoiat ayatem, which arise due
to the boundary condition at the sheave, and hence the coupling between the

lateral catenary and longituding] system response, presenta a novel extension

to current knowledge regarding mine hoist catenary dynamics, and perhaps a
practical vehicle for further analytical development. This aspect of the con-
pling between longitudinel and lateral motion m the mine heist system ne-

cessitates the retention of the longitudinal system inertia, which s commonly
neglected in analyses of taut atrings and cables with pinned eod conditions.

I"uirtharmeore tha guatam 1-:| n\!'r'ﬂnrl narndirally and has 5 nancietinnncy sl
= "R E VISR B ERSE W | = '\F}' =i nd LR AR A Ll | j-"vl FR R RSAN ] | IJTI ATIiLLL EELT = ar IJULI.I-"‘“IEJ"I.I.“LJ TLER™

Litre -[ILL!- ta the tranyport 1.l'f_|ur_Ll.j.-' noecssary Lo mmplntc a wmdmg c}c]e- The
inclination of the catenary and its curvature introduce a further dimeasion for

study,

[t ta likely that & comp rehensive breatment ineluding alt the fnnncr aspects will

S . - e

'
EEﬁl.l. [ L a||,,u.-n.;iuu |L|.|,.ru.i,..|.q.u|n_-, Lo |;|.ur|.|._-.l‘r|ia1 !i] Llii.'i L‘l’.‘liil..f.*.‘il u. m TLECESEAT Y Lo

CapLure the Tundamental nonlinear AApeCts of Lhe g¥sler, which ProTOGLE TOpPS
whip. The antoparametric natuce of the aystem: was identified in previous stud-

its af a polential mer.lmmgm prnmutmﬂ rope whip and thus warranted furlher

atd mterna.l TeapnAnce of d}rnamlc 3:ratems, l.he mine hmat hyslun provides
& wvehicle lor & practical imvestigation novel Lo the literature. In this regard,
the systemn has peculiar features in that the iaterai natural Irequencies of the
catenary and vertical rope are reiated to higher modea by integer multiples.
Specific tuning between the lateral modes and the ]uugitudjnal gystem modes

mrmonanrala I'.r.nﬂ“ﬂn.r Ll res I!u"'l.ﬁ.l"l.ﬁl'lll‘uﬂ TI‘II!G ﬂ 1ﬂ Hmﬂ.lhlﬁ [ﬂf P]-u

ar =eald b
II.“J' ‘ [, L"8 IR Il. LAFRLELEL- LI LB L W% .j;ﬂ“h.‘h; I.I-LEI'IJUI.IE'IJJ.'.I’\J kA JW Jd F - L R MR-

syatemn to exhibit regions where not only parametric responae, but autaopara-
metric a3 well as internal resonance nconrs simultaneously in the presence of
external excilation. Furthermore, since the excitation iz periedic, it is passible

that more than one interoal resonance can be stimulated simuoltanacusly by dil-
ferent harmonics of Lhe excitation frequency. If one conaiders that in addition

T S - af thn gvatore ans nen u}:"l.l\l‘l'lfll' o 'ruﬁ.l"'lﬁl?l
I.-U- I,IHE, I.ﬂﬂ l],]-'nﬂ.l‘llll_. COATECLETISLICA Ol LOS AYALTLM Bult LI OvGuiirfeedas by O Lo e

exists for sustained research bevond the mcope of this thesis. [t is proposed
that thess features alone juatify sufficient scope for an analytical study.
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1.4 Scope of the Study

The autoparametric behaviour of the mine hoist system has been addressed

supe rf‘cial];f in previous research, Lhus this aspect of the system behaviour

| Pp——— [ By Y P Y T ider Phe lfmane ob s kil v _
JUTITES ot lllluJ:u 0L S O Ll -|-|.u.|.nr L JIT LI[l2ar L'-LEI.UI.IH.J' U[ |.-|]l." HLEL[[U“M} E_'r'Hl'.f"[TI

i governed by the relationship between parametric and autoparametricaliy

induced excitation frequencies, and the tuning of the natural fcequencies of the
system. It is the definttion of such relationships which s considered central to
developing an understanding of the patential effect of adverse tuning conditions
an the aystem rocaponuse. boo arder to account for transient excitations and the
nonetationary nature of the dynamic characleristics of the system, a nonlinear
numerical simulation of the system is developed. The specific aims of the thesiy
are thuys: .

4 The developmgnt. af the non-linear aquations of motion of the mine hoist
system.,

» The investigation of the autoparametric oature of thesysteny leading to————————————

the definitian of the steady state stability of the fimt arder response of
the systen.

s The development of a numerical simulation of the syatem which accounts
for transient excitation and the non-stationary nature of the syatem,

» The development of a design methodelogy for selecting the mine hoist
parameters so as to avoid rope whip.

In cenclusion, the goal of the research involves proposing a strategy for select.
ing the systern parameters 30 a8 to avoid rope whip. Conversely, Lhis is viewed
aaua.&:i:tt.aining the hoist syatem dynamic characteriglics which contribute to
the onset of rope whip. Although the description of the large amplitude ro-
sponse occurring duning rope whip is of secumhr}' unmeancr when mmpared
to the definition of the aystem characteriatics required to aveid rope whip, thie
in a necessary aspect of the study and is addressed through the development

nF " numﬂ-,m| mmulat-mn in the ]aler part uf thﬂ H‘IEEI‘F ['hls _gwes lurther

-:le*s]gn atrategies concernin P the mﬂuencc of tranment exntatlon an t.he overal]

system brhaviour,




Chapter 2

The Dynamics of Strings and
Cables

- 2.1 Introduetion — —— — —— — —

Cahles are utiliscd as structucal elementa in many situations, a few heing ship
mooring cables, guy towers, wuspension bridges, overhead power linca, and
haisting equipment. The specific confignration of the cable may permit a linear

b hoheawviaiee hoy =3 ar 1rl r.ﬁl‘lﬁ.ﬁ-l-ﬂl Hl ."nh!n .|14.|'|‘|1|-.|1-|: nenlinane
L b= Lo ia LimLrE AR JERALN TG

nppruxinmmuu of ita OeOAaYHFUT, JOWE oot
behaviour; the degree of nenlinearity being dependent on the configuration
and loading to which the cable is subjected. The analysis of dynamic systems
can be similarly divided inte studies where a linear or a nonlinear approach is
adopted. The latter may be imperative [or an understanding of the phenomena
asagciated with the observed behavionr. Priotr to purﬂuing & particular analysis

ELIET,F‘E}I’ er,n rﬂspect [.Q [.ﬂf",. mlnE “LHHL ﬂ_'fﬂl.-f-“.l' jl,: iﬂ JICL TR Y I.-U ﬁhmllillc lIflL
broader aspects of the possible behaviour of strings and cables.

Although thia thesis iz concerned with the dynamic aspecta of cables, it is
pertinent to briefly consider the static responae of a suspended cable. 'Fhis
will provide an insight into the posaible nonlinear nature of the problem, as
well as facilitating a description of the terminclogy employed. Thereafter, a

hriel development of the [inear dynamic Ehecry, leaditig (o nanlincar dynamic

studies of cahles and strings is presented.
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2,2 Static Response of Cables

Irvine and Sinclair|19T6], present a static analysis of an elastic cable for an
arbitrary sag to span ratio, subjected to wertical point loads. Pugsley[1083)

I'I.I!.ﬂn'.lﬂnl'ﬂ\.l'l 2 ror o |"|r St !'-h.ﬂ‘i11rl|:|1l|: 11" p!nﬂ 1-.r| :ru'l Jﬁ'i-uﬂu whirh frmcs -.‘!" -
FI'EE'EIJ.'-E-\.I % I% ¥ L el & -l-ll‘-l-l ‘:I--IH Ll L J-| “IJIl.n.II. LAFLIQJULIa on

The method reduces to thal presented by Irvine|1981] for shallow sag cables,
which is briefly descnbed below.

As stated by Irvine[1981], the word catenary derives fram the Latin word for
chain, meaning the profile of a chain hanging between two points, under its
self weight, The mathemalical descripiion of ihjs preiile is obtained by soiving
the differential equations of equilibriurn associaled with a differeotial element
of the chain. Figure 2.1 1]lu5tratfs & cable suppﬂrted ak aqual hemhl with

uf t.he ca,l:.-le is presented in Lhe lnwer pa..‘rl of the f ZLEE Thf span nf lhe cable
is defined as the chord length between the pupperts, whilst the sag represents
the displacement of the profile from the chard. A Lagrangian co-ordinale a

is employed, and is aligned along the are lenglh or equlllhnum profile of Lthe
cable. In the theoretical development which foilows, i is assumed that the

e o bande =l anAd that the Aevnral H.m.rhh.r 19 #rnro
E]E'mgn'[. EUPPUIIH “:"a.ua TR DTy B Wiime WiIE Aoaiaias Ry STTO
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Figure 2.1: Jrvine {1981): Equilibrium ol an element of cable




d _dz
s =0

Where T, m refer to the tension and mass per unit length of the cable re-
spectively. Integration of the second equation, and solving for the integration

COCIHIICICII

coefficient yieldq:

Where H represents the horizontal component of the tension at the supports.

Since no horizontal loads are applied to the cable, H is constant everywhere.
The above equations may be manipulated into the form:

d*z ds

H('d-;g') = —mg—-~

Under the condition of inextensiblity, (%)? + (4£)* = 1, the above equation

yields:

d*z dz 211
- _ = 2.1
de’ = —mg[l + (d:v ’ (2.1)

Solving this equation, subject to the boundary conditions, results in the math-
ematical description of the profile as a function of the span z:

PREES H r 1lmgl\ -ABL__J_Ii_v\]
z(z) = :;[cosnﬁ)—-) —C 0"2H\2 “/l
"Wy
Although this represents the correct solution for the profile of an inextensible

levation under its self weight, significant simplifica-

tions may be made when the cable is taut, and its sag to span ratio is small.
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Although Irvine [1981] advises that such an analysis is appropriate for sag.
to span ratios less than 1:8, Pugsley [1983] states that the results should be
applicable with considerable accuracy to cables with larger sag to span ratios.

4

In the case where the sag to span ratio is small, = ~ 1, the cable equation
(2.1) reduces to:

d2z__m
dz? g
X
=2(1 -
2=3(1-%)

Where z = —Ti-/—ﬁ and x = #. It is evident that the profile is symmetric! with
Zn'g P . TR 1° mi1 4 it c o A Py & h ]
respect to the mid-plane ot the span line. 1he sag to span ratio ¢ 1s denned

as the ratio of the cable sag at mid span, to the span length:

Thus far, the equilibrium profile of a cable due to its self weight has been
considered. The analysis can be generalised to include the case of concen-
int loads, however, in preparation for the discussion of the dynamic

i1cpdal

. 3 O ‘;;:‘i ‘.i‘ d ’ = & S e A C LNEe d
ble supports additional load through deformation from its equilibrium profile
is pertinent. Simply stated, additional tension may be generated in the cable

to first order through geometric adjustment of the profile, and to second order

through stretch. Both mechanisms contribute to the nonlinear response of a
sagged cable. The first mechanism dominates the response of a deep sag cable,
where the axial stiffness of the cable is much greater than the geometric cate-
nary stiffness, and thus inextensible cable behaviour dominates the response.
The latter mechanism dominates the load deflection response when the cable
is taut. and additional tension is generated through axial cable strain. These
mechanisms may be investigated by formulating the additional tension gener-
ated in the cable when its profile changes from its equilibrium condition, under

. .
— e a mcnngentiancra nf Aivant abats

the action of external load. This load may be a consequence of direct static

forces, or inertia forces. The problem 1s considered below.

rvine[1981] extends this analysis to include the case of an inclined cable under its self
weight, and demonstrates that an approximate profile may be obtained. This profile is no

longer symmetric w espect to spanc
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Copsider a cable 1a |E|:|1iili|:!ari1.1n’|1 where its pmﬁle due to self WLig}ll.'. sz I
l|'|.r' cable 13 Iuaded I'urthr:-r &ddttlr_‘mu] deflection tv aecers, The deflection w,

hmpluymg a Lagrangla.n sLTain measure, |t can be shown hhab !.he additional
tension generated is related to the displacoment af the eletnent threugh Hooke's

Law, and 13 given a=:

Where u, z,w represent the longitudinal displacement, the equilibrium profile,
and the additional vertical displacement induced by Lhe lord respectively,

e bl --._-_ T Al thee alilitimnal Fanaien Fanar
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the deformation ﬁ—ﬁbtmneﬂ_frﬁrn_h_—_Tm—lThE—prYTﬂﬂﬂ_ﬂf[mmﬂ_mﬁy b::

tmanipulated Lo the form:

RZE)P _ du rf_zu’w Lodw,
T d T dpde T 3tdR

lu the absence of longitudinal loads, & is conustant, and this equation roay be
integrated with respect ta & to obtain®:

f I
fl: = ufl] —u{l) + e r'r walz + ‘: -] ~)2dz (2.2)
LM 1 U wip & T

Important ubaer'l.-'a.tiﬂns may be made regarding the form of Equatiml (2.2),
Firstly, the cable mey be infAuenced by the support movement, in which case
uf 0}, u{f) would not ng.;pgaa.n]y be zoro. Secondly, it is influenced by the fAnal
cable profile via the term fgwde. [t ia important to note that this term will
be zero il an antisymmetric change w in the profil: occurs. The thied term
qu L ﬂw]iﬂrz ig & measure of the change in aec length of the cable, and is thus a
second order effect due to cable streteh, The dominance of these two terms is

related to the cable parameter A1, The derivation and discossion of Lhe cable

parameter will be considered further in the seclion regarding the dynaniics of
sagged cables,

iWhers L, = fn{ﬁjﬂdt & (L + 86%), and wr, z vAnigh at the limits of the intogration,

ati tha ralationshio g;-? —Zf has been employed in the reduction.
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2.3 Dynamics of Strings and Cables

d O g € C D O d d
and mathematical physics. Lindsay traced the historical development of the
subject in the introduction to the second revised edition of Rayleigh’s "The
Theory of Sound” [1945], where it is evident that numerous people have applied
themselves to the study of string dynamics, for instance Pythagoras, Galileo
Galilei, Hooke, Taylor, Bernoulli, D’Alembert, Euler and Lagrange. These
analyses resulted in the wave equation, which is commonly presented in the
literature as representative of a taut flat string undergoing small amplitude
longitudinal or lateral motion. This equation may be derived on application of
_ Newton’s Second Law of motion to a differential element of the string. If small

amplitude motion is assumed such that only first order terms are retained,
then the equations of motion describing the longitudinal and lateral motion of

the string decouple and are given as:

Pw 0w

a2t 9x2

otz ~ ' oz?
T

Ci = o

t oA

resent the lateral and longitudinal wave propagation speeds

—respectively; and w and u represent the lateral and longitudinal displacements

respectively.

Note that T/EA is the longitudinal strain under the initial tension T, and
in typical applications with steel cables, this value is small, thus the ratio
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afe << |, and the longitudingl disturbances have a significautly higher prop-
agation speed than Lhe transverse dislucbances. For a fixed length of string,

campaced to that of the laleral propagation speed to view Lhe tension as being
spatially uniform along the length of the string (Oplioged1960]). This lcads
to Lthe concept of spatially uniform but temparally variable tension. Although,

when the string datisfies this condition, a state of constant tenalon may exist
slong the length of the string, additional tension change may occur during
the motion due to changes in the arc leogth of the string, Accounting for the
variation of tension due Lo the stretch of the string leads to the nenlimear de-
srription of the taut flat string. ‘Thus this approach aceentuates the nonlincar
behaviour of a string where the catenary approaches that of a flat profile. On
the other hand, the nonlinearity may, be introduced via initial curvature, in

which case the string ia commonly referred to as 4 cable. In this case, addi-
R | T Ty F

Py —— P QR

iional tension may he gﬁngf&i&d ﬁu[m,g ihe motion due to EEOMeLTIC Caanges

in the unstretched profile of the cable. [n combination, these effecta define
the nonlineat nature of cable dynamics, and in the special case where the
curvature approaches 2ero, and Lhe amplitude of vibration is small, the wave

mhlc dyamics Il'::rilowa. In this discussion, a string 18 defined as the limilmg
configuration of & cable, where the curvature ja by definition zero.
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2.4 Taut String Analyses

2.4.1 Noanlinear Taut S5tring Analyses

arrier 1 .
En this analysis, the equations of motion acl:uurLI.Ld for both ]ﬂug!tudmal and
lateral wnertia. A solution for the in-plane metion of the string due to an ini-
tial in-plane sinuscidal deformation was obtained by applying a perturbation
method. This analysis indicated that to first order in the perturbation, the
nonlinearity induces a stiffening response with mceeasing lateral amplitude,
The nonlinear petiod is thus amplitude dependent, and decreases with respect
1o the lincar period, an the lateral amplitude of mation increases. Cacrier [1945]
also r:unmdered L]-m :::luDlE-d. out- of plane pruhlem and Lhe cnndltmn wheteby

plane frequency rcapc:-nse ol‘ a nunlmcut taut strlng. and dmved equations
of motion on the basis of spatially wniform but temporarily variable tension.
Thus longitudinal inertia was not regarded as signilicant in his aolution. The

nonlinear pature of the system was introdoced by celating the change in arc
length due to the amplitude of the motivn, to the additional tension generated

via Hooke's Law. Application of the mmethod of variable separation resultad

in trigonometric functions for the spatial domain, and perodic elliptic func-
tions for the temporal domain. This analyais canlirmed the presence of the
jump phenornencn, as well a3 a frequency-amplitude relationship commen to
nonlinear systemns. Experimental correlation was achieved by constraining the
string o planar motion, mnﬁrming the validity of the a.nul:.rsis and of the hy-

R I [ P V.

pul‘.ﬂﬁ-ﬁls of mmp.ﬂrmur vﬂ,na.:m: biak :pm|mu' un||uL||| Lioimaci. ;EiE atia}j."ii.i

however did not include the case of nonplanar or whirling motion. Murthy

and Ramaktishna[l985], and Milea[1965] examined the nonplanar motion ol
the nonlinear stretehed string. Murthy and llamakrishna[1965] derived Lheir
squations by formulating the potential and kinetic energies of the syatem and
applying Hamilton's principle. Their analyus neglected the longitudinal mo-
tion and hence lengitudinal inertia, resulting in equations defining the non-
linear motion of a string where all particles of the string were constrained Lo
move in planes perpendicular to the equilibrium chord. Although the eque-

tmns provided nnnlmear terms muphng lhe i and aut of-plane mmmu, which

phm:u‘ mnr.mn, the equations duvelaped were mwnmstent with rp.gard te the
longitudinal response of the string, Anand[1966] adupted the equations defined
by Murthy and Bamakrishna[l%65], including a viscous damping term, and ex-

tending their analysis lo examine the nonlinear forced response of the string
in the presence of damping. Anand's[1966] analysis examined both the in- and
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aut-of-plane tesponse of the string resulting from &n in-plane distributed driv.
ing force, and it was demonstrated that the stability of the planar metion, and
~ Aheoceartenace of the jump phenomenon was a function of the magnitiede of the
driving force and the degree of damping. “I'he analysis also demonstrated that
under constant damping action and excitation, the degree of ron-finearity was
described by a dimensionless parameter n = {r_tq,.f'c,]f*, whetre ¢, cp, 7 teler Lo the
langitudinal wave speed, the [aterel wave speed and the mode number respec-
tivaly. Since the longitudinal wave speed 13 fixed by the material properties,
whilat the lateral wave speed s dependent on the initial tension, 5 i directly
proportional te the square of the mode number, and inversely propoctional lo
the initial tension. Thuws a decrerss in the initial tension accentuates the non-
linear behaviour. Thia parameter is related to the ratie of the peak additional
tension generated during an gacillation, 7, to the equilibrinm tension in the
string, which directly effects the nonlinear natural pertod, as demonstrated by

w1 el Alebk —uwk this marammatisr vavy ha radnced har sneranging tha
LaltieT llﬂﬂj- nllIIUI-I-,E.IJ- LELES PFlfdadibid Toidey L0 BTSSP dLicL T LEdm wietr

mitial tension, the ;

longitudinal and lateral maodes limits the degroe to which such an approach
would apply without invalidating the premise of the analysis, Anand|1D68a)
rederived the equations of motion, whilst cxamining the free response of &

LR

damped nonlinear string, due to sinusoidal initial conditiony, showing that in
general coupling exista between the longitudinal and transverse modes. T his
coupling was not accounted for in the previous analyses of Oplinger [1960],
Murthy and Ramakrishna [1065] and Miles[1965]. Anand [1989a] showed that
by neglecting the inertia term in the longitudinal equation of mation, a stalic
compatibility relationship between the longitudinal and lateral response could

EU].III.JH-\'ILHI.J.!J [ p i TPRLE LI I=F P L] v == 5 2542 ki 1AL ITA

be determined, Inclusion of this relationship in the tranaverse equations of mo-
tion, resulted in teansverse equations of motion identical to Lthose employed by
Oplinger {1960]. Thus although the equations of mation develaped by Murthy
and Ramakrishna[i963| gualitatively described ex perimentally obasrved be-
haviour, Aﬂmd[lgﬁga,] ahowed these to be inrorcect, and thereby confirmed the

m g aactto e feemnlated B Onbinesr[1960] which wrare bazad
tu_nulslle"c}r D1 LIS SJUALIONT Whliautis OF S paiaimion ) 4008 TLESFLE 57 are = sriviwed

on the concepl of apalially uniform but temporally varnabbe tension. Although
Anand [1969a] did not employ this concept in deriving hiz egquations of mo-
bigm, it waa effectively introduced by neglecting the longitudinal inertia term.,
Specifically, Anand’s {1969a] approximation requires that vhe longitudinal nat-
ural frequency of the atring be much higher than the lateral natural frequency
and the frequency of excitation. Thus madal interaction between the longitu-
linal and lakeral wmodes could be neglected. Anand{1968a] showed that with—————————
regard to the decay of the free response of the nonlinear damped string with
nanplanar initial conditions, the nonlinearity and couphng between the eque-
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of vihatiun, hic esul in he sr'mg dribing an elliptic orbit, where the
axes precess during the free decay. Anand{1960b] purened Lhis analysia further
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by investigaling the stability of damped forced and undamped frec vibrations
of the nonlinear stretched siring. This was accomplished by examining the
stability of the variational farm of the in-plane and out-of-plane equations of

mation. In the variationat form, these equations reduce te coupled Hili-type
equations, and the stability map was constructed by considering the roots
of the characteristic equation. This analysis confirmed experimental observa-

tiona, in that the in-plane oscillation becomea unstable i pariwcolar regions

of the parameter space, resulling in non-planar motion. Thus the analysis
demeana trated the potential complexity of the response of the non-linear taut

string. Anand[19§9h] also proved that in the case of free undamped vibration,
planar motion is unstable and circular motion resnlts, whilst planar motion
is stable in the presence of damping. Eiler[1472] provided experimental val-
idation to Anand’s [1969b] theoretical predictions. Gough[1984] related the
perturbation in the orbital angular frequency and the itequency of precession

CFab o Lol emmbime dusine fros wibestion darav of o nonlinear danened abting
g1 LNE DCOCMLAN INGR T QU 78 Yiodoaiaisl suhap 240 & SRSt el Ba22ir== =235

ke thie mean square radius and area of the erbital metion respectively. The
planar and nonplanar motion of a taut string due to in-plane excitation is
well summarised by Nafeh and Mook[1983]. Their discussion details the lo-

in- -of-plane response amplitudea due 1o a constaont

excitation level and variable frequency, and with respect to a variable excita-
tion amplitude at a frequency close to the in-plane natural frequency. Legge
and Fletcher[1984} compare the free reuponse of a taut string between rigid
supports with that observed when one support has a mechanical impedance
associated with it. They show that due to the mechanical impedance, and

nonlinear coupling hetwesn the modes, response occurs in modes not nor-

rha |
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mally excited by the initial disturbance. Watzky[1992] derivea the cquationa
of motion [or the large amplitude response of » atiff clastic stretched atring,
where bolh bending stiffness and torsional coupting are inciuded. Aithough

this study appeass to be motivated pritnarily for assessing the vibration of
mumical instrumenta, the concept of torsienal coupling is cettainly relevant to
mine hoigt ropes. Whereas in Watzky’s derivation, Lorsional coupling is intro-
duced as a consequence of material torsion, in the context of mine hoist ropes,
torsional responee i8 a consequence of rope construction, where coupling exista
between longitudinal and totsional motion. Such coupling has been examined
by Butmn[lﬁﬂ'll. G,eenwa_y[mgub] in the context of linear longitudinal tnedels

anly, and provides an interesting incentive for examining the nonlinear lateral
inotion of such A rope.

Tagata[1977, 1983] examined the lateral nonlinear response of a tant slring
subjected to r longitudinal parsmetric excitation. This study was preceded
i i e conditions governing the lin.

ear stability of a taut string to a longitudinal excitation, Tagata’s[1977, 1983|
analysis examined the nonlinear large amplitude response due to an axial exci-
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Lation, for the first, second and third paramatric mstability regions of the first
lateral mode.

In summary, the previous studies considered the nonfinear response of & taut
String of fixed Iengl'.h where longitudinal inerlia 38 not dominant, and Uhe
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having the gencral form:

e+ 2 (= 5 [ (07 4wz, = (2:3)

where v,w represent the motion of the string orthogonat to its axjs, and §
represents the damping action. Thia equation has becgmea aymonymons with
the nonlinear Hunamw mgpnnat of & Lanl zh'!ng Tha -n_r.ggrﬂ'l term repre-

ﬂtlﬁcnmg,f'amplltude dﬁpendtnce of t.hr fl}'nﬂ.m:c th-lrat:terlsttcs

2,4.2 Travelling Taut Strings

The analysis of travelling strings initially addressed processes in the textile
ahd related industries. According to Sack{l954], Skutsch[[897] firal investi-
gated the linear tranaverse vibration of axially travelling slciugs. Sack [1954]
presented a linear analysis of the lateral response of a travelling string sub-
jected Lo a lateral excitation at crne auppart This anaiysis demonatrates Lhat

the naturai IILC!'IJ.ETICJF of a “ﬂ\"'-':lllﬂg ﬁl-l'lll-.!. decreases with inl:rl:dmﬂg irans-

port Fﬁll]l:lt}'; gnd that the related mode ‘ihd[ﬁ-es are complex, representabive of
travelling waves as opposed to the real normal modes associated with station-
aty strings. Thia behaviour 18 attributed to the gyroscopic or Corislis term

aamnatad with & travelling medimm. The equation of metion of 4 travelling
string undergoing small amplitude lateral motion is commonly referred Lo as

the threadfine equation and is given as:

& Hlw 2, &
=7 P NVigms + (V7 - C:}B?;-ﬂ {2.4)

The ratic of the fret linear natural frequency of a string travelling axially
at velocity V¥ to that of a stationary string is shown to be | — (¥ /)% In

hoisting applications on South Adtican mines, {V, /e ) & 0.14 ~ D075, thus the
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errer induced by neglecting the axial velocity would be of the order of 29.°
Motc[1366h]) presented a nonlinear analysia of a Ral axially moving string.
This analysis indwated that in the preseace of axial velocily, the nonlinear

stretch behaviour of the string can conteibute signikicantly o changes in the
I'undamc:n Lal peri::nd Mote [1966b] varied the parametors of a string undergning

- s s s arath om :mnl '1li’1l‘| n.n1l1l|r:.1r|r|| 1r|. —EE'\. |"|.'F Ii‘ & SNy, T.I"Il'i l‘\l'-lll"_'l.l1h|.-
l.ll CTEIGOET l[ll.fl.-lu.il Trdwil Chil ml.it.l'l WEELER, i.-".l'n.ll"‘-'"‘- ol ] uRJTFEE

gencrated by mﬁ%&bﬁm&hmwﬁrﬁpim%ﬂﬂﬁmﬁ%ﬁwmr =

v/l and v ropresents the midspan deflection, £ represents Lhe initial lension,
and T = Ej{] - ﬂ?} represents the nondiroensional period of the fundameniel,

The shaded region represents cable parameters employed on South Adfrican
mines. Although this result may be valid in the case of a travelling siring,
axially resbrained to maintain & constant unstretched length of atring belween
the aupporls, it is not dircctly applicable o Lthe mine hoist rystem as the
shoave end dors not fulfill such a restraint. However bhe result s of interest as
it emphagises the dilfering mechanisms governing the system response.
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Figure 2.2; Mote { 1966 ): Nonlineer fundamental period ol an axially Lranslal-
ing sleing

IThig prompled M-a.?l:l;waki [1982] to cliscard axial velocity in hig aimulation of the mine

hoist syelem.
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Kim and Taborrok{1972] prescnted a derivation of the nonlinesr equations of
motion of a Lravelling string by considering the momenlum and contimuity

ing, as well 23 a mass tension constitutive law, The equa.
tions were solved by employing the method of characteristics, and applied to
simulate the response of a taut flat travelling string, plucked at its mid span.

[ [Py

Shik[1971, 1975} examined the three dimensional nature of the equations de-

veloped by Ames et al [1P68], examining the phenomenen of clliptic ballooning,
which ia associated with a moving string under boundary cxcitation, where the
wnajor axis of the elliptic envelope is aligned with the direction of the excita-
tion. It was proved that circular ballouning was unstable, a roault abserved
experimentally by Ames et alj1968], where the motion hecarne unstable once a

circular envelope was approached, followed by a Jurnp Lo second mode planar

motion.

In a similar vein, Mote and }\anu]ﬁwnr,an[l_gﬁﬁall _meest.:lgat.ed_ the hm:lar vi-

brations of travelling bands 3-{ensIon - Changs: :
band by the axial velocity. Their analysis considered the Aexural stiffiness of
the band and presented an approximate formula for determining t.I_m 'hau_ud
R X o function of the axial velocity., The theoretical resulta

were validated experimentally. Naguleswaran and Williams[1968] exnml:}ed
the parametric natute of & pulley belt or band saw blade, -d.LEf: to tension
changes caused by ancentricities in the pulley whecls, or Aaws in the blade,
I was confirmed experimentally that primary patamebric TCSUNANCE occurced
when the frequency of the Lension fluctuationa apprﬂgch:d t:wmja that of the
ural frequency of the travelling hand. "Thia application has bren

[P Y i
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pursucd further recently, Mote and Wu1085), Wu and Mote[L186], Wang and

Mote[1986, 1987




