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5.6 Longitudinal and Lateral Damping Mech-

anisms

The definition of a damping mechanism which is applicable to mine hoist cables
3 . 3 ] ] £ 44 43 Uy T A PP N IS 41 1 4
has not received a great deal ot attentrom, provably a to-the—complexity

y aque 10
and variation of the rope construction. Mankowski [1986],[1988],[1990] has
provided the bulk of the fundamental work in the specific area of mine hoist
cables, whilst earlier work by Yu [1952] and Vanderveldt et al [1973] examined

some of the parameters influencing the damping characteristics of wire ropes.

5.6.1 Longitudinal Damping

roangiant wrhie
A\

concerned primarily with the start up transients, wh
mode response, the damping mode isfo i
ment of the logarithmic decrement of the first longitudinal mode. Thomas et
2l.[1987) performed such measurements at Deelkraal Mine with an empty and
loaded skip, at 1 and § depth. Greenway[1989] analysed these measurements
and showed that the logarithmic decrement of the first mode was independent
of the total skip mass, but linearly dependent on rope length. The dimension-
less damping ratio was of the order of 2.5%. The damping mechanism was not
studied further, and proportional damping was assumed in the model. This
ulted in strong attenuation of the higher modes. Mankowski [1986] experi-
i inetic shock waves travelling along the
cable, and also the attenuation of the shock on entering the winder drum. The
results of the study indicate that the winder drum may absorb as much as
66% of the energy of an incident kinetic shock. Mankowski notes that this

result conflicts with that of Harvey[1965] who reported that ” Tests show that
in a typical case, the amplitude of the disturbance is attenuated 0.65 % per
1000 meters of cable and by 1% at each pair of reflections at the flrum and

pe surmises that Harvey was referring to low

at the conveyance combined.”. 0) -
frequency pulses with a large wave-length and longer periods than those ap-

olied in Mankowski’s experiment, which were due to impact loading where the
iargest fundamental period of the applied pulse was 11ms. Harvey’s results
conform more readily with the logarithmic decrement associated with the first

mode response, as measured during in-situ drop tests by Thomas et al.[1987].
b

Due to the potential complexity of the damping mechanism, this study fol-
lows the approach adopted by Greenway([1989], in that an equivalent viscous



ught to model in some way the overall d
without concern for the exact mechanism, which is likely to be highly com-
plex and difficult to include in a simulation. The main concern however is the

definition of a convenient and appropriate damping mechanism. Additional

drop tests were performed at Elandsrand Gold Mine ( Constancon{[1992]). In
these tests, a man cage was locked between the guides, loaded and suddenly

. M .
monitored. and processed using standard pa-
a, anda a pa

wnlacond Tha fana ragnanca waga
o VYV RLD Liiwval I-’ vvvvvvvvvvvvv b wulvisnaiva

1CITadCuU., 11T 11T 1TopVILO
rameter estimation routines. In order to investigate the higher longitudinal
modes, electronic filtering was applied so as to amplify the response of the
higher modes. The results of the parameter estimation confirmed that the
dimensionless damping coefficient of the first mode was of the order of 3%,
whilst the higher modes were were of a lesser value. The results of the drop
test are presented in Appendix G. Greenway[1993] analysed these results and
proposed a general proportional viscous damping mechanism, which reflects a
lower damping effect in the higher modes. This damping mechanism is applied
for convenience since an equivalent dimensionless modal damping coeflicient

 can be calculated for each mode during the simulation.

5.6.2 Lateral Damping

Mankowski [1988] presented experimental measurements, defining a model
of the lateral damping mechanism in terms of the time rate of change of
curvature'®. This model was considered by Mankowski on the basis that the

inter-strand motion induced by an irrotational whirling action of the rope

: 1. _
is proportional to the instantaneous curvature of the rope—Mankowski—con

structed an experimental facility to simulate irrotational whirling action of a
tvoical mine rope. The experimental results presented indicate that the aver-
a“' issipati nd hence the equivalent viscous damping coefficients

are low in comparison to the potential aerodynamic dissipation of the catenary.
A detailed discussion regarding lateral dissipation is presented in Appendix H.
Due to the lack of data concerning the lateral dissipation characteristics of
mine hoist ropes, a proportional damping mechanism is assumed, where the
= 0.05% of critical damping is applied. This conforms to the order

ion determined in Mankowski’s tests.

vy 3345wty

value of (3
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14The time rate of change of curvature results in a distributed damping force proportional

to the stiffness properties of the rope.
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5.7 Simulation of the BEquations of Motion

“I'he: nonlinear ordinary differential equations of motion developed for the mine

hoist zystem were simujated by applying the Matlab-Simulink programme.
Simulink is 2 powerful simulation package bagzad on the g_raph'lca.l definitict

[
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the biock diag,ﬂm for the system, FEfﬁﬁﬁTli P j.r:il‘;ﬁ.i :’.'l.;:ial .‘pﬁriﬁiﬁillﬁg Lo the
installation is supplied fo the Simulink packige 74 4 gqruurm:_': FOrE feE mqe_-:r
and cxecuted in the Matlab environment. A mask of inpub dala requircd is

tahglated in table 5.1.
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Since the system characteristics change with e
during the simulation, a icok-up table 18 applied ie relationship
1

between the angular winding velocity and depth, Additional look-np tables

define the longitudinal and jateral natural frequencies, as well as U variation

in-the longitudinal damping coeffitients, and the Lebue drum excitation and

ver change excitation asa lunction of depth. Theac tables are defined prior

. . : - 1
to the simulation, and are interpolated during the simulation. This forma

eifigiently accounts for the time dependence of the system parameters during

the simulation.

Simulink provides a choice as to the type of integration routine applied. An
automatic step size Adame-Gear routine was applied, with a relu!.we1 BICGT
tolerance of 1077, and a maximum step size of g3 Eecclnda.l The maximum
step size tolerance is specified to enaure sufficient accuracy with regard to the

excitation look up tables.

In the normal mode simulation im,mu:luced‘in section 5.2, the eXeitation at
the winder drum was atcounted for by mnﬂlderinlg the Grst two harmeonica of
the Lebus groove profily, as presented im Appendix A. To better emulate the
impulsive nature of the excitation, & look-up table was defincd to accurately
model the longjtudinal and lateral excitation at the drura, as a function of shaft
depth. Mankowski approximated the three dlmfanmmla.l FI]E'[JI-EIIJ_ETEI'EU‘I: lmpa.::t-e:rl
to the rope &t a coil croga-over a8 versine furu:tufm-‘l- :fhlk definition li' applied,
where the periodic displacement [n the w, &, w dirertion at the drutt s defined
o a Function of drum rotation. It is possible to define t.hnls&e dizplacement
tunctions a4 a function of shaft depth, and hence drum rotation via a lock-up
table for the entire winding cycle. Since the lateral excitation is introduced
via the latersl acceleration of the The cab!fﬁh ftaa simple marner by conslrect
the apprapriate look-up table by differentiatiog the lateral dlsplal.cemﬂﬂ.l'- prfrhle
analytically. The lateral excitation induced at & layer change 15 applied in 2
aimilar fashion. The definition of the Lebus coil cross-cver excitation, as well
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as the layer change excitation is presented in Appendix A.

The periodic longitudinal excitation due to the coil cross-over profile is intro-
duced to the system by Fy(t). The definition of F,(t) requires that the periodic

lacement at the drum u (ﬂ f\ as well as the gross lateral motion across

change is introduced by adding an addxtlonal longltudmal d1splacement to the

periodic axial displacement at the layer change, and holding this value con-

stant until it increases at the next layer change. The direction of the wind

influences the longitudinal excitation definition, in that during an ascending

wind the perlodlc pulses due to the cmlmg proﬁle, and trans:ent pulses in-
d

duced at a layer change are tensile, whi
are compressive.

Table 5.1: Simulation variables

N-lat Number of in and out of plane lateral modes.
N-Lo-ig Number of 1 lnn 1tudinal modes.

J Sheave I.n.ﬂrha

M Skip Mass

MO Skip Pay-load.

m Linear Rope density.

a Acceleration/Deceleration.

A% Nominal Winding Speed.

De Depth of wind.

Le Catenary Length.

E Effective Youngs Modulus of the rope.

Ax Effective steel area of the rope.

B Cross over arc.

Dd Drum Diameter.

Ds Sheave Diameter.

Dr Rope Diameter.

Lx Layer cross over points.

K, pis | Longitudinal proportional material damping factors.
(lat Lateral proportional modal damping factor of the first mode.
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5.8 Kloof Mine Simulation

A simulation of the ascending and descending winding cycle on the Kloof
mine was conducted. The purpose of the simulation was to assess the degree

.

ofrnrrpl' nievab ombp on o Ne tne qua Lat e Obse

presented by Dimitriou and Whillier[1973]. °

The parameters applied in the simulation are presented in table 5.2.

M1l B O Qonelobinme variabhlae Vmmn
14DI1€ J.4. Jllllulallivull valiavicdy - IZivu

N — lat | Number of in and out-of-plane lateral modes. | 4

N-Long | Number of longitudinal modes. 4
J Sheave Inertia. 15200 kgm?
M Skip Mass. ' 7920 kg
Mo Skip Pay-load. 9664 kg
Im Linear Rope density: 8.4 kg/m
a Acceleration/Deceleration. 0.74m/s?
\'4 Nominal Winding Speed. 15 m/s
De Depth of wind. 2100m
Le Catenary Length. 74.95 m
E Effective Youngs Modulus of the rope. 1.1 x 10" N/m?
Ax Effective steel area of the rope. 0.001028m?
B Cross over arc. 0.2 rad
Dd Drum Diameter. 4.28 m
Ds Sheave Diameter. 4.26 m
Dr Rope Diameter. 0.048 m
Lx Layer cross over points. 525m, 1050m, 1575m
7 General proportional damping parameter 0.159
“e(S2) General proportional damping pararncte.r 10493,
fat Lateral proportional modal damping ratio 0.05%

Since the physical parameters of a realistic system are difficult to quantify
accurately, and may change during the life of the rope '°, a sensitivity analysis

was conducted with respect to the nominal winding speed. In this study,

15For instance, the payload mass may vary by 5% from cycle to cycle. Manufacturing

ances will result in variations in the nominal rope properties. The manufacturers tol-
1CCS WLl L1TDULY 111 vomadsuatress 1 I L

;rmmeﬁn%mmsity is -7%-0%, and -1%-4% on the rope diameter ( Haggie

Rand [1990]).The layer change locations vary during the life of the rope, since control of
ope deterioration at layer and turn cross-overs requires that the back end (ie. drum end
ulled in at short intervals of about six weeks. The front end of the rope is cut and

e Dt -1 4le)
i

~—
(+&
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the winding speed was changed incrementally from 14 m/s to 16 m/s in 0.2
m/s increments, for both the ascending and descending cycle. The results
of the sensitivity study are presented in Appendix L. The sensitivity study
indicated that the response is sensitive to the winding velocity, in that the

amplitude of a resonant condition is sensitive to the layer change location

Qaiiprizvilasas aTSViiGaly UL 2LV

e
andition On the basis o he cancg
O11G Ol — O d O

winding velocity of 14.8 m/s was selected as being representative of the
condition, since severe dynamic motion occurred on the ascending cycle. This
winding condition was judged to be sufficiently close to that considered by
Dimitriou and Whillier[1973], and Mankowski[1982], to be representative of

the Kloof Mine hoist winder.

Uy

S
winder

The results from the simulation are presented in figures 5.9 -5.12 for the de-
scending cycle, and 5.15 -5.19 for the ascending cycle. Each simulation consists

of:
e The lateral in-plane response at the first quarter point of the rope vs
shaft depth
e The lateral out-of-plane response at the first quarter point of the rope
vs. shaft depth.
e The longitudinal elastic response at the sheave vs. shaft depth.

. . P PR e 4oL L ... L. Jh Y
e The longitudinal elastic response at the skip vs. shaft depth.

e The total rope tension on the catenary side of the sheave vs. shaft depth.

e The total rope tension o . :

e The rope tension ratio across the sheave vs. shaft depth.

® e lateral in-plane . .

e The lateral out-of-plane modal amplitudes vs. shaft depth.

All figures are headed by a linear frequency map of thfi system. This map il-
lustrates the relationship between the first two harmonics of the Lebus groove
;':cuita.tion frequency, the first four longitudinal and la.ter.a.l gatura.l frequer.l-
cies, and the layer change location. The Lebus groove excitation frequency is

nce with statutory requirements. The ammount cut off
the front end, and the ammount of rope lost due to pulling‘is augmented _by using up spare
dead turns on the drum. A minimum of three dead .turns is always required on the drum,
hut additional dead turns are allowed for compensation purposes.

Uuv eulavaVaaiess WSS ¥EES
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represented by dashed lines; the longitudinal frequencies by dotted lines, and
the lateral natural frequencies by solid lines. The layer change locations are

represented by vertical lines.

the change in rope curvature with depth. This is achieved by referencmg the
motion to the span line between the end points of the catenary. As the vertical
rope length changes, the equilibrium curvature of the cable changes, and hence
the mean static position of the cable changes. Thus the in-plane displacement

is calculated as'®

l_", ) = --inl2 + 3_‘ sm(—)a.(t)
4’ 32 1=1

3

4D
-
o
»

Mankowsk1[1982] mdlcates that lf the tension ratio hes beyond the hmlts of
0.625 — 1.60 then slip will occur. Since the possibility of slip is not accounted
for in the simulation, this condition would invalidate the simulation beyond

that time.

Lot ls sresented in figures 5.9 -5.12 for the descending cycle should be
10¢€ u:suu, picocu Il DERITS .

read from left to right, whilst those presented in figures 5.15 -5.19 for the
ascending cycle should be read from right to left.

16The equilibrium profile of the rope, measured from the span line is: Z = %(l - X),

Ly _3mgl —mg Iy _ _3si2
where Z = — 24 and X = £, thus z(%) = ~=5p*, and k = 73, hence 2(F) = — 53¢

mgig
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The simulation results for the descending c¥cle are present eranhically in
The simulation results for the ending cJ p ed graphically in
figures 5.9-5.14. General observations concerning the simulation of the de-

scending cycle are:

e When the skip accelerates down the shaft, the average rope tension in
the catenary drops, and consequently the in-plane motion is off-set in

tbhn magativa diractian Thic effect is ohserved in the odd in-nlane madec
LviicT ucsau VE GITCCUIOCII., 1125 TLiClu 10 UUSTI VIR 2242 54l LR A~ pLaaal 1 acs

which are capable of geometric adjustment to account for the change in
tension. The reverse effect is noted when the skip is decelerated to rest

at the end of the wind.

e The layer change over is evident in the the in-plane lateral response,
where it induces transient motion.

e The nonlinear interaction between the lateral and longitudinal modes is
e an increase in the catenary motion causes a negative drift

Ainal mation at f}lp thave.;
“u OuviLii &V LiiT

evident, wher

in the longi shea
e The motion at the sheave drifts in accordance with the gross lateral
motion across the drum. Thus a triangular wave form is perceptible,

— where the motion drifts in the negative direction between the start of the ——
wind and the first layer change, drifting in the opposite direction during
the second layer; this effect repeats itself, and reflects the increase in the

~— rope length due to rope traversing between the drum cheeks.

Q R i ‘s LY I PRy oy Ainea runl
Specific observations regarding the descending cycl

o aros
C aliv.

e The in-plane motion remains small through-out the wind.

e The tension ratio across the sheave remains within the no-slip region,
and thus slip across the sheave does not occur.

e The out-of-plane motion grows towards the end of the cycle. This occurs

since the even (second and fourth etc) catenary modes approach a res-
.o il the Lebus excitation frequency at approximately
onant conaivioll wivii viaw &% )} 3 pp y

1900m.
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e At approximately 1700m, the second catenary mode and the third lon-

gitudinal mode are equal, promoting coupling between the longitudinal

- and lateral motion. In effect a condition of combination resonance may

occur, where the second lateral and third longitudinal modes are equal to

the second Lebus excitation frequency (refer to the stationary stability
plot presented in figure 4.7).

v

e The deceleration cycle begins at approximately 1950 m, and longitudinal
transients occur.

e The attenuation of the dynamic tension across the sheave, illustrates a
significant filtering action, which tends to isolate the catenary from the

vertical section.

m et ta_ . £ iln aere
10€ S€nsitlvity Ol tilc 3yS

WWMW
present results from the sensitivity study for a winding velocity of 14.6 and 15
m/s respectively. Whilst the lateral out-of-plane motion reduces at a wind-
in' ci 1 i the passage through resonance is not completed

prior to the deceleration cycle, very different conclusions regarding the dy-
namic integrity of the system would be drawn from the simulation results at

s PRpRpUI LYY

14.6 m/s. In the latter condition of tuning, the resonant condition occurs
at approximately 1700m; sufficient time exists for the out-of-plane motion to
grow sufficiently to induce in-plane motion, and consequently significant ten-
cion Auctuations occur in the catenary from 1600m onwards. Since the lateral

OiVii diaLvuaBuiUias YR ES

frequency lines have a low slope, relatively small changes in the winding speed
result in significant shifts in the resonant conditions, and consequently different

arn ¢+
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o

behaviour.
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5.9.2 Ascending Cycle

The simulated response of the ascending cycle is presented in figures (5.15-
5.23). This simulation predicts significant dynamic response, where rope whip
 occurs and lateral amplitudes of the order of 1m arise in the catenary section.
The tension ratio across the sheave exceeds the limits for no slip at approx-

imately 300m, and consequently the simulation would not be realistic above

this depth. The rapid growth in the second in-plane mode, reflected in figure

5.18(c), prior to this condition presents convincing evidence of problematic dy-
namic behaviour. It is noted that according to the stationary linear frequency
, the system is tuned such that the second and fourth out-of-plane modes
ed in resonance at approximately 700m. The peak response in

are directly excit
the directly excited second and fourth lateral out-of-plane modes occurs in this
e increases after the out-of-plane response has

vicinity. The in-plane response increases aiier the ou lane respons

grown. Since the in-plane response 1 ;

associated with the nonlinear coupling between the in and out-of-plane modes,

which is consistent with the autoparametric nature of the system, whereby out-
rametrically excite in-plane motion. During the

the Lebus excitation frequency is constant, whilst the lateral

ascending cycle,
natural frequencies reduce with depth. Thus the passage through resonance
£ n lnwr +n shave the natnral

occurs with the excitation frequency passing from below to above the natural
frequency. This is similar to the laboratory model with a positive sweep rate,
where as the excitation frequency increased, the lateral out-of-plane motion

increased, followed by a bifurcation of the trivial in-plane motion. A plateau

region subsequently occurred, where the lateral motion becamt.a satx.lrated and
significant longitudinal dynamic motion occurred. This behaviour is reflected

even in and out-of-plane lateral modes refiects such a

5.17, 5.18).

man
>r

ixa

The polar response of thec . t.fouf differer.lt depths in
figures (5.19-5.23); at the start of the wind the motion is essentially planar,
becoming almost circular in shape between th.e de‘p.tlh ofJ700-500 m. There-
after, the circular motion gives way to an elliptic orbit, and consequently }a.?'ge
fluctuations in the catenary tension arise. It is assur.nt?d that the latter region
would be termed rope whip by Dimitriou and Whillier[1973]. According to
the numerical simulation, the whip is so severe that a slack rope condition

is approached during the orbit, which clearly represents very severe dynamic

he
VUIAa"’}Ou .

the auto-parametric natureof the —————

e overall dynamic response, : of tt
hanism arises when the motion in

On assessing th _
ametric mec

system is evident. An autopar



[um—
e
W

a directly excited mode provides parametric excitation leading to response in
modes which are not directly excited. This effect is important when conditions
of.internal resonance exist in the system, as such a condition promotes inter-
modal response. This situation has been discussed in the literature (Ashworth

—&ﬂd%ﬂ[_wgll,_Bmpand Roberts[1986],Cartmell and Roberts[1988]), where

cascading modal interactions arise, and the directly excited response paramet-

rically excites another mode, which in turn’ excites a further mode, and so
on. Such behaviour occurs with regard to the out-of-plane and in-plane mo-

tion, where out-of-plane response parametrically excites in-plane motion. It
ted that the longitudinal system would promote further intermodal

was expec
response. However, since the sheave tends to isolate the catenary from the

vertical system due to its large inertia, such regions of secondary resonance
are not clearly evident in the simulated response. It is important to note that
in-plane amplitudes of the order of 1m arise, where the direct in-plane excita-
tion is of the order of 0.5 mm. This emphasises the difference betweena linear ——

analysis, where in-plane motion would arise purely due to the direct excitation;

clearly this amplitude occurs as a result of the nonlinear coupling inherent in

the system.
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Figure 5.16: Ascending cycle: Kloof Mine hoist system:
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Figure 5.18: Ascending cycle: In-plane modal amplitudes: 14.8 m/s

a) Linear Frequency Map,
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iqure 5.20: Ascending cycle: Second mode polar plot
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a) Depth 300-400 m. b) Depth 500-700 m.
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Figure 5.21: Ascending cycle: Third mode polar plot

b) Depth 500-700 m.

a) Depth 300-400 m.
c) Depth 900-1000 m. d) Depth 1500-1600 m.
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Figure 5.22: Ascending cycle: Fourth mode polar plot
"~ Fourth Mode Polar Plot, Amplitude (m).
a) Depth 300-400 m. b) Depth 500-700 m.
c) Depth 900-1000 m. d) Depth 1500-1600 m.
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Figure 5.23: Ascending cycle: Polar plot of the response, s = [./4
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5.9.3 Dimitriou and Whillier’s Observations

Dimitriou and Whillier[1973] considered the Kloof Mine hoist system, and doc-
umented observations regarding the motion. These observations are extracted

and presented below.

Visual accounts of the dynamic behaviour of the catenaries at Kloof have been
recorded over more than a three year period. Some variations have occurred
during that time but regular features have been noted and these are numbered
below for easy reference. The period of main interest covers the second half
of the hoisting cycle, when a full skip 1s raised, and consists of two distinct

phases, marked in figure 1.5.

Phase 2 starts at the cross-over from the third to the fourth cable layer on the
drum and ends when the skip is at the top of the wind.

Feature 1: All catenaries vibrate to some extent during most of the hoisting

cycle, both during raising and lowering of the skips. FEzcept during phases 1
and 2, these vibrations have no clearly defined mode and have small amplitudes.

The amplitudes are smaller and the frequencies are higher when the skip is near

the bottom of the shaft.

Feature 2: During phase 1, the amplitudes increase and the catenaries settle

into a clearly defined second mode for the horizontal an.d vertical transverse

components. e-of the horizontaicomponentis-usuaily targer. L

bles A and D'7, in that order, have the greatest amplitude, which is judged to be
of the order of 1 m. On occasions, these vibratior‘z§ co_ntz'nue throughout phase
9 with a aradual change in mode but no perceptible change in amplitude. On
other occ;sions the mode of vibration loses its clear definition at the beginning

of phase 2 and the amplitude decreases.

PN ( (

4
AKX/

Feature 3: During phase 1 the vertical cables start vibrating transversely. The
amplitude, viewed at the collar of the shaft, increases in about 15 s to a maz-
imum of approzimately 0.1 m. These vibrations continue, at mazimum am-
plitude 2hr;;zghout phase 2. The vibrations are too rapid for the frequency to
be judged by eye. However, a photograph of the vertical cables ezhibits an ap-

prozimate half sine wave of about 40 m length. This indicates that the main

waveieng (2] e same

17Cables A-D are defined in ghapter 1, section 1.2.2.
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prozimately 2 Hz (but superimposed harmonics give the appearance of a higher
frequency to the naked eye.).

Feature 4: On occasions, at the beginning of phase 2, the vibrations of cable A
develop a vertical component with an amplitude in excess of 2 m. The cable

of winding is reduced by the operator and this behaviour has not been subjected
to reqular observation. One observer believes he saw a first mode pattern in
the large vertical component of the whip, but this observation has not been

corroborated.
Leature 5. None of features 2,3 and 4, is in evidence when the skips are lowered.
LI"CALUTE J, 1YUTC Uj jlurvwi Lo &y 2 43 1

not vibrate.

In particular the vertical cables do

Feature 6: Every siz weeks a length of cable is cut at the compensating sheave
and the dead coils are pulled over the drum to change the position of the cross-

overs. Immediately after this, the vibrations during phases 1 and 2 have their

i ot e The gmplitude decreases gradually during the siz week
mazrimum ampiituaec., Lzivt Wiivy J : u °

half of the interval.

Feature 7: An ezperiment had been tried by the engineering staff at Kloof: the
Wwinding was decreased abruptly at the beginning of phase 1. It was
found that a drop in speed in this manner from 15 to 14 m/s was sufficient

¢ i ) 11 4l . ~ammlidnide nf the mhbratinng I]’M."l"’_l;nn the remainder of
to reduce considerably the ampliiuae oj th€ VIOTALIONS QUM y

phases 1 and 2.

The simulated behaviour presented in this study largely confirms these obser-
vations. The only notable difference is the lack of reported dynamic motion on

the descending cycle. It is important to realise that Dimitriou and Whillier’s
.ive to observations

i $3 « 1 .=dnarhane theyv were more sensi
observations were visual, and perhaps they wer

regarding in-plane motion. The 1Echfm:p}aneﬂmheﬂ—m—€hedeseefkétﬂgs+m&-7
lation therefor correlates with these observations. Furthermore, the sensitivity
of the avetemn to the winding speed is an important consideration. In this re-
;;r'é.‘a,rvldi;c—;;ase in winding speed to 14.9 m/s would place this region within
here transverse motion would be viewed as normal.

the decelerating region, -w. :
Unfortunately the winder on this system was changed in the late 70’s, and
L. aviracted

i 14 11 _
further experimental results could not be exiracied.
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5.10 Conclusion

The simulation exercise conducted has been successful in describing adverse
dynamic behaviour at the Kloof mine. It is noted however, that this is a nu-

merical simulation and consequently is constrained by necessary assumptions,
for instance the assumption of a proportional lateral and longitudinal damping

1 . 1 Lo rdnd A . . .
mechanism, and the neglect of the lateral motion of the vertical rope. It is

also important to note that the winder is treated as an ideal energy source,
and that no account was made for the flexibility of the headgear structure.
Thus any claim that the simulation approaches a precise description of the
actual motion would be dubious. Nevertheless, since the equations of motion
developed describe the physical nature of the system, it is expected that ad-
verse dynamic behaviour in the simulation would support the notion of adverse

ynamic behaviour in reality, a
during a design exercise. Thus good engineering judgement would be required

to interpret the simulation results.

The assumption in industry that the catenary motion does not generate sig-
nificant tension fluctuations, and hence any assumption that adverse dynamic

o1 1:f, £ 4hn wana 3o rlannler ~tana

catenary motion has no bearing on the fatigue life of the rope is clearly ques-
tionable. Significant tension fluctuations were observed in the catenary during
the simulated ascending cycle. Although these may be tempered in reality by

the support structure fexibility, adverse dynamic catenary motion will result

+
v
in significant tension fluctuations.

et b S |
i

A number of features have been observed during the simu

may be used to advantage to improve the dyna i
installation, without changing the geometric parameters of the system. These

are itemised below:

e The periodic axial and lateral excitation due to the Lebus cross-over can
I | d d e Aranatn

be reduced, and hence the possibility for whip reduced, by increasing
the cross-over arc length, and by profiling the grooves. Since the filler
length increases with an increasing cross-over arc-length, the transients
induced at a layer change would also reduce. Such an approach has been
promoted by industry, and the machining capability is available.

e An important feature, influencing the catenary motion, 1s the location of

a layer change with'T raltr
nary. It is likely that at some stage of the wind linear resonance of the

catenary will arise. Since the phase of the lateral excitation reverses af-
r-a layer change, it would be advantageous to position the layer change

o

0
<
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close to the occurrence of linear resonance. In this manner, the phase
of the excitation may be applied to oppose the residual motion which

has developed on approaching resonance, dissipating the motion to some
extent. This effect is demonstrated in the sensitivity study presented in

CLliVe. 422222

a ENIALX , whereaiay hange postty pose to the linea ASON A,
reduced the in-plane amplitudes. Although this may be accomplished
existing installations by including additional dead turns on the drum,
to allow for fine tuning of the system with regard to the placement of
a layer change, due to pulling the back end of the rope, and cutting the

front end, these locations would not remain constant throughout the life

of the rope. Although the simulation results presented in Appendix L

demonstrate the potential advantage of a layer change location close to
linear resonance, the response is sensitive to the layer change location.

_ Since the layer change location varies during the life of the rope, in prac-

tice this would be an unlikely design strategy. Also, reservations exist

regarding miscoiling of the rope at a layer change due to the dynamics

of the catenary. For this reason Boshoff suggests that the layer change

be located away from a linear resonance:

on

longitudinal excitation induces compressive pulses in
scending cycle, it is more difficult to excite whip;
d that if a resonant condition is unavoidable on
then it should be accommodated

e Since the periodic
the catenary on the de
thus it is recommende
either the ascending or descending cycle,

..... Aing cvcle

on the desccuu;ua Ly,

It is worth considering the response amp itudes in the context of the excitation
applied to the catenary at the : '
out-of-plane excitation are of the order of 7mm and less, whilst those of the

longitudinal and in-plane lateral excitation are of the order of 0.1 mm. The

lUllblvuunsnm . ~ Ay s P
; i ne motion is of the order of Im. This would represent

of the in-plane motion. This clearly highlights the
ling in obtaining a realistic simulation of the

an amplification of 10 000:1
importance of the nonlinear coup

response.

analysis presented in chapter 4, a significant
region of instability was d in the vicinity of a winding speed of 15 m/s,
where nonlinear interaction could be expected with regard to the steady state

response. This region occurs at approximately 700m, where the second longi-

he second lateral mode; thus the additive combination

tudinal mode tuned to t ! ral mode; thus
he second lateral anc longitudinal modes is activated by —

resonance involving t D )
e Lebus excitation. Simultaneously, the second lat-

the second harmonic of th \ : Yy LHE
d the second longitudinal mode are directly excited in resonance

eral mode and the second ¢ 1 LesOn
by the first harmonic of the Lebus coil cross-over frequency. It would be incor-

With reference to the stability

laty wag predicte
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_rect to attempt to assess the dynamic interactions observed in the simulation
in terms of the stationary stability analysis, since the system is non-stationary,
and steady state amplitudes are not achieved. Also, the transient excitation
due to the start-up and the layer change excitation are not accounted for in the
stabili i erimental correlation was achieved wit

the laboratory model, and led to an appreciation of parametric excitation, the
neglect of the non-stationary aspect of the system compromises the usefulness
of the stationary stability analysis of the system as a single design criterion.

The design strategy proposed is thus to apply the stationary stability analysis
to identify conditions of resonance, and to develop an appreciation of the
overall system tuning. This would be followed by a sensitivity study based on
direct numerical simulation, where an overall appraisal of the system response
can be obtained. This is still an involved task, and is perhaps better left to a

specialist rather than a design engineer.




This study presents a non-linear dynamic analysis of a mine hoist system.

_ During the course of this research, studies concerning the dynamics of strings

and cables were reviewed, leading to a critical appraisal of the research con-
ducted by Dimitriou and Whillier[1973], and Mankowski[1982]. At the outset
of this study, much emphasis was placed on defining practical criteria to de-
sign a mine hoist layout, or to correct the adverse dynamic characteristics of
an existing installation. This was initially addressed by considering the sta-
tionary dynamic behaviour of the system, where the parametric nature of the
system could be confirmed on a laboratory model. It is not surprising that
although an appreciation of the stationary system characteristics may provide
broad guidelines regarding the avoid:ar‘xce of resonance, sirzcn the system is non-
linear, the non-stationary aspects of the system ultimately exert an overriding
influence on the system behaviour. This feature was apparent in the sensitiv-
conducted, where the system response was simulated over a range of

itv etndv

v UU“\.J Al . .
indi i lytical development was correlated with

experimental results measured on a laboratory model, providing confidence in

the numerical simulation, and allowing design strategies to be suggested. Ulti-
mately, a comprehensive dynamic analysis of a mine hoist system is a complex
task, which requires sound engineering judgement tempered with analytical
skills. The techniques developed in this thesis are intended to facilitate the
latter, without replacing sound engineering judgement.

It is in the interest of further development that a critical appraisal of the

ek s roascne Rirchlss P4

current work is provided. This is important for two reasons. Firstly to examine

the limitations of the current analysis and to emphasise that substantial scope
exists for further development. Secondly to highlight such issues for the benefit
¢ future researchers pursuing similar studies.
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