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GALLERY SUPPORT MANIPULATOR - DYNAMICAL RESEARCH

Tsvetan Damyanov Emil Assenov

University of Mining and Geology TU
“St. Ivan Rilski" Sofia, Bulgaria
Sofia, 1700 Bulgaria

ABSTRACT

Zahari Mihalkov

University of Mining and
Geology “St. Ivan Rilski"
Sofia, 1700 Bulgaria

Patar Nedyalkov

University of Mining and
Geology “St. Ivan Rilski"
Sofia, 1700 Bulgaria

The results of kinematic and dynamic study of gallery support manipulator are shown. A methods for 3D SolidWorks modeling and the Dynamic Designer simulation is
created. The results present the telescope velocity and acceleration and dynamic reaction in the linkage of the arm and the jib, the jib, and column forces and the

force of the hydraulic cylinder.

INTRODUCTION

Forming of steady support gallery is an important part in
technological process. It has an advantage as high level of
technical security of support and good technical and
economical parameters. The object of study is a manipulator
that was created by the author team from “Minsrtoy”. This
manipulator as similar as “Maschinen-fabrik — Moeminghoff’s
manipulator. It causes of - vertical rotated column, two
telescopic job, a special catch unit with local structure with two
degree of freedom. The manipulator can work with heavy
beton element with weight of 500 — 1000 kg and create the
gallery with diameter - 4 4,0 - 4,5m.

6 — telescopic arm with translation T linkage with the
arm;
7 - support element;

The manipulator technical parameters are given in Table 1.
Table 1

Ne parameter dlmen value
sion
1 Load — minimal kN 10

2 Stroke of the telescope — S3 mm 1100
3 Angle of rotation of vertical

deg 210°
column -
Angle between arm and job
-B
5 minimal - deg | 4o
maximal - 185°

Angle of rotation of support
6 element perpendicular to the | deg 45°
axis of the job - a;

Angle of rotation of sup.
7 elem-ent around of the job | deg 360°

\ :
g\ ' axis - Ox
; 8 Maximum rotat|on. moment of Nm 1200
the catch mechanism
v Distance between axis of the
. . 3560
9 manipulator rotation and the | mm
. 4660
catch mechanism
10 | Working pressure MPa 20
hL 11 Width of beton element mm 800
12 | Mass of the manipulator kg 1000

Figure 1 Scheme of the manipulator

A scheme of the manipulator is show in Fig. 1, where:
0 - base;

1 — column with vertical rotated R linkage;

2 - leading cylinder for jib;

3 —jib;

4 - |eading cylinder for arm;

5 — arm with horizontal R linkage;

The manipulator is part on the loader 2PNB-2, and the
machine has high effectiveness.

The dynamical study of the manipulator is important because
of high weight of the beton element (1000 kg) and weight of the
manipulator elements creates large dynamical forces in the
unestablished work rates. Also of the fact that operator work,
so we have a biotechnical control system in changeable work
cycles and conditions.
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The aim of this works is to:

1. Make a computer modeling of a parameters of
high loaded manipulator elements;
2. Define the conditions of kinematical scheme,

driving system, manipulator metrics and object and special
feature of technological process;

3. Create 3D — assembly model in Solid Works
with correct kinematical linkages between moving;

4. Define the dynamic parameters in Dynamic
Designer environment;

5. Structure of the computing module and decision
of the dynamical purpose, in conformity with nominated
methodics for development.

GEOMETRICAL MODEL

Figure 2 — Kinematical scheme of the manipulator

The kinematical scheme of the geometric model is shown in
Fig.2. There are shown relations between parts. This type of
scheme allows mathematical purpose of the kinematical
parameters for all parts related to the base. The shown parts
are:

0 - base grounded part;

1 — column with rotatory (R1) linkage to the base and
vertical axis (Zo) of relative rotation (¢1);

2 — jib with rotatory (R2) linkage to the column (1) and
horizontal axis (Y2) of relative rotation (¢2);

3 — arm with rotatory (Rs) linkage to the jib (2) and
horizontal axis (Y3) of relative rotation (@s);

4 - telescope with translation (T4) linkage to the arm (3)
and relative translation (x4) on axis (Xs).

This kinematic scheme is plane opened and work when
the linage base — column is blocked with base manoevre
m, =0 ,with general manoevre m, =-2 . The characteristic of

this kinematic scheme shows that the manipulator requires
global and local structure. That is mean to the limited
possibility for operation only with the global structure.

For mathematical developing (Fu, 1989; Nakano, 1989) of
the problem we accept that:
1. The length of parts 1,,1,,1,,1; and 1, are known;
2.Coordinate systems Ro,R1,R2,R3,Rs have origine to
point O, O1 to Os, respectively, where the linkage between
parts are.
3. The axes X1, Xz, X3 and X4 are parallel

. With these conditions the problem is divided to two parts:

1.Define the Os4 and Os coordinates to coordinate
system Ro;

2.Define the orientation of the vector 0,0, in Ro.

To make this we need to define the transformation matrixes
(Ekserov 1989).

The rotation R1 toward Ro around Zo in angle ¢1 is
responsible to matrix:

cosl sinl O
—sinl cosl O
0 0 1

Mj =

The rotation Rz toward R: around X2 in angle ¢2 is
responsible to matrix:

1 0 0
0 cos2 sin2
0 -sin2 cos2

M7 =

The rotation Rs toward Rz around Xs in angle s is
responsible to matrix:

1 0 0
0 cos3
0 —sin3 cos3

M?:= sin3

The translation Ts toward R3 on axis X4 in distance T4 is
responsible to matrix:

0]
0]
1

Matrix for the transition to base Roare:

M3 = Ml
M3 = Ml 2]

M3 = M| ] w2 s

After simplifying (for simplifying we put T,=1,+1,+T,,
L=1,+1,) we have equation for the positions and orientations
of the mechanism’s part;

X5 =sin1*[l, *cos 2+ T, *cos(2+ 3)] i, =cosl

ANNUAL of University of Mining and Geology “St. lvan Rilski", vol. 46(2003), part lil, MECHANIZATION, ELECTRIFICATION AND AUTOMATION IN MINES
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ys = c0s1*[12*cos 2+ T, *cos (2 + 3)] i, =—sinl
25 =L —1,*sin2 T, *sin(2+3)
jX =sin1*cos(2+3)

jJo =cos1*cos(2+3)

ji =—sin(2+3)

i,* =0
k¥ =sin1*sin(2+3)
kJo =cos1*sin(2+3)

ki =—cos(2+3)

Deduction equations are geometric model, witch short type
is:

>zRD = F((B_(Z’o)

or be the system:
X5 = [I2 *c0s 2+T, *cos(2+3)]*sin1
ys = [I, *cos 2+ T, *cos(2 + 3)]*cos 1
z; =L —1,*00s 2T, *sin(2+3)

jJo =cos1*cos(2+3).

METODICS
The research method corresponds to those entire told upper.

We examine virtual model, created by CAD system we have
some requests (Assenov, 2002). In view of the fact there are
important requirements to the CAD model:

- maximum and accurately fulfillment of the forms,
dimensions of the all manipulator’s parts;
- maximum and accurately fulfillment of the linkage
between the manipulator's parts and linkage
between them and hydraulic cylinders.

After 3D SolidWorks modeling we put the model in the
Dynamic Designer environment. After that we check the
linkage property. This is shown on Fig.3.

EE} Foktion Model

----- Aczembly Components

= FPark=

@3 FMowing Parks

== Ground Parts
=-=FF kolona-1
i=f Stojka-i

[=1--LIL) Constrainks

L:_I[:v Joink=

- & Concentric10

Concenktricl '

' ConcenktriclS

&, Concentrics
s
gl
gl

Fixed

Fewoluks

Rewoluk=10
[:E:] Rewoluke2
[:g:] RewoluteS

..... ,§ —onkack

..... B Couplers

----- e Pokion

Force=

----- iy Springs

..... My Dampers

=1 PRy Ackion Ol

P E-FR Forcends

PRy ActionfReackion

Figure 3 Dynamic Designer feature manager.

We set the maximum load beton element of 10 kN, and we
set motion to be complex from movement of the jib and arm.
Then we set motion — constant velocity of the hydraulic
cylinders of the and arm equal to 10 mm/s and 33 mm/s. The

mode of the motion we set is similar as usual mode in the
simplified unregulated hydraulic leading. All this is made as
assigning parameters of the linkage. An example the setting
the constant velocity of the hydraulic cylinder is shown on
Figure 4.

i

Apply

Fevert |

I otion |Flicti0n| FE& I Propertiesl

Mation Oy | Trarslate 2 =l

totion Type: IVB|DCit_',' j
Iritial Dizplacement: ID
Initial Welocity: ID

Function: ICDnStant vI ¥
Welocity: I'-ID mmisec

Figure A window for setting the joint parameters
When all parameters are assigned we run simulation
process.
RESULTS AND DECISIONS
The simulation results are shown graphically

1. The ideal reaction in cylindrical joint between jib and
the arm is shown on Fig.5.

—. BESES
= J
§ 75957

= 59309
= ogg]
T

= 1 /
. 50053

. ]

O 404725
=) J

W 30797

0.001 302 603905206 507 2091000 40
Time (=zec)

13.00

Figure 5 Reaction in joint jib — arm.

2. The ideal reaction in cylindrical joint between the
and the column is shown on Fig.6.

ANNUAL of University of Mining and Geology “St. lvan Rilski", vol. 46(2003), part lil, MECHANIZATION, ELECTRIFICATION AND AUTOMATION IN MINES
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— 284971
< 265694 O
= 24647 X
= 227139

= oovss2
3 188585
= ]
L 169307

000 2603890 6.50
Time [=zec)

910040 13.00

Figure6 Reaction force in joint - column

3. The force in hydraulic cylinder of jib is shown on
Fig.7.

= 302453
= ]

282151
E ]
£ 261848 X

241545 I

= 221242

& 200940
= ]
IC 180637

oo 260380 650
Time [zec)

910040  13.00

Figure 7. Force variation of the hydraulic cylinder of the jib.

4. The manipulator's parts kinematic parameters are
shown in Fig.8 and Fig.9

- The velocity of mass center of the telescope is shown
in Fig. 8 and in Fig. 9 is shown acceleration of the mass center
of the telescope.

=
% 454
E 44 1
=397
L} 4
= 353
L
=309
5]
© %65

o

=22

~ 0.001.302 603905206 507.309.1010.40  13.00
Time (=ec)

Figure 8 Velocity of mass center of the telescope

I T

a7 PR e S R =T .,

Ch Accel - Mag (mm/

0.001.302603.905206.507.809.1010.40  13.00
Time (zec)

Figure 9 Acceleration of the mass center of the telescope

CONCLUSIONS

Methods for kinematic and dynamic study of gallery support
manipulator are made. These methods are based on
combination of 3D CAD modeling and dynamic simulation.

The gallery support manipulator is studied by the constant
velocity of the jib and the arm hydraulic cylinders and to
maximum load.

The results can be used for the manipulator's elements
optimization for minimum mass and increasing the security
coefficient

The results can be used for improving control rate of the
hydraulic system, as we optimize transition process of hydro
distributing elements.

Methodic for development of the dynamic loading will be
improved, as we use opportunities of “spline” option for
entering of leading velocity w(t). We can enter for some part of
trajectory leading velocity w(t) = 0. This enables us to study in
characteristic points only static load of manipulator’'s elements.

REFERENCE
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DETERMINING THE LOAD ON RKS-TYPE TANGENTIAL PICKS

Svetlozar Tokmakchiev

University of Mining and Geology

“St. Ivan Rilski”
ABSTRACT

Sofia 1700, Bulgaria

The article deals with the issue of determining the load on RKS-type tangential picks under lab conditions. The tests were performed with three specially prepared
RKS-type cutting tools. The cutting force components and resultant values were determined for each type. It was found that the change in the cutting angle from 70°

to 110° has a weak effect on the ratios between the individual forces.

A test stand shown in Fig. 1 was used to determine the load
on RKS-type tangential picks. The shearing drum is a strain-
measuring head by which it is possible to measure and record
the resultant cutting force and its components. The test stand
consists of a frame 1, a welded structure made of steel
sections and sheet iron. The casket 5 and the hydraulic system
11 are mounted on it. The hydraulic cylinder 7 feeds the strain-
measuring head 6 to the casket 5 where the rock fragment is

P23 4 5 6 7 ,87,3

fixed. The driving screw 12 is used to move the casket
horizontally for a new sickle and the straight-line movement of
the cutting tool is achieved by supports 2 and 9, slides 8 and
guides 13. The stand is fitted with limit switches 4 serving to
protect the strain-measuring head and the cutting tool against
inadmissible overloads. The hydraulic cylinder is fixed on the

panel 10 thus obtaining the necessary rigidity and stability of
the structure.

o H 13 12

Figure 1

The cutting force components are oriented along the axes of
the spatial rectangular coordinate system designated by Px, Py
and P, respectively, where Px is the side cutting force, Py is
the vertical cutting force and P: is the tangential force. The

resultant cutting force is designated by Pres and is determined
by the analytical relationship

Poc =+ P2+ Py2 +P2 (1)
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After making observations under the conditions of the Babino
Mine at Bobov Dol we found that the broken mining mass
comes in contact not only with the hard alloy plate (the pin) but
also with the head (holder) of the cutting tool. In order to
determine what part of the cutting force is exerted on the pin
and what part is taken up by the holder, a series of long-term
measurements were carried out in the lab. As an object of
breakage we used representative fragments of material from
the Babino Mine and the cutting tools were prepared in
accordance with the picks shown in Fig. 2. Fig. 2a presents an
original RKS1pick and Fig. 2b depicts a pick with an elongated

125

85

| 12

head, in which the cutting force is exerted on the hard alloy pin.
The sample shown in Fig. 2b is without a hard alloy pin. The
cutting force in that tool is distributed only on the head (holder).
The tests were performed under the following operating
conditions: blocked cutting along a smooth surface; thickness
of sickles h = 10 mm; cutting angle B from 70° to 110°
changing within the range of 10°; material strength from 2.5 to
3 by Protodyakonov's scale and rate of feeding the tool
Vp=20 mm/s.

120

Figure 2 Experimental RKS1picks
a - original pick; b — pick with elongated head;
¢ — pick without head

The experimental studies were necessitated by the heavy
conditions of cutting tool operation at Babino Mine. Due to the
higher rock hardness, the hard alloy pin of some picks is
broken from the very beginning and they cut the mining mass
only with their holders thus causing a negative effect on the
whole machine.

The results of the experimental studies are presented in
Table 1. The same table gives in percentage the ratios
between the resultant cutting forces for each type of tested
pick. The graphic dependencies of the test results obtained are
shown in Fig. 3

Sesz raaba
Pobuw
P opurusaneH 30 {
ol odwo |
o 90 ¢
b ! |
2 [
-] |
a
o 80+— T T
T P YgbAXkeHa racBa
odwo
3
< [P OpuruxaAeH 3%
= oduo
2 70 =
64 68 72 76 80

Figure 3

ANNUAL of University of Mining and Geology “St. Ivan Rilski”, vol. 46(2003), part Il, MINING AND MINERAL PROCESSING



Tokmakchiev S. DETERMINING THE LOAD ON RKS-TYPE ...

Table 1
Cutting forces, N Ratio between
Cutting Original pick Pick without pin Pick with elongated head resultant cutting
angle B forces, %
Px Py P, Pres Px Py P, Pres Px Py P, Pres Pwp/por peh/por
70 022 | 128 | 153 | 201 | 006 | 054 | 1.21 | 1.32 | 0.14 | 098 | 1.33 | 1.66 82.5 65.7
80 023 | 129 | 1.57 | 204 | 007 | 055 | 1.24 | 1.36 | 0.17 | 1.01 | 1.35 | 1.69 82.2 66.7
90 025 | 133 | 161 | 210 | 0.09 | 057 | 1.27 | 1.38 | 0.19 | 1.03 | 141 | 1.76 83.8 68.6
100 027 | 1.34 | 164 | 214 | 010 | 059 | 129 | 147 | 0.21 | 1.05 | 144 | 1.79 84.8 68.9
110 028 | 1.37 | 169 | 219 | 0.10 | 061 | 1.31 | 1.51 | 022 | 1.07 | 149 | 1.85 84.4 69.3

The results showed that the resultant cutting force in the
original picks is determined by the forces acting on the hard
alloy pin and the body. Furthermore, the greater part of that
force is taken up by the central pin (approx. 80-85%),
whereas 15-20% of it is taken up by the body. A different
picture can be observed with respect to the vertical (Py) and
side (Px) forces, which can be explained by the profile of the
groove formed by the pin as well as by the fact that these two
forces have considerably lower values.

Recommended for publication by Department of
Mine mechanization, Faculty of Mining Electromechanics

In general we can conclude that the change in the angle of
cutting from 70° to 110° has a weak effect on the ratios
between the individual forces discussed above.

REFERENCES
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THRESHOLD LEVELS OF SHIFTING AND SPEEDS IN DISCRETE REGULATION
OF MINE BELT CONVEYORS

Prof.S.Deevski

University of Mining and Geology "St. Ivan Rilski"
Sofia 1700, Bulgaia

ABSTRACT

Eng. Katerina Shehadi

University of Mining and Geology "St. Ivan Rilski"
Sofia 1700, Bulgaria

The probability characteristics of load flow of the main belt conveyor of Assarel Mine are determined and the optimal levels of shifting and motion speed in discrete
regulation of the speed are found. Regulation of the belt speed will be driven to considerably increase of mine belt conveyors lifetime.

1.INTRODUCTION

One of the possible ways to make economies when mine
loads are haulaged with belt conveyors is to put controlled
conveyor drive. The following advantages are achieved:

1. Drawing in the energy consumption for transportation;

2. Decreasing wearing of rotating parts and increasing their
lifetime;

3. Increasing the lifetime of conveyor bearing structure as a
result of decreasing of dynamic shocks.

Controlled driving could be continuous or discrete depending
on technical means used for its realization.

Continuous regulation changes uninterruptedly the speed of
conveyor belt depending on the intensity of load flow. In
discrete the speed shifting is made only when the flow intensity
reaches determined edge values.

The modern technique offers comparatively cheap and
enough effective equipment for continuous and discrete speed
regulation.

We will consider the discrete regulation method in this report
because the equipment is cheaper and more available.
Discrete regulation could be realized by mechanical devices
(switchable gearing) or by using of planet reducers, as well as
by electrical means: switching the way of connection of
electrical motors or the number of their poles, direct frequency
regulation etc.

2. PROBABILITY CHARACTERISTICS OF MINE LOAD
FLOWS

Numerous investigations show that intensity of mine load
flows is a probability quantity [Schahmaister etc., 1983]. That is
due to inhomogenity of mined mineral resources, breaking off
the mining in order to displace machines, fulfillment of different
technological requirements efc.

The load flow intensity could be divided in some sub-flows:
- Flow of entry load with different intensity;
- Flow of discontinuity (pauses) in feed of the load;
- Flow of load ffeel duration;
- Flow of pause durations, etc.

Only the first sub-flow is considered in this report because it
has relation with the change of belt speed. Investigations
show, that it is well approximated with normal probability
distribution.

The main characteristics of normal distribution of the material
flow, haulaged by belt conveyor are:

- density of probabilities
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- distribution function
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- mathematical expectation
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- dispersion
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- quadratic mean deviation

D(Q) (5)

where Q, is conveyor productivity in the moment /;

- frequency of the Q; intervals.
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3. THRESHOLD LEVELS OF SPEED SHIFTINGS

In discrete regulation of belt speeds a control system keep
abreast a load flow intensity and unevenly change of the belt
speed when the load flow crosses the any of the preliminary
defined levels. Regulation will be normal, i.e. with minimum
energy losses, if the levels are determined so as to obtain a
minimal belt run in load haulage. Determination of optimal
levels is made as follows:

We assume that control system is of three-step type. Material
flow loaded on the conveyor is changed during the time
casualy as it is shown on fig. 1 a.
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Figure 1.

When the material is loaded on the belt the speedV, is
turned on, if the flow rate increases to level Q, the speed
V, is turned on and if it reaches and gets beyond Q, the
speed V, is turned on (Fig.1, b).

Probabilities the belt to moves with speeds V,, V, n V; are:
P =P0<Q®)<Q]=F(Q): ®)

P, =P[Q, <Q(t)<Q,]=F(Q,) - F(Q);
P, = P[Q, <Q(t) < Q,]= F(Q,) - F(Q,),

where Q(t) is the load flow intensity in the moment t.

The average speed of the belt is:

vV, =V,R +V,P, +V,P;,m/s. 7
becausef
Vlzg; ng%;vg,:%: (8)
q q q
- where  =Sp s linear mass of loaded on the belt

material, kg/m;
S - maximal section of the material on the belt, m2;

- density of the transported material, kg/m3,
Q Q, Qs
V= & j f(Q)dQ + %j f(Q)dQ + %j f(Q)dQ.©
a5 q o q %

The level Qs is equal to the maximal productivity of the belt

conveyor. Levels Q, and Q, are variable and in order to find
their optimal quantities we determine the partial derivatives of
equation (9) toward Q, and Q, nullify them.

aVC
FP = F(Ql) + (Ql _Qz) f (Ql) =0

aVCP — _ —
20, F(Q,)+(Q,-Q;)f(Q,) =0

So we are able to subtract the equation of optimal level of
regulation if the control system is with n degrees

F (Qn—l) + (Qn—l - Qn) f (Qn—l‘) =0. (11)

4. CALCULATION RESULTS

A determination of threshold levels of the speed is made on
the base of data of loading of the main belt conveyor in Assarel
mine for the period from 11 to 17 February, 2002 in order to
obtain practical results of utilization of the mentioned above
formulas. Computer, who controls the belt line, records the
data. The curve of loading is average for every half of hour in
order to obtain numerical data.

The calculations were made using computer program
“Mathematica” for Windows, created by Stephen Wolfram.

The probability characteristics of the haulaged by the belt
conveyor load are calculated by using the sub-program
Descriptive Statistics, which use the formulas (3)-(5). The
calculation results are the following:

Mathematical expectation a=2177 th
Dispersion D=5626 t/h
Quadratic mean deviation o =474 th

Using the obtained data and solving the equations (10) and
(11) for degree numbers from 1 to 5, i.e. with different number
of equations, we find the levels of speed shifting. The upper
productivity limit is set to be the maximal productivity of the
conveyor Qmax=4000 t/h.

Using the obtained levels of shifting and dependences (8) we
calculate the necessary speeds. The average speed of belt
motion is determined according to the formula (9). Calculation
results are given in Table 1.
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Shifting Levels
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Figure 2.
Table 1 Shifting levels and motion speeds in different number of speed degrees
Shifting levels, t/h
Number of degrees Motion speeds, m/s Average speed Vep,m/s
@ Jo [ [a [o
Vi Vv, Vs Vy Vg
2592 4000
2 26 4 2,84
2202 2823 4000
3 22 28 4 2,58
1995 2444 2949 4000
4 2 2,44 | 2,95 4 2,48
1859 2233 2587 3035 4000
5 186 223 | 259 | 303 4 24
4.If the conveyor speed without regulation is 100%, in two-
CONCLUSIONS degree regulation it will be it will drop to 71% and in five-

The following results could be made on the base of data,
obtained in Table 1:
1The results are an product of probability calculations and are
concerned to the load flow with determined characteristics. For
each particular case it is necessary to make calculations using
corresponding statistical data.
2.The threshold levels for different speed degrees are not
identical and depend on their place on the curve of probability
distribution. (Figr.2).
3.The average speed of belt motion depends on the number of
speed degrees. As many are the degrees so lover is the
average speed. It is not arithmetical mean of speeds in
particular degrees because duration of motion on different
levels is different and depends on the interval size F(Q).

degree — to 60% With such value will drop the run of the belt
and turnover of the rotating parts It should be lead to
prolongation of conveyor lifetime. .
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ABSTRACT

Possibilities to increase the productivity of belt conveyors without considerable change of their construction are treated. Calculations of the area of conveyor cross
sections of transported material for five different forms of the belt and their protective widths with belt width B=1600 mm are made. The results show, that productivity

could be increased about 40%.

1.INTRODUCTION

Belt conveyors are used in mining industry for haulage of
bulk freight mineral resources and rock mass.

Increasing productivity of mining machines — combines,
excavators etc. the belt conveyors are the only transporting
machines that could cope with increased load flows. That is
why their utilization in mining is great.

Possibilities to increase the productivity of belt conveyors
without considerable change of their construction will be
treated in this report. Capacity productivity of conveyors
depends on two quantities: cross section area of the material,
that is on the belt F, m2, and motion speed of the belt V , m/s,
ie.

Q=F.v, m3/s

The belt speed is regular and depends on the type of
conveyor. For conveyors, used in underground mines the
speed is 1,5 - 2 m/s, and for open cast mines - 4 - 6 m/s.

The cross section area of the material on the belt depends
on the width, the type and the construction of supporting roller
bearing.

In the belt conveyors theory [Schahmaister etc., 1978] it is
the custom, that loaded in the belt material do not gain the belt
ends in order to get protective strips, which avoid lateral falling
of the material. It is assumed also that the upper surface of the
material is in the form of triangular prism with inclination of side
faced @ (Fig.1). The angle ¢ is side to be the natural slope

in transportation and is about a half of the angle of natural
slope of the material at steady state.

oLz

N Ao

Figure 1.

2.DETERMINATION OF MAXIMAL AREA OF MATERIAL
SECTION

We investigate loading of four types belt conveyors, used in
“Maritsa — Istok” [Stoev, Marhor, 1991]. Two of them are with
three-roller supports and angles of inclination of side rollers &
respectively 300 and 36° (Fig.1, a), and the other two are with

13

five-roller supports and angles of setting of side rollers a1 and
azrespectively o 1 =310 and ¢ 2=38° and o 1'=36° ¢ »'=430
(Fig.1, b).

Sectional areas of the material are determined by using of
the formula, subtracted by Prof. S.Deevski [Deevski, 1996]:
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- for three-roller supports:
Fs=(x12-xod)tg & + x12. g @, m?, 2

- for five roller supports:
Fs=(x12-xo2)tg ¢ 1+(x2%x12). tg & 2+ x22 .{g @ , mZ; (3)

where xo, X1 and x2 are the lengths of segments, obtained by
projecting of cross section angles on the abscissa (Fig.2).

Ay
©=20"

> Y

Figure 2.

The lengths of the segments are::

X0=—,

2
X1=Xo* |1.c0S X 1,
X2=X1+ 2.cos X 2,

where o, l1 and |2 are the lengths of cross section of the belt,
m.

In order to compare obtained results, we determine maximal
area that could be obtained if the belt is supported by infinitely
number of rollers. According to the Luilie theorem that says:
"From all plan figures, which contour has the |, the greatest
area has the circle” we assume that the belt is bended on
circular curve with radius R (Fig.1, B). The form of the material
section is circular segment with a triangle on top, which area is:

2 \ 180
where « is the central angle,
R - circle radius, m;
a - chord of the figure, m.

R*(ma . 1,
F=—| ——Sinx +Za tg o, 4)

The central angle &, in which the figure of the material has
maximal area, is 180°. It is determined by investigation of

maximum of the function (4) according to the method of digit-
by-digit approximation.

3.DETERMINATION OF THE PROTECTIVE WIDTHS

When the belt conveyors are designed, the size of the
protective widths is determined according to the following
dependences:

- for conveyors with small productivity
Ab =01.B,m (5)

- for conveyors with great productivity
Ab, = 0,05.B +0,025,m (6)

Recommended by formulas (5) and (6) protective widths are
subtracted as a result of empirical obstructions [1].

Prof. Deevski [1996] subtracts formulas for determination of
the needed protective widths and assumes that the upper
surface of the triangle prism becomes plane and it draw level
with the edge of the pan-like belt as a result of shaking down
during the material motion.

The formulas of protective widths are:

B-+B*-4AC m

1 1 7
oA (7)

Ab, =

where  A=Cos & n.SiNCX nt COS g @ ;

B=a.(sin ntcos a ntg @),

1.
c="a’gg;
4 g¢

« nis inclination of the highest side rollers, 0 ;
a - distance between upper edges of pan-like belt, m.

4.CALCULATION RESULTS

Calculation results of areas of cross sections of transported
material for different belt forms by using the formulas (2), (3)
and (4) and their protective widths, determined by using the
formulas (5), (6) and (7) for belt width B= 1600 mm and angle
of the natural slope during the transportation ¢ =200 are given

in Table 1.
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Table 1
Type of roller support Protective widths Area of the material

Ab,mm F,m2 F, %

Three-roller support with inclination Ab, =160 0,276 68
of side rollers o = 30° Ab, =105 0,331 81
Ab, =186 0,253 62

Three-roller support with inclination Ab, =160 0,291 71
of side rollers oz = 36° Ab, =105 0,348 85
Ab, =162 0,290 71

Five-roller support with inclination of Abl =160 0,309 76
side  rollers o, =31° and Ab, =105 0,367 90
a, = 380 Ab3 — 154 0,317 78
Five-roller support with inclination of Ab, =160 0,317 78
side rollers ¢, =36° and Ab, =105 0,376 92
a, = 43° Ab, =138 0,342 8
Semi-circular (ideal) section Ab, =160 0,335 82
Ab, =105 0,390 96

Ab, = 90 0,407 100

5.CONCLUSIONS

Calculation result allows us to make the following
conclusions:

1. When conveyors are fully loaded their productivity could
be increased about 40% without change of their constructions
only by replacement of roller support with such ones, which
makes pan-like belt deeper. The driving power should be
confirmed with increased productivity.

2. For most cases, protective widths calculated by using the
formulas (5) (6) and are prove to be insufficient to avoid the
material falling from side edges of the belt. That is why it
should to be used the formula (7) when determine the limits of
loading.

As the most of the protective widths, calculated by using the
formulas (5) and (6) are inadmissible from exploitation point of

view, comparison of the results concerning material areas is
right only for these areas who corresponds to the protective
widths calculated by using the formula (7).
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Quality technical diagnostic is of major importance for reliable and safe operation of mine winding machines.
The paper presents summarize criteria for winding machine diagnostics. Limit wear norms are established for major components and
units. Guidelines are presented for inspection of winding machines after long periods of operation.

INTRODUCTION

One of the most effective and practically the only means of
vertical transport of people, materials and mineral resources,
and simultaneously one of the most important units in the
technological sequence of underground mining, are mine
winding facilities (MWF). Their technical conditions impact not
only the rhythmic and efficient work of the mining company as
a whole but also the safety of all underground workers.

Technical condition means the set of machine parameters
chaining in the process of its operation and at any given time
defined by technical specifications. Various factors influence
the change of MWF status such as mining conditions, structure
and quality of units and components, level and quality of
operation and maintenance, etc.

MWF technical condition depends on the quality of machine
components.  Establishment of individual component quality
generally means inspection of the degree of change of
geometrical form and dimensions, roughness and physico-
mechanical properties of surfaces, Establishment of MWF
technical conditions calls for precise inspection, micro-
measurements, defect- finding of most important components
and by means of all possible diagnostic methods - vibro-
metrical, acoustic, functional diagnostics method, oil analysis
method, etc.

Technical status of components and machines is usually
represented by the following conditions: normal, admissible
and boundary. A boundary condition means that, due to
various requirements, the respective component should not be
operated any more.  The boundary technical condition is
defined by means of technical and economic criteria related to
labor safety.

17

INSPECTION OF TECHNICAL STATUS OF ROPE WINDING
DEVICE

Conditionally, rope finding device is split into to major parts —
steel structure and brake fields. Inspection of technical status
can be carried out in the sequence shown below:

Steel structure

> Measurement of actual values of maximal static loads and
of static difference between individual rope branches.
Results are compared with admissible design parameters
of the respective machine and, if such parameters do not
exist, they can be calculated using the equations in
Yochev (2002) .

> Inspection of drum for cracks. Is cracks are found these
should be welded. Cracks of length over 200 mm are
not allowed.

> Inspection of bolt, rivet and weld joints. This is done by
visual inspection and hammering. Loose holts and rivets
emit specific sound. No loose or cracked joints are
allowed.

> Inspection of splint joints. This is done by visual inspection
and hammering. No loose or deformed splints are
allowed. Axial drum displacement in respect of the main
winding machine shaft is not allowed. The latter shall be
measured as provided by the Technical Survey Instruction
(1969) .

> Inspection of flanges. No cracks are allowed and internal
surface should be smooth and free of grooves and
protuberances. In case of double- or multi-layer winding,
the uppermost flange section should be spaced from the
rope at 2.5 times its diameter as a minimum.

> Inspection of transition section from one winding layer to
the other, in case of multi-layer rope winding. Inspection
of the special pin as provided in Underground Mining
Safety Regulations (1969) in cases of multi-layer rope
winding. The surface should be smooth, free of
deformations and worn-out sections exceeding 10% of
design dimensions. Check for compliance with factory or
design requirements.
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design dimensions. Check for compliance with factory or
design requirements.

Check of drum locking device. No cracks in welding
seams are allowed or loose bolts, or cracks in supporting
concrete.

Inspection of drum lacing. This should be discarded if the
state of wear is such that channel bottom is located at a
distance of 3-5 mm from fixing bolt heads. With multi-
rope MWF the lacing should be replaced where its height
under the rope is 0,8-1,0 time the rope diameter. With bi-
cylindrical — conical winding devices no deformations or
cracks in raceways are allowed or wear in excess of
20% the initial thickness.

Measurement of radial gaps in the free drum bearings.
This is carried out by means of gap-measuring plates or
by means of two measuring clocks and jacking up the free
drum. One clock measures radial gap and the other one
records radial displacement of the main shaft. The first
clock readings are taken until the second one starts
operation (the latter is due to the radial gap of the main
bearings of the winding machine. Boundary values of
radial gaps are shown in table 1

Table 1. Boundary values of radial gap for friction bearings

Main shaft diameter of Boundary value , mm
winding machine, mm.

50-120 0,8

120 - 260 1,0

260 - 500 1,2

500 - 800 15

Hag 800 2,0

Boundary values of radial gaps for antifriction bearings  are
0,2- 0,3mm for brand new winding machines and 0,8 mm
for machines in operation.

Brake fields

>

Inspection of working surfaces and thickness of brake
fields. The work surface should be smooth and free oft
cracks or grooves. The maximum admissible groove
depth is 0,1mm. Minimal thickness wear of brake fields is
15% the nominal dimension. Micro-cracks are admissible
if not reaching the brake field end.

Measurement of radial displacement of brake fields. This
is carried out by means of measuring clock. The drum is
rotated with speed of 0,2-0,3 m/s without using the
brake in order to prevent reading of rum bearing gaps.
Admissible values of radial displacement for drums of
diameters greater than 3500 mm is 1,2 mm . For all
other machines - 0,8 mm .

Inspection of heating temperature. Is should be noted that
the braking system is not used for stopping (except for
emergency stops) but rather for locking the winding
machine. Therefore, no burnt-out paint shall be present
near the fields or blue-grey field sections signifying
overheating. Presence of such signs is due to faulty
dynamic braking system and presence of protuberances
on field surface or maladjusted brake. The admissible
temperature of brake field heatingise 70-800C .

INSPECTION OF BRAKING SYSTEM STATUS

The braking system comprises three components — braking
device, drive and control system.

Braking device .

Fig. 1shows the most common braking device.

> Inspection of brake cover plates. The inspection is visual
and by measurements. No operation is allowed with
broken cover plates.
During replacement of cover plates, the contact area of
the new ones should be at least 50% of their total
surface area.

» Measurement of cover plate wear. The most worn-out
plates shall be removed and their thickness — measured.
The admissible cover plate wear is the one where the
distance from the working surface to the most protruding
part of supporting structure is 5 mm for pressed plates,
and 10 mm - for timber ones.

> Inspection of supports and foundation under the brake
beams.’ No cracks in foundation are allowed.

Figure 1. Baking device of double drum winding machine

> Inspection of degree of wear of finger joints. Finger joints
should be dismantled first and micro-measurement should
be carried out. Radial gaps shall be measured, the values
whereof are shown in Table 2.

Table 2. Boundary value of radial gaps in finger joints of
braking device

Nominal diameter of joint opening,
mm
Gap, mm ocloleolelgls
2] Yo} s+ N = ~
1 1 1 ‘T cl> O|
188 |8 |9 | =
Nominal - o o - - ©
~. ~. ~. (\l (\l (\l
IS
[} N~ [ce] [o2] o N
< < < < - -
o o o o o o
Boundary Yol o X9 N o o
N | @ | @ f 8O
o o o o
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Brake drive
Most common brake drives for winding machines are shown
on fig.2 and fig.3.

» Inspection of frame and foundation for cracks. No cracks
are allowed in the metal section or concrete.

> Inspection of working surfaces of cylinders and pistons of
working and emergency brakes. No scratches, grooves,
channels or visible wear are allowed.

» Inspection of finger joint wear. This is carried out by
means of micro-measurements. Radial joint gaps are
measures, the values whereof are shown in Table 2.
Measurement of distance between brake loads in end
position and surrounding structure. In lower end position,
the minimal distance between loads and pit bottom should
be 300 mm. Minimal lateral distance is 10 mm for steel
walls and 25 mm for concrete walls.

> Establishment of degree of wear of load supporting bar.
Maximal admissible wear of bar diameter is 0,4 — 0,5 mm.
Inspection of spring block in case of spring-load drives.
No operation is allowed with broken or deformed springs
or pins with defective thread.

BT

T
Ll

:

Figure 2. Pneumatic-load drive

It is recommended to replace old spring regulators with spring-
less ones.

> Inspection of plunger couple (for all types of pressure
regulators). Visual inspection for scratches or grooves.  Re-
gulator should be first disassembled and micro-measurements
should be carried out. Unstable regulator operation
accompanied by strong vibration is a clear sign of wear - air
passes from one chamber to another. Regulators with worn-out
plunger couple shall not be operated. Admissible gap in
plunger couple is 0,02 mm .

Recording of pressure regulator parameters. A graph should
be developed of the relationship of working cylinder pressure
and control coil current. Current varies from 30mA ( *-10mA)
to 160mA ( *- 20mA) and back. For RDBV regulators, 25
stable phases should be recorded. For RDU regulator, 50
stable phases should be recorded.

o

i
t
i
b
]
=

-4
LIBIRA

8 00
b

Figure 3. Pneumatic-spring-load drive

Brake control system
It is sufficient to inspect basic system components — pressure
regulators and valves.

Figure 4. Spring-less regulators RDU- 1M.

CONCLUSION

MWF technical diagnostic involves quality measurement and
inspection of all major components, details and units.
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Boundary technical condition is established on the basis of
technical, economic and safety criteria. For mine winding
facilities, the economic criterion is not the most important one.

For technical diagnostics of some of the most important
MWF components, such as rope winding device and braking
system, it is recommended to use the above boundary wear
norms.

For inspection of serviceability and safety after along
operation periods of mine winding facilities, in addition to
above-described actions, it is necessary, to inspect the
technical condition of the following major components:

e Reducing gear;
Suspension ropes of hoisting skips;
Hoisting skips;
Winding ropes;
Shaft reinforcement;

Recommended for publication by Department of
Mine Mechanization, Faculty of Mining Electromechanics

o Allancillary mechanisms;
e  MWF electric units.
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ABSTRACT

This paper deals with the selection of an optimal hoist rope design with preserving the hoist parameters in terms of geometry, need for changing the effective load or
lift height in the design process, deepening the vertical shaft or reconstructing the shaft hoist by replacing the hoist vessel. Variants and recommendations are
proposed for the selection of each parameter in compliance with the Labor Safety Regulations and underground mine design norms.

INTRODUCTION

Hoist shafts are used for vertical haulage of minerals and
ores, waste rock, elements of mining and transport
mechanization, ancillary, i.e. blasting and support materials,
cables, pipes, etc. They are also used for man riding in two
directions for the shift personnel, mine construction, erection
and repair workers. In the design process it is normal to preset
the lit height — H, annual mine output, shaft hoist function,
mineral type, extraction levels, configuration of the surface
technological complex.

The sequence of calculating and selecting each hoist device
is as follows:

- selecting the hoist vessel (HV) according to the hourly
output;

- selecting the hoist rope;

- designing the shaft reinforcement;

- calculating the shaft frame;

- selecting the hoist (HM) — a rope winding device — by
diameter and width;

- calculating the hoist kinematics and dynamics;

- selecting the electric drive, brake system and protection
equipment.

The aim of this paper is: A) to check the bearing capacity of
various hoist rope designs and propose an optimal variant for a
constant rope diameter dr = const that also determines a
constant diameter of the hoist Duu= const and a possibility for
variable hoist vessels - Qp = var - to have variable effective
load; B) or for Qe = const , variable lift height H = var, i.e. to
check the maximum capacities of the hoist ropes in shaft hoist
design as well as their strength reserve when changes are
required during operation.

STUDY PARAMETERS

The main performance characteristics that have an effect on
the hoist rope design are as follows:

- hoist type and location of hoist drum mounting — on the
surface or a friction sheave — on the surface or in the hoist
frame;

- shaft hoist function — materials (skip) or materials and
men (non-tipping skip);

- lift height and number of levels;

- HV guiding - rigid or flexible;

- conditions in vertical shaft — presence of dampness; air
flow direction;

- maximum rate of motion; acceleration and delay rates;
type of rope vibrations at starting and stopping;

- ratio of HV effective to dead weight;

- shaft hoist output — hourly, daily;

- allowable rope tensile force;

- ratio of hoist diameter, leading and angle sheaves to dr;
lining of leading sheaves,

- friction sheaves or drum;

- contact stress in the rope cross-section.

Two variants are considered focusing on the most important
parameters listed above.
A) Design: the lift height is preset H = const; the maximum
effective load is sought Qp max for dr = const and Duu= const -
various hoist rope designs are considered — with variable linear
weights (p = var) and a braking force (Sur = var) that provide
higher strength within the allowable working diameter of the
hoist.
B) Operation: the effective load is known Qxm = const and the
lift height can vary H = var — deepening of the shaft. Hmex is
sought for preserved rope diameter dr = const and hoist
parameters Duum = const. We check the various rope designs —
p = var whose tensile strength increases within certain limits.
According to the safety requirements for rope bending [1], [2],
the hoist diameter should be Dmin=79.dr and the standard Dmax
is given in the manufacturing plant catalogues, most of which
contain data on the maximum d: of the respective hoist
according to its design, type of lining, etc.

The study made is limited for depths of H < 500 m as are
most vertical shafts in Bulgaria for hoists with a constant
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winding radius — drums with one-layer winding and friction
sheaves — one- or multi-rope. The results can be applied for all
shafts hoists operating in Bulgaria. An object of a further
separate study can be the capacities of hoist ropes in vertical
shafts of great depths (up to 1000 m for Bulgaria). We consider
a shaft hoist only for load — mineral, especially ore for the more
complicated case as compared with coal. We work with high
density p = 1.8 — 1.9 t/m3. The hoist vessels as effective and
dead weight are larger than those used for men and materials
(non-tipping skips) so that the conditions observed for them
and the hoist rope selection will be valid with a high reserve
factor for the others as well.

Two sets of calculations are made - of the lift height H = 400
m and H = 500 m. The complete height for which the rope is
dimensioned is: where we assume

Ho=H+h" +h",m, W)

h” - the height from elevation 0’00 to the axis of the leading
sheaves;
h” - maximum value of sagging in the presence of a lower
balance rope with linear weight (g = p).

The hoist ropes are selected by linear weight “p” according to
the following formula [3],

p=L,N/m ),

(&)
0
_H0

ks'YO

where: Qo=Qp+Qp,N, (Qo-dead load of HV);

Go = 1770 KN/mm2 — as assume;

ks= 6, 5 factor of safety (for a hoist only for
materials);

Yo= 100 N/m2,

Given the requirement for a constant rope diameter, its linear
weight will depend only on its design — number of wires with
variable diameters and total number of wires; number and
shape of strands, type of core. From practice we know that for
such heights and one-rope hoisting, we can expect a hoist with
Drm=> 3.5m thus presupposing ropes with dr > 40 mm. In order
to increase the capacities of the rope in terms of designs and
forces, we select dr = 45 mm thus determining a standard drum
diameter of 4 m [1].

We can calculate the drum width by the formula below [3]
and check whether it is sufficient for the respective lift heights
H = 400m; H =500 m

= :( H+, +7, +z,}(dr +g)m (3)
T.Dyu

where:

[t = 30m;

Zir + Z) = 6 windings;

€=3mm.
For standard two-drum hoists with Dum = 4 m the maximum
width is Bum = 2,3 m, which is sufficient for H = 500 m. From
formula (2) we express the finite suspended load Qs:

Q, = p-( kc’° - Hoj, N @)
Yo

S

On the other hand, the maximum static force by which we
select the rope is:

Fst:Q0+p'Ho:%’N (5):

S

where Qo is the ultimate breaking force for the selected
strength 6o and was selected from a catalogue [2].

The sequence of calculations is given below and the results
obtained are presented in Table 1.
1.We select 4 different designs of one-layer ropes with d: = 45
mm from [1]: graph 2, Table 1.
2.We calculate the maximum load they can carry by formula
(Fst) — in graph 5 from Table 1 and we subtract the natural
weight of the rope p.Ho — graph 6 for H = 400 m and graph 7
for H=500 m.
3.The results obtained are plotted in graphs 8 and 9,
respectively.
4. From reference data [3] for standard hoists in the mining
industry we search and check for ones having maximum
efefctive load Qp = V.p depending on Qo and Qo - graphs 10
and 11.

SUMMARY AND ANALYSIS OF RESULTS

For hoists with diameter Dum = 4m and a rope with ds =
45mm when lifting only materials (minerals and ores), the
possibilities for maximum weight Qe are as follows:

a) for H =400 m and ore with p = 1.8 t/m?3 a standard tipping
skip with a capacity of V = 7.5m3 and a hoist rope with
triangualr strands — design 1 from Table 1 can be used. For
coal, due to its lower density p =0.9 t/m?, the capacity can be
increased up to 11 m?3 for a single rope skip for Qo = 87.3kN.
We have reserve both from the density and the rope designs.
b) for H = 500 m and ore with p = 1.9 /m?® we can use a similar
skip but with a capacity of V = 5 m3 and all proposed rope
designs so as to be able to select a lighter one — e.g. the fourth
one with p = 68.86N/m since the allowable working static force
Fst is much lower than the bearing capacity of the given ropes.
For coal it is again possible to have V = 11m? even for the
lightest rope design.

B) For the conditions listed above and selected hoist vessels:
V =7.5m3, p=1.81t/m3 tipping ore vessel; lift height H =400 m
and a rope with dr = 45mm and p = 80,05N/m with a 6 x 27
design, triangular strands and the similar skip for H = 500m
and V = 5m?3 at p = 1.9 t/m3 we check its capacities for taking
an additional load from its natural weight in deepening the
vertical shaft.

From formula (1) we determine inversely:

Hrmx = HOrrax _(h|+h"): HOmax —40,m,
where:
HOrrax =(Fst_Q0)’ m (6)

P
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Table 1
Rope constructions p, N/m Qor, kN Fs, kN p.Ho, N p.Ho, N Qo pos, kN Qo pos, kN Qp+Qp, kN Qp+Qp, kN
400 m 500m 400m 500m 400m 500m

1 2 3 4 5 6 7 8 9 10 11
1| A-fascicles,6x27 | 80,05 | 1520 233,85 3522 | 43,22 | 198,63 190,63 132+63,76 93,2+54,94
2 | O-fascicles, 6x36 | 72,98 | 1410 216,9 3211 | 3941 | 184,79 177,49 88,3+54,94 88,3+54,94
3| O-fascicles, 6x29 | 71,5 1380 212,3 31,46 | 38,61 | 180,84 173,69 88,3+54,94 88,3+54,94
4 | O-fascicles,6x19 | 68,86 | 1330 204,6 30,3 3718 | 1743 167,42 93,2+54,94 93,2+54,94
88,3+54,94 88,3+54,94

From Table 1 for the selected vessels we check the rope
reserve. Besides the largest HV (Hres = 35m only), for all
others we obtain sufficient reserve of length from 530 m (for
rope 1 and H = 500 m) to 225 m (for rope 4 and H = 500),
which may be considered double reserve. This is so because
of the lack of standard HV with intermediate capacities or
different designs. For the separate mines, depending on the
mining technology, this can allow for entering in depth of 1 to 4
more levels.

In the coal skips the reserve rope lengths are shorter due to
the more appropriately selected capacities. For example, for
rope 1 and H = 500 m, the reserve length for a skip with V =
11m3 will be 77 m.

From the calculations made for the selected hoist rope
designs within the limits of dr = 45mm with preserving the hoist
diameter Dum = 4 m we can draw the following conclusions:

- The steel rope with triangular strands (1) gives the
greatest possibilities in terms of tensile strength, which for
variant (A) means maximum effective load Qp - for the
standard ore hoists used in Bulgaria — up to 7,5 m3
capacity, and generally up to 8-9 m3 depending on the
vessel design and its dead weight; and for variant (B) -
maximum lift height up to two additional extraction levels
of 100 m each or four levels of 50 m each depending on
the mining technology;

Recommended for publication by Department of
Mine Mechanization, Faculty of Mining Electromechanics

- The breaking force reserve for the same rope in operation
can be used also for increasing the output for preserved
height — or replacing the hoist vessel with one with a
higher effective load; basically, it is important to preserve
the other expensive hoist devices, mostly the shaft
reinforcement; normally there should not be any problem
because the standard skips are designed in such a way
that every following size type increases its capacity at the
expense of a change only in height.

- The study carried out can be a basis for creating a
complete future methodology for selection of hoist ropes
that can include all hoists with Dim = 2 - 6m manufactured
in Bulgaria as well as all possible depths, below 400 m
down to 1000 m. Other rope designs can also be included
- with a different number of strands and more than one
layer.
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The purpose of the paper is to put forward ways of reducing the expenses on the hoisting ropes, which are a considerable part of the total expenses in the enterprises
for underground mining of mineral resources. The preliminary measures were examined for extension of the steel ropes durability as early, as at the time of their
manufacture, and also some suggestions on the choice of both the ropes and the pulleys are made. The kinds of procedures were systematized for increase of the
service life chiefly of the hoisting ropes, and recommendations are given on the improvement of their operating conditions.

INTRODUCTION

Among the main units of the mine hoists (MH) are the
hoisting and balancing ropes. Their operation lifetime depends
on how correctly they are chosen and used and it in turn has a
strong effect on the financial condition of the whole mining
enterprise.

The principal reason for the destruction of the steel ropes is
their frequent folding when they are reeled and pass by the
guide pulleys, under the continuous effect of variable tensile
forces. Corrosion and mechanical wear and tear step up the
aging processes.The ways of increasing the steel ropes
operation lifetime can tentatively be divided into two groups:
research and development ways and operation related ways.

The ropes durability can be varied as early as at their
manufacture, and also when they are dimensioned at the MH
designing. The good routine maintenance, cleaning,
lubrication, inspection and technical checking, as well as the
securing of normal operating conditions (with no additional
dynamic load, adverse bending or inadmissible contact stress)
are also a precondition for a reduction in the expenses.

RESEARCH AND DEVELOPMENT WAYS

Activities involved in the rope production fall into this group,
and also recommendations on their correct calculation and
selection, as well as their combination with appropriate
structural features of the hoisting machines, the guide pulleys
and the suspension devices.

The physico-mechanical properties of the wires greatly
influence the rope serviceability. The wire strength is
determined by the chemical composition of the steel, its
thermal treatment and the aggregate reduction in the cross
section at cold drawing. Normally steels having C content from
0.4% to 1% are chosen. If its content is increased, or at larger
differences in the cross section (a greater number of steps-

25

nozzles) higher strength can be achieved, however it is at the
expense of a decreased flexibility and elasticity 220 N/mm2 is
put forward as the optimal strength limit. In selecting hoisting
ropes it is necessary to take into consideration the relationship
illustrated in Fig.1, between the number of the bending cycles
up to the point of destruction N and the tensile strength (the
temporary tearing resistance) cs. It can be seen that the wire
tensile strength increase at constant load does not lead to a
serviceability increase, while with a constant safety factor n
this parameter greatly worsens[3].

N

o,=const

1=const

N 160 200

120 130

Cé \pa
Figure 1.

Mn - from 0.3% to 1% is added to increase the wear
resistance and an additional Zn coating is applied. In a normal
operating medium the use of zinc-coated wires in a rope does
not affect its durability. In a corrosive medium however such
coating increases many times the rope life. If the zinc coating
protection against corrosion is not sufficient, the wires should
be made from corrosion resistant alloy steel. Up to 30%
increase in the wire durability can be achieved if the hot rolled
blanks having d > 5mm undergo 7-8 different processes of
chemical heat treatment.

In recommending the choice of rope design, particular
attention should be paid to the way of twist- parallel or reverse-
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laid one. From the average statistical results in testing ropes at
bending [6] it turns out that the ones with parallel twist
withstand a considerably higher number of bends than those
with reverselaid twist. Therefore the choice of parallel twist
ropes is normally recommended for hoist ropes. Only with
prevailing requirement for non-untwisting (e.g. big depths,
multi-rope friction pulleys, etc.) is allowed the use of reverse-
laid twist or of non-untwisting ropes. The parallel curve ropes
have 20-30% higher service ability than the ones with reverse-
laid twist, and at the presence of reverse bending (with the
deflector pulleys of the multirope MH) such advantage
augments.

In the modern structures round ropes are normally used with
6, 8 or 9 fascicles. The bending tests show that with one-layer
winding, as a whole, the ropes with more fascicles take
precedence. The reason for that is the reduced contact and
bend stresses between the wires. With large-diameter pulleys
and the presence of groove lining such ad-vantage does not
matter much. It was demonstrated [1] that when the ratio
between the rope winding pitch and the fascicle winding pitch
is an integer, then the number of the destruction inducing
bending cycles reaches it maximum value - Fig.2.

T

I
|
1
|
|
6

N

|
|
1
|
|
I
8

\]h-———_

Figure 2.

The rope core serves to provide its round cross-section and
for even taking up of the radial forces at the fascicle twisting
along the helical line. Metal core is recommended with ropes
operating in a very corrosive medium; high temperatures; need
for small permanent elongation and large durability. Aluminium
core has not been used in the latest structures due to the
following shortcomings: fast corrosion, strain and penetration
between the fascicles. The combined core has the highest
strength parameters and durability - steel fascicles, bonded in
polyamide medium or other medium. The rope trend to untwist
diminishes, and so do the changes in its diameter at operation
loads. The use of ropes (e.g. PK 8x26+7x17 turboplast, PK
8x26+4x17/4x7+1x7/ turbo-lift, etc.) can increase their
serviceability more than twice.

Fig.3 shows the dependence of the number of ben-ding
cycles up to the point of destruction, on the ratio between the
pulley diameter D and the rope diameter d and the magnitude
of the tensile stresses o [2].Hence the conclusion comes that
rope service-ability increases with the increase in the D/d ratio
and the decrease of .

MPa
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Figure 3.

The grove shape of the winding member of a hoisting
machine - Fig.4 is crucial for the time of operation of a rope. A
number of authors [2], [3], [5] and others recommend, with the
aim of reducing the harmful residual stresses (which appear in
the wires when the rope cross-section over the reel is formed),
the following relationship:

re=(0.52 - 0.53).d (1
where: r¢ is the groove radius, mm
d is the rope diameter, mm

0,53d 0,65d

Figure 4.

If the groove radius increases up to 0.65d, the rope
serviceability strongly worsens. It is recommended, in order to
reduce the secondary stresses, to cut at the groove bottom a
narrow strip with b width, at the ratio of b/d = 0.15 - Fig.5. That
is easily feasible with grooves having no lining.

OPERATION RELATED WAYS

Respect for the general technical requirements of the
routine maintenance (RM).

As soon as the hoisting ropes are purchased, it is necessa-ry
to subject them to tests at the relevant rope testing labora-
tories with the objective of finding their technical fitness. Rope
rejection because of factory defects makes up 3-4% of all the
reasons for that.

Upon their reception the ropes should be kept in dry stores,
put on thick wood pads, thus being insulated from dampness.
No substances aggressive to metals must be stored in such
premises - salts, acids, etc.

ANNUAL of University of Mining and Geology “St. Ivan Rilski”, vol. 46(2003), part Ill, MECHANIZATION, ELECTRIFICATION AND AUTOMATION IN MINES

26



Yaneva A. etal. WAYS OF INCREASING THE SERVICE LIFE OF ...

N
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Figure 5.

b/

When performing rewinding from factory reels, preparation
for installation, or other operations, ropes must not be drawn
axially, since that causes them to untwist, or to further twist,
depending on the stitch direction. The phenomenon described
above is particularly dangerous for MH with a friction winding
member and with triangular fascicles. When they are
untwisted, the triangular fascicle border comes out and
intensively induces wear and tear both to the groove lining and
to the rope itself - because of the irregular configuration in the
cross-section. In spite of the lower resistance when tested for
bending, com-pared to the round fascicle ropes, the ones with
triangular fascicles are better suited to MH having multi-rope
friction pulley and greater depths, due to their higher bearing
capacity and lower trend to unwind.

The use of quality fastening elements further con-tributes to
an increase in the hoisting ropes service life. The practical
experience has been gradually giving up the use of the lever
and wedge cells - KRG type - in that their members induce
excessive stresses in the wires and the fascicles. The use of
SKK type self-tightening cells and of still better KKB structures
with built-in plastic rope fluctuation dampers is recommended.

With the multi-rope MH one should operate with equal
winding diameters. The lining grooves are faced when a
0.5mm difference in the diameters has been reached.

To prevent the harmful effect of the mine environment -
water, dust, various gases - is recommended the use of
galvanized ropes (which are by 20-25% more expensive), and
if that is impossible, regular lubrication must be carried out. It is
recommended to be done at the areas of rope bending around
pulleys, reels and other radiuses, in order to facilitate its
penetration into the internals. Lubrication is basically intended
to render easier the wires and fascicles reciprocal slip at the

Recommended for publication by Department of
Mine mechanization, Faculty of Mining Electromechanics

rope bending. Just then it serves also as anticorrosive
protection. In MH with a friction winding member are used
lubricants guaranteeing normal values of the coefficient of
friction between rope and coating. Particular attention should
be paid to the "dead" tracts - the ones which do not pass by
the guide pulleys or the winding member.

At the presence of two-layer winding, the critical tract (the
place of transition from the first to the se-cond layer of winding)
must be changed in every two months by cutting out a length
of the rope equal to a quarter of a turn. Such operation is
carried out at the place of fastening the rope to the reel.

Control of the technical condition of the ropes.

The magnetic-inductive test of the ropes has been employed
for years in the practice of a number of European and other
countries, to find defects in their internals and on their surface.
The destructionless check of the hoisting ropes for all MH
types was not adopted formally in our country until recently.
After it became possible (not however in the coal mines), the
operation lifetime of most principal and balancing ropes of MH
with friction winding member increased nearly twice. This
means that for a long time ropes quite serviceable, but with
expired rated service life of two years for the main ropes and
four years for the balancing ropes, according to the old
requirements of [4], were rejected. Therefore the methods of
destructionless check of the technical condition of the hoisting
ropes should be applied ever increasingly in the practical use
for optimization of the capital and operating expenses for the
ropes in MH.

An important point in the practice of the MH operation is the
excellent knowledge of the kinds of rope defects, too. The
types of damages, described in DIN 15020, and their fast and
easy diagnosing by the mine technical staff, enables in a
number of occasions further use of the ropes, without it
involving risks for the underground workers.
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ABSTRACT

The article treats a theoretical method for determination of the wear in self-aligning bearings from mining and ore-concentration machines. On the basis of parameters
characterizing the wear in a “shaft - sliding bearing” friction pair, there have been obtained relationships for estimation of bearing wear, which gives possibility for

prognostication of the bearings resource.

The conditions in which mining machines operate are
characterized by higher dynamic loads, dust-loading of the
working space and a number of other negative factors, which
cause rapid wear of units and details in the mining machines.
In this regard, of interest are the bearing units with self-aligning
bearings in-built in a number of mining and ore-processing
machines, such as bearing type EKG, KU, etc.

The wear in those units operating in the conditions of dry
friction or border lubrication is an isolated case of the task of
determining the wear in a friction pair “rotating cylinder -

sleeve” [2] for o :%, where o is the angle determining

the dimensions of the contact surface according to the
designations in Fig. 1.

Figure 1. Wear in the shaft and bearing
1 - shaft, 2 -bearing, U; - wear in the shaft, U, - wear in the

sliding bearing, U4_, - wear in the units

To determine the wear U, and the wear intensity /, in the
bearing, it is necessary to determine wear U;_, and wear rate
l4_y in the friction pair of two mutually perpendicular cross-
sections. According to the general law of wear [1]

29

Iy =kapv (1)

where: K, - wear coefficient of the bearing material;
p - pressure;

v =27nnR = const - speed of the friction surfaces.

The wear intensity in the bearing [, depends on the

pressure in the friction pair, and the latter on its part is a
function of angle o, i.e.
(2)

/2 :l1_2 COS(X—I»]

is wear rate in the shaft;
is wear rate in the unit.

where: Iy
li-2
The angle a. changes from —o to +a, and the quantities
ko,v,li_o and I; are constant for the specific wear
conditions. To determine the numerical values of /;_, and I,

a relationship between force P and pressure p, distributed over
contact surface S has to be established:

Y2 Y2
P:jpcowds: 2n_[pcomxpdy = 2mcos? ocJ.pydy (3)
S Y1 Y1

where: y4 :L,yz :L,p:yCOS(x, dS =/ yRdo.
Ccos o oS oL

{o -bearing length.

/1_2 COSOL—/1

% G
P=Rt, Ipoosadoc =Rl I cosado (4)

-0,

k2V

-0l

After integration and transformation of (4), follows:
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—2[1_5(055in 2009 + g )~ 14 2sinciy | (5)
k2V

From equation (5) for wear intensities /;_, and I, follows

| 27k ,Pn 6
1-2 =
K. si
fo(OﬁSiﬂOto +0op —MJ
ko sina,
ly=lo= k2 . (7
TiK o +Otok1

where k¢ - wear coefficient of the shaft material

n — circular shaft frequency, min -

From equations (2) and (7) for bearing wear U, and shaft
wear Uy follows:

Uy =1y, T&.t
o)) 1+Tl7k2 (8)
U2 = I1_2(msa—mj.t
(10/(1 +Ttk2

Equations (6) and (8) were obtained in considering a
diametral section of the bearings unit, but they are applicable
in determining the wear over the whole friction surface if force
Pis applied centrally lengthwise of bearing 7 .

In this case, the wear in the axial cross-section of the bearing
unit will be uniform and will be determined from equation (6),

through the distributed load of a ; unit of length from the
0

bearing. If force P is not applied centrally, but with eccentricity

x (Fig. 2), then the wear in the bearing unit will be determined

from two parameters:

Uiz =lot
Uia=l_2t

©)

"
1

Figure 2. Wear in the units axial cross - section

The relationship between the wear in the friction surfaces
and in the coupling will be obtained from the contact conditions
of the friction surfaces, and namely:

U, +U, =U;’_2(1—LJ+U;'_2£ (10)
) )

and for wear intensity in the bearing unit, follows:

Iy =1y +1, :/;_2(1—1]”;_21 (11)
) )
for /=0

for ¢ = fo /1 +/2 2/;',2

I1 +l2 Zl;_z

As follows from formula (6), wear intensity /;_, depends on

the relative force Zi acting in a given cross-section. If we
0

designate with P, the force of a unit of length from the axial

cross-section, applied in a point with a ¢ coordinate (Fig. 3),
then:

P
li_,=-% 12
-2=7 (12)

ky
. ks sina
05sin20+0 g ——————
TEk2 + (Xok1

After replacement in (11) and transformation, follows:

where: A=

( ! 14
Pe = A{H—z _E(IH -2 )} (13)

Y

¢

g

e —

Figure 3. Pressure diagram in an axial cross - section

For a linear character of the pressure diagram in an axial
cross-section, the relationship between the force P applied with
eccentricity x and the force P, in the cross section with

coordinate 7 is:
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Shaft wear U; and bearing wear U, in an arbitrary point of
p 6x 12x o . )
Pe N 7+£———2 L (14) the friction surface can be obtained from equation (8) after
0 0 1 replacement of the /y_, quantity estimated by equation (15).

Determination of shaft and bearing wear for two border values
- minimal and maximal admissible - enables estimation of
wear-resistance by formula (9) for each separate case of in-
building and prognostication of the bearing resource.

If in equation (6), instead of gﬂ we substitute P, from
0
equation (14) for I;_, , we obtain:

| Po(2 +6xt ~12x¢ prnk, ) REFERENCES
1-2 =
, kysinog Kragelskij I. V., Dobyjchin M.N., Kombalov V.S., Principles of
00| 05sin2 _ 1770 gelskij I. V., Dobyjchin M.N., Kombalov V.S., Principles o
0[ SNeeo + %o ko +oc0k1j friction and wear, M., Mashinostroenie, 1977.

Pronikov A.S., Machines Reliability, M., Mashinostroenie,
1978.
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A LINEAR STRUCTURAL ANALYSIS OF THE LEADING SHEAVES OF SHAFT HOISTS
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An analysis is made of the strain-stress state of the leading sheaves of shaft hoists. The finite element method and, in particular, its computer application is used.
Simulation investigation of a previously designed model in a 3-D format has been performed. The approach has great advantages for large-size pieces that are
extremely difficult to subject to investigation under industrial or laboratory conditions.
Minimum factors of safety are determined on the basis of the results obtained for the regions of highest stresses under different operating conditions. These have
been analyzed and the possibilities assessed for improving the design-performance parameters of a leading sheave under specific shaft hoist conditions.

INTRODUCTION

Leading sheaves in shaft hoists serve to take on the forces of
the hoist ropes, i.e. their dead weight, suspended end load and
all working and breaking dynamic loads. The sheaves direct
the ropes along the axis of the vertical shaft and their accurate
mounting determines the linear movement of the hoisting
vessel. The leading sheaves are mounted on a special
platform on the shaft frame. They consist of a ring with a
groove for the hoist rope, a hub and spokes — steel sections or
another connecting structure — side disks — Fig. 1. The leading
sheave is keyed to an axle rotating freely on bearing supports.
The standard size sheaves are designed with diameters of 2 -
5 m. In case of diameters larger than 3m the sheave ring is
made of die steel in several segments. The ring type
determines the leading sheave design — with a lining or with a
replaceable one made of wear-resisting steel, rubber mix,
plastics, metal ceramics, etc. The presence of lining produces
up to a 30-40% higher flywheel moment and failure or dropping
out of lining parts can cause the rope to come out of the
groove and break.

Until now most studies on the ‘leading sheave - rope’
mechanical pair have been carried out with the aim of
improving the operating conditions of the hoist rope,
decreasing its wear, better contact between it and the sheave
groove, higher durability. The aim of this study is to check the
strength and strain characteristics of the leading sheave under
maximum load on the hoist rope in view of optimizing its
design. The relative strains of the groove and its wear also
affect these rope parameters. By improving the design of the
leading sheave we create better operating conditions for the
rope.
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Figure 1

A leading sheave of welded design without lining, having a D =
4m is selected. Two options for the cross-section of its groove
are considered - Fig.2 — common semicircular with a wrapping
angle of 60° (Fig. 2b) and semicircular with an undercut groove
and a wrapping angle of 90° (Fig. 2a) [2]. The aim is to reach
minimum stresses on the groove and the rope, respectively, by
increasing the contact area between them.
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The working loads have been calculated for shaft hoists with
a lit height H = 500m; two hoisting vessels — skips with a
suspended end load of 160 kN (at maximum density of the
mineral and V =5 m3 for ore or V = 7 m3 for coal); a two-drum
hoisting machine with a constant winding radius (D = 4m). The
hoist rope is round and has an open design with the following
parameters: linear weight 76.22 N/m; diameter d = 46 mm;
maximum breaking force 1470 kN. The maximum static load
on the rope is 200 kN.

The leading sheave is investigated under maximum dynamic
loads, five times greater than the working static ones. They can
occur when a rope is broken, a safety catch is actuated for
seizure in stopping ropes; when a full skip comes out of the
end stands; when the safety brake is actuated, etc. The results
can be distributed for other operating conditions as well as
other sheave designs.

The simulation modeling of the leading sheave is required
because of its large size and mass. Computer simulation is
applied by the finite element method. The leading sheave is
presented as an object composed of a finite number of parts,
called elements, which are connected at characteristic points —
nodes. The interaction of the elements occurs only in the
nodes. The behavior of the investigated design is judged by
the displacement of a certain number of nodes. The process
can be represented as a system of algebraic equations that in
the problems of strain-stress analysis are static equilibrium
equations.

INVESTIGATION METHODS

1. Computer simulation. This is the first stage during which
a three-dimensional computer model of the object is designed.
The case refers to the leading sheave shown in Fig. 1 of sheet
steel welded design and different rope groove configuration
(Fig. 2). The simulation is performed in a Solid Works
environment with the greatest possible details for the output
data (the real object).

2. Planning of the investigation. A main point at this stage
is the choice of a suitable software package based on the
already specified finite element method. After carrying out a
preliminary analysis of the possibilities to utilize the qualities of
the programs Ansys, Cosmos M, Cosmos Works and Designer
Space, the latter two were chosen. Several test studies were
performed using these programs. As a result it was found that
working with the Designer Space program is particularly
difficult at the stage of “discretization of the object’, i.e. when a
grid of finite elements is formed for such a large-size piece
having a complex configuration of thin-walled elements. This is
the reason why the program Cosmos Works 6 was chosen for
the computer realization of the finite element method.

Since the capacities of the post-processor module of this
program are widely utilized with respect to the results
(parameters of the strain-stress state), for the purposes of this
investigation only some of these will be used:

- equivalent stress according to von Mises;

- factor of safety according to the theories of Mises -
Henkey and Treska;

- static strains (absolute; equivalent).

According to Mises — Henky the yield limit is determined by the
ratio between the magnitude of Mises’ equivalent stress and
that of the allowable stress o [1]

O-von 2 Glimit'

Mises’ stresses can be expressed by the three main

stresses:
\/(01 _0'2)2 + (02 - 03)2 + (0'1 - 53)2
2

(1)

The limit value of the stress o ;,;; can be expressed as a

function of the yield stress or material breaking stress. Hence,
the factor of safety (FOS) according to von Mises is:

FOS — Jlimlt (2)
O-VOI']
. . 1 O-VOH
and non-dimensionally - ——— = : (3)
FOS  Ojimi

The maximum shear stress criterion, known as
Treska’s criterion, is based on the theory of maximum
shear stresses. According to this theory

O limit
=T
where 7, canbe 7,, or 7, or 7, 5, and is therefore
equal to:
0,0, 0, 03, 0, — 03
T12 = 1To3 = 1T =
2 2 2
)
fo T
Hence: FOS = —1mit (5)
27,
1 27
and non-dimensionally - —— = —T% (6)
FOS  Glimit

The factor of safety (FOS) is calculated automatically by the
program and visualized in the “safety result’ field on the basis
of maximum local stresses in the investigated object and the
values of the limit stresses in the material.

3. Parametrization of a test study. This is performed in a
Cosmos Works 6 environment in the following sequence:

- Precise parametrization (presetting) of the accurate values of
the material density, Young's modulus (E), Poisson’s ratio ().
The material of the investigated object should be isotropic.

- Optimal presetting of the load and boundary conditions of the
model so that they can reflect very precisely the actual
compression forces and limitation of degrees of freedom in the
global coordinate system. It is assumed that the function of
load distribution is according to the cosine law. There must be
a region of zero known displacements, i.e. static fixation. This
is required even if the external loads are self-balanced. For the
particular case the boundary conditions will be preset as a load
distributed on the surface of the hoist rope groove at a
wrapping angle of 140° and a region of zero displacements,
fixed surface of the bearing shaft hole — Fig. 3.
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- Validating the model by selecting finite elements that are
appropriate in terms of their geometry and metrics and by
generating the best possible grid. In this case we have in mind
a regular-shaped grid of the elements and narrow limits of size
variation.

RESULTS AND ANALYSIS

The first investigation stage involves determination of the
strain-stress pattern according to Fig. 2a, which is visualized in
Figs. 3 and 4. Fig. 3 shows explicitly the discretization of the
tetrahedral-shaped model of finite elements and parameters: b
=87.5 mm, Nv=45 195 nodes and Ne = 23 007 finite elements.
The maximum values of Mises’ equivalent stresses (¢ = 7. 2
MPa) are localized around the mass-lighting holes of the
sheave, whereas the stress values for the groove do not
exceed ov = 15-20 MPa. These values are considerably lower
than the limit values for the material (structural alloy steel),
which are:

- yield strength os= 620 MPa

- ultimate strength o= = 724 MPa.
Objective evaluation of the equivalent stresses can be made
by the pattern of distribution of Mises.
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Figure 4

Factor of Safety (FOS) - Fig. 4. The lowest values for the
investigated sheave are FOS = 8.6 and are localized in the

same regions. These results show that the equivalent stresses
in the groove from Fig. 2 do not exceed 30 MPa.

Fig. 5 presents a pattern of distribution of FOS for a groove
version from Fig. 2a and parameter value b = 20 mm. Here the
possibilities of the Cosmos Works program were used for
selective point representation of the results by the Probe
results tool. The minimum FOS value is found in the region of
point 1 (FOS+=11), which is at the interface of the holes. The
highest value of the same parameter was calculated for the
regions of point 2 and point 3 (FOS2=26 and FOS3=100), which
are regions from the sheave groove.

Fig. 6 shows the pattern of distribution of the equivalent
stresses and their highest values calculated for the sheave
groove. It can be seen that the values vary within os = 6 +18
MPa.
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The results of the study on a leading sheave shaped like the
groove according to Fig. 2b are presented in Fig. 7. Here we
can also observe localization of the maximum values of the
equivalent stress (up to 72 MPa) in regions remote from the
sheave groove. For the groove itself these stresses vary within
much lower limits from 6 to 30 MPa. The results of the
calculations for the factor of safety are not presented since
they are not very different from those of the previous
investigated designs.
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CONCLUSIONS 3. When designing or improving leading or driving friction

1. The model rigidity can be investigated for loads different in
size and distribution. Analytically this is very difficult and
inaccurate and experimentally for large-size object it is
practically impossible.

2. The retardation of the wear process of both the rope and
the sheave groove for a stress value between the rope-groove
interface preset within the allowable limits, depends also on the
even distribution of the strains on that interface. Therefore, the
minimization of the strains and stresses is an insufficient
condition for improving the leading sheave design of shaft
hoists.

Recommended for publication by Department of
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sheaves for shaft hoists it is necessary to perform a computer
simulated structural analysis with the aim of optimizing the
distribution of stresses and strains.
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ABSTRACT

The paper deals with evaluation of the velocity of an optional point of crank mechanism connecting rod, by applying the so-called secondary model of the
mechanism (Piperkov, 1987). Short formulae for fast evaluation of point velocity have been synthesized for the case, when the point is center of mass of the
connecting rod. These formulae can be used in the dynamical study of assemblies comprising such mechanisms.

Evaluation of the velocity of optional point of crank velocity concerning the case that the point is center of mass of

mechanism connecting rod is an already solved problem, the connecting rod.

which as analytical solution leads to voluminous results. The Fig. 1 shows arbitrary position of the axial crank mechanism
velocity of the point is evaluated in the present paper by OAB. For this position, the velocity Vs of the arbitrary point S
means of the so-called secondary model of the mechanism, of the symmetry axis of the connecting rod 2 is to be found,

proposed by D. L. Piperkov (1987). With the aid of this model when applying the secondary model OAB' of the mechanism.
short formulae could be synthesized for calculation of point

Figure 1
Point B'is intersection point of connecting rod direction 2 and movement of slider 3. Line segment AB' is called image of
the line passing through the axis O of the crank 1 and is the line segment AB, representing the connecting rod 2, and

perpendicular to the straight-ine OB, which is the path of points B' and S' - images of the corresponding points B
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and S from the connecting rod. For each arbitrary position of
the mechanism the relationship (1) is valid:
AS' _AS .

AB' AB 7’

where & is a known constant.

(1)

In the considered position of the mechanism the secondary
model OAB' represents a body (designated by shaded
triangle), which rotates around the axis O with the known
rotational speed «wr of the crank 1. In this case there is no
problem to evaluate the velocity Vs of image S'. The directrix
of this velocity is perpendicular to the line segment OS', and
its direction corresponds to the direction of @ . The
magnitude of Vs is

Vs, =@ .0S". 2)

With the evaluation of Vs the searched velocity Vs of the
optional point S from the connecting rod 2 is also evaluated,
because it comes out, that they are equal, i. e.
Vs = Vs (3)

This statement can be proved, having in view, that the point
P2 is the absolute instantaneous velocity center (IVC) for the
connecting rod 2, and that triangles ABP» and OAB' are
similar. For the magnitude of the velocity Vs can be declared
Vs =@,.PS (4)
where the rotational speed «» of the connecting rod 2,
expressed by the velocity of point A, is

V., ©0A ©.0S'

W, = = (5)
PyA PA Py

Then

Vg =@,.0S". (6)

After comparison of the expressions (6) and (2) is
established, that velocities Vs and Vs have equal magnitudes.
The equivalence of directress and directions of these
velocities follows from the parallelism of straight lines PaS
and OS', and from the direction of rotational speeds «» and
an . By this means the statement (3) has been proved.

Creation of secondary model OAB' for each position of the
crank mechanism OAB gives the possibility for graphic
evaluation of the investigated velocity Vs. At the same time,
this model permits a relatively easy way for determining the
analytical expression of the function Vi =V (@), where ¢

is geometrical parameter, defining the rotation of the crank 1
related to the horizontal line in the side of slider 3. Using
triangle OAS', with the aid of the theorem of cosines, the line
segment OS'is defined. This gives us the possibility to write
down for the velocity Vs the following expression

V, =V, = 9,08’
= a)ﬂ/(AS "2 +r2—2AS".rcos(p+ ) .

(7)

Here for briefness is nominated r = OA, and g is the
geometrical parameter, defining the rotation of connecting rod
2 against the horizontal line. Further, using the theorem of
sines, from the triangle OAB' we determine

coS
p L059

AB' = .
cosf

(8)

Taking into consideration (1), after substituting (8) in (7), and
using the equations sing = Asing (triangle OAB - theorem

of sines) and cos B =4/1—-A’sin’ ¢ (for briefness here is
nominated A = r/AB), then for the function V¢ =V (@) we

obtain the following analytical expression

£2cos’ p

V.=V =ro, | ————
s s (@) =ro, 1_125"1240

It is important for the dynamical study of crank mechanism
that we know how does proceed the variation of the gear ratio
Vs/an as a function of @ at an = const, particularly when Vs
is the velocity of the mass center S of the connecting rod 2.
Obviously, the answer is in the relationship (9), but for the
requirements of practice it appears to be too complicated. The
secondary model OAB' gives us the possibility to use the line
segment OS' to notice easily the nature of change of this

+1- 25003(/;[005;0 —

Asin® ¢
1-%sing

quantity, as well as to find short analytical relationships for its
description.

In fig. 2 is presented graphically the variation of the gear ratio
Vs /an for the axial crank mechanism AOB, when ¢ varies
from 0c to 180°. In the interval of change of ¢ from 180° to
3600, the variation is symmetrical to the straight line OB . As it
can be seen, at ¢ =0 for the gear ratio could be obtained
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Figure 2
OS':V—S:r—rAOS0 =r(1-9&). (10) ?, zarctanﬂzarctanl (15)
o, A,B! OA, A
and

The increase of ¢ leads to increment of the gear ratio Vs /o
too. For one characteristic angle ¢ = ¢« "
2Ap,  AS! AS]

~ =<, (16)
0 ) '
OS’:V—Szr, (11) 90 _¢* A*M A*B*
@,
from there
and after that
(a0
Ap, ~=(90° - ¢, ). (17)
os'=Ys 5, (12) ' 2( )
@,

After substitution of (15) and (17) in (14), for the characteristic
At @ =900 the ratio Vs /an arrives at the value (11) again, angle ¢ is obtained
after that it begins continuously to decrease, until it reaches at

@ = 1800 its initial magnitude (10). 2arctan£ _90%¢

The characteristic angle ¢. is determined by the position 0, ~ A (18)
OA.B. of the crank mechanism, where : 2-¢ '
OA.= 0S' =, . (13) The variation of the gear ratio Vs /a1 in the interval of ¢

from 0° to 180°, which is graphically shown in fig. 2, can be
described approximately in the sections with the aid of short

The triangle OA.S.is isosceles and its height OH with  io0n metrical relationships. Obviously these relationships

angular coordinate ¢, divides the central angle A,0S, to  should obtain the mentioned values of Vs /ax for ¢ =00, .,
two equal angles A, . Then for the characteristic angle ¢ 90°, 180°, as well as for the limit case 2 =£= 0, at which,
can be written going out from (9) it appears, that Vs /e = r. On the base of
these requirements and the observation of the dimensional
0. =0, —Ag, . (14) correspondence, as well as based on a lot of numerical
experiments, aiming the achievement of a specific relative
error, have been synthesized reasonably  short

Further the point S is regarded as mass center of the
connecting rode 2 . For the crank mechanism OAB very often
A=0AIAB < 1/3, and for the location of the mass center S
is valid the condition & = AS /AB < 1/2 . At these limitations
we can assume with enough accuracy that

trigonometrical relationships, given in table 1.

When the geometrical parameter ¢ of the crank 1 has been
read from the horizontal line, which related to the axis O is
situated on the opposite side of the slider 3 (in fig. 2 the
parameter ¢ for that case is given with dash-line), the
graphical form of the gear ratio
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Table 1

Limitations: A < 1 né< 1
3 2

0<p<o. -
@,

@ < <900 - V—Szr
2]

Qe < <1800 —

o,

Vs o r|:1— gcosz[goo ﬂj ~016(24 - f)sin[lBOo ﬂﬂ
0.

Vs o r{l— Ecos’ o + 0,5618

w*

0

200_ ? £(34 - &sin 24

Vs lan as a function of ¢ (Fig. 2) is kept the same, but
according to the new situation the characteristic angle ¢ is
given with the expression

2arctan % -90°¢

. ~180° —
. Py

(19)

The short relationships from table 1 for this case are also
subjected to changes. The formula (19) and the modified
relationships are obtained correspondingly from the
expression (18) and the relationships in table 1, when we
substitute formally ¢ by 180°-¢. ,and ¢ by 180°- ¢.

The relative error of the short relationships at values of A in
the limits of 1/10 < 1< 1/3 and the above said values of &,
attains the magnitude 2%. These limits of variation of A are
mostly used in practice. At A=0 and & =1/2 this error
increases to 2,5%, but its sense is generally theoretical.
Without the last summand in the first and the third formula of
table 1 the relative error is higher, but it is not higher than 6%
for the specified limitations of the parameters 2 n &£.

Recommended for publication by Department of
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CONCLUSION

Through the application of the secondary model of crank
mechanism has been regarded the possibility of determination
of the velocity of optional point from the axis of symmetry of
connecting rod. Short formulae have been synthesized for the
evaluation of velocity (gear ratio) of the mass center of
connecting rod. The relative error of the obtained by these
formulae results (in the limits of the parameters 4 and &
where the mechanism is being used) is not higher than 2%.
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The present work presents an investigation conducted in order to determine the abilities of loading manipulator to move a particular load along desired trajectory
through space. Such a trajectory is defined via number of known path points (including initial and final positions). Each path point is represented as position and
orientation of the load within the manipulator’'s working space according to some basic frame. The particular construction under consideration is hydraulically driven,
five degree of freedom structure with revolute joints. Given the time elapsed between the path points, the necessary driving torques to counterbalance the system
of external static and dynamic forces at each degree of freedom are computed. Such computations are performed using interactive Newton — Euler algorithm. The
necessary flow output of the hydraulic pump to provide desired velocities of the manipulator’s links is also determined. The computed required forces and flow are
compared to the actual parameters of the manipulator in order to evaluate the capabilities of concrete installation to follow predefined trajectory in space.

Trajectory as stated in robotics refer to a time history of
position, velocity and acceleration for each degree of free-
dom These functions are determined by taking into account
a number of known positions and orientations of the tool,
load or the last link of manipulator, i.e. the basic problem is
to move the manipulator from one initial to one final position.
Note that, in general, this motion involves change in posi-
tion, but change in orientation as well relative to some basic
frame. Sometimes the trajectory can be specified in more
details as sequence of “via points” are given in addition to
the starting and ending positions. All the starting, ending
locations as well as the “via points” are referred as “trajecto-
ry points”. We can also include the time factor — a time inter-
val required to complete the motion via the set of trajectory
points.

It is obvious, that while in motion, the links of the manipu-
lator are subjected to a system of external forces — both
static and dynamic. This is quite true for heavy duty loading
equipment, designed to lift and transport considerable loads.
In such cases the mass of the links could not be negligible.
The set of external forces produces reactions — three di-
mensional torque and force vectors at each joint. All compo-
nents of these force and moment vectors are resisted by the
structure of the mechanism itself, except for the torque
about the joint axis, which is balanced by the hydraulic sys-
tem actuators

On the other hand, there is constant desire to intensify the
working process mainly by increasing link’s velocity and thus
reducing the working cycle. This leads however to increas-
ing accelerations and escalating dynamic forces and thus -
to the greater stress upon the construction.

In general, the universal loading manipulators are intend-
ed to perform large scope of activities, including some pure-
ly technological tasks. This is why the structure and the
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driving system are designed having in mind some general re-
quirements, sometimes without regard to any specific applica-
tions. When going to specific tasks however, it is necessary to
conduct some kind of investigations upon the given construc-
tion. Such investigation can be the study of the manipulator's
ability to maintain given trajectory in space. This involves not
only the ability of the driving system to generate the necessary
forces (torques with revolute joins) and velocities at each joint,
but the strength of the structure as well.

The present paper is dedicated to trajectory investigation of
five degree of freedom, hydraulically driven loading manipulator
with revolute joins as shown on Figure 1. The first and the fifth
link rotate about vertical axes, while the others arms — about
three parallel horizontal axes.

The trajectory investigations are conducted by means of com-
puter simulation and treat the capacity of the existing driving
system to:

al generate the necessary driving forces (torques) in order to
balance the set of external static and dynamic forces;

b/ generate the necessary velocities of arms in order to maintain
desired trajectory;

c/ generate desired output power.

The acquired result from such a simulation could be easily
utilized in wide area of additional research tasks, including
stress analysis, which is out of the scope of this work.

Specifically we will consider transportation of a particular load
with defined mass and dimensions from one starting location S,
via some middle point M (without stopping there), to a particular
final position E. For every one of these trajectory points, the
position and orientation of the gravity center of the load in re-
spect to the base coordinate system is known and given by
transformation matrix:
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cos(p) —sin(p) 0 X,

op _| SiN(0) cos(e) Oy,
of =
0 0 1 z,
0 0 0 1

Where x, yc zc and are the coordinates of the load’s center
of gravity, while ¢ represents the rotational angle about the
vertical axis passing through that center.

The solution of the present task will be achieved utilizing
the Newton — Euler interactive algorithm, which regards the
state of static equilibrium of each manipulator’s link under
arrangement of external static and dynamic forces and
reactions in joints. Numbering the links in ascending order
staring from the immobile base of the manipulator and plac-
ing the local frames (connected rigidly to respective arms) in
accordance to some rules, we can apply the Denavit-
Hartenberg’s transformation which gives the description
between two neighboring frames: - Denavit and Hartenberg,
1955

in B
RS i R i+10 ’
i {o 00 1 j

where i=1i R s rotational 3x3 matrix describing the orienta-

tion between i+1-th and i- th frames, and iPi 410 Is the

i+1 frame’s origin vector described in respect to the i th
coordinate system

The task of simulation will be performed in the following
order:

- solving the inverse problem of manipulator kinematics.
This will give a positional vector in joint space (five dimen-
sional vector with particular values for each joint angle) cor-
responding to the starting middle and final trajectory points;

- generating time dependant functions for position, velocity
and acceleration for each joint angle while passing between
the trajectory points;

- applying the Newton — Euler interactive algorithm in order
to determine the dual force-moment vectors acting in each
joint.

Solving the inverse problem of manipulator kinematics is
routine tasks and can be done considering the position and
orientation of the fifth arm’s coordinate system in respect to
the base frame of the manipulator. The location of the load
in this fifth frame has elementary description. One additional
condition which somehow simplifies the solution is the fact
that the load must be maintained in horizontal orientation
during the motion. That condition could be ensured by dif-
ferent techniques (using the pantograph system for this
particular example), and provides one simple dependency
between joint variables.

Figure 1. Five degree of freedom loading

The inverse problem solution produces as a result three val-
ues for each joint variable which values correspond to the given
trajectory points. Hence the joint variable will vary &si < @
<6 for the first section of the motion (from the start to the mid-
dle position) and Gvi< @ <@« for the second section.

The time elapsed between the trajectory points will be also
considered as specified and we will denote 0 < t <t for the
first section and for 0 < t <t the second section respectively.

To assure the smooth motion between the points, third order
polynomials will be used to specify the time dependent position
for each joint variable @x(t).

@I(t) = a.lo +al1.t+a.|2.t2 +a|3.t3

@I(t) = ail + 2.ai2 .t + 3.ai3.t2

The forth polynomial coefficients will be computed using the
initial and final values of the function which are known:

- for the first section
O(t=0)=0; O(t=0)= 0
O(t=1)=0y; @(t:tl):@M

whence:

ANNUAL of University of Mining and Geology “St. Ivan Rilski”, vol. 46(2003), part Ill, MECHANIZATION, ELECTRIFICATION AND AUTOMATION IN MINES



Grigorov B. etal. TRAJECTORY INVESTIGATION OF A HYDRAULICALLY DRIVEN ...

ayo = Os; ay =0; fy =—5R.(%Q+°Gy ) + Fo +Fs;
= 3-(@Mtz‘ %) @tM ; 2 My = —PyxSR G — Py xSR Gy + Mg + (4
1 1 - 5 = 5 _g
. +Ms + By x Fy + Pos x Fes
__2(Oy~-65) Oy.
L Y

In the above equation all force and moment vectors are ex-
pressed in terms of the coordinate system of the fifth link. Here

- for the second section: the following notations are made:

—

f5 - force vector applied at the fifth frame origin;

O(t=0)=06y; O(t=0)= Oy M5 - moment vector applied at the fifth frame origin;

O(t=t,)=0; O(t=t,)=0 ~os
( 2) : ( 2) °Q, 0G5 - weights of the load and the link as vec-

tors expressed in the base, motionless coordinate system;

whence - -
Fo, Fs - dynamic forces applied at the mass cen-
] ters of the load and the fifth link owing to the linear acceleration
Ay =0y ; a, =0y ; of the link (three dimensional vectors);
4 = 3.(0: -6y ) 26, . 3 MQ , My - dynamic moments acting on the load
2 t22 t, ' and the link owing to the angular acceleration of the link (three
. dimensional vectors);
2(0 —Oy ), Ou .
= — + ~ ~ . s .
23 tg t22 ’ PQ, Pcs - positional vectors specifying the gravity
centers locations of the load and the fifth link, expressed in re-
spect to the same coordinate system.

We can compute the desired velocity at the “via point’ It is natural that the weights of the load and each arm of the
assuming the equality of the acceleration at the end of the manipulator are best known in the base coordinate system,
first section and the beginning of the second section. where the Z axis points vertically upwards. Then we can write a

simple description: °Q =[0 0 — g.mg 1" Inthis case

O(t=1,)=0(t=0) the rotational matrix &R gives the description of these vectors

22, +6a, 1 =24, in respect to the fifth coordinate system, which is in accordance
to the equation requirements.

We will use the Newton-Euler equations to compute the dy-

Substituting the coefficients for the middle point we obtain: namic force and moment, Craig (1991):

2 2 = .. = ..

24 1 .(t +ty) Mg = lg.dx + a5 x | 5.0 ;

Mg = g0 + 0 x |50 ;
As it was mentioned above, each link of the manipulator © Q05 (05 X 1o %
could be regarded as in equilibrium when subjected to a set where:
of external forces and joint reactions. When a particular load
is being transported, the masses of the load itself and ma-
nipulator's arms represent the static external forces. Addi- the load and manipulator’s link;
tional dynamic components are applied at mass centers due
to the acceleration of the arms. Considering the balance of
the last arm from the kinematical chain we can write:

Ves, Vg - linear acceleration of the mass centers of

Is, 1o - inertia tensor of the load and the link in

respect to the coordinate systems with origins at the mass cen-
ters, having the same orientation as the link’s frame]

@5, Wy - angular acceleration and angular velocity
of the link.
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TH— required dynamic torque for duration 6 [sec] \
- = static torque
~=- torque applied by the actuator
- required dynamic torque for duration 4 [sec]
T T T

0.8 L
-50 -40 -30 -20 -10 0 10 20 30 40 50

©2 [de]
Figure 2 Static and dynamic torques at the second joint [N.m]

Using the inward iterations we can compute the force and
moment vectors as reactions at each successive joint in
descending order

4< i <1

‘?i = i+1iR']?i+1 + IEi_oiR-OGi;

M = RM; +M; —PeixgR’G; + (6)
+ |3i+1xi+1lR'fi+1 + |3c5 X IEi

:i:mi .\'/'Ci; 0

Mi = ||.a)| +a)|><||.a}|;

Linear and angular velocities and accelerations of each
link can be determined by outward iterations, having in mind
that their values for the base frame are equal to zero, Craig
(1991). The values for the joint variables, their velocities and
accelerations at each moment of time are taken form gener-
ated trajectories (third order polynomials) for each degree
of freedom (formulas 1-3).

Between them vectors ]?i and M; have six components

altogether. All these components are resided by the struc-
ture of the mechanism itself except for the torque about the
joint axis, which is to be counterbalanced by the driving
system’s actuator. As we place local Z axes along the axes
of rotation between arms, the necessary torque, required to
maintain the static equilibrium, will be determined by the dot
product of the joint axis vector with the moment vector;

n=mi; % =[0 0 1],

Figure 2 shows the necessary torques to be applied by the
driving system at the second joint (rotation about the first
horizontal axis), while moving the load along predetermined
trajectory in space. Two sets of values are computed apply-
ing the above described simulation method (formulas 4 - 7)
— one for the overall duration of the motion of 6 seconds

045 " ; . =
=== second joint flow for duration 6 [sec]
== third joint flow for duration 6 [sec]
= total flow for duration 6 [sec]
=~ total flow for duration 10 [sec]

0.4/

035}

0.3}

Flow [I/sec]
o
3

Time [sec]

Figure 3 Desired overall flow [lI/sec]

and one for the duration of 10 seconds. The necessary static
torque as well as the actual torque, applied by the driving sys-
tem’s actuators are also shown there. It is clearly visible, that
increasing the process by reducing the time elapsed leads to
greater dynamic loads which can not be balanced by the exist-
ing driving system at some part of the trajectory and thus ren-
dering such a trajectory unfeasible.

The ability of the driving system to provide desired link veloci-
ties (computed by formulas 1-3) depends mainly on the flow
produced by the hydraulic pump, which usually generates flow
needed to power several actuators at the same time. Determin-
ing the necessary flow requires transforming the angular veloci-
ties in joints to linear velocities of hydraulic actuators as soon as
linear actuators are used to drive rotational joints. The schemes
used to attach the linear actuators to the manipulator's arms
(directly or using a kind of leverage) as well as the parameters
of the attachments are paramount in such transformations.
(Grigorov and Exsarov, 1981, Grigorov 1996).

Figure 3 gives graphical representation of the flow necessary
to drive the second, third and fifth links of the manipulator while
moving along the same trajectory. Analyzing the graphs, one
can see that moving along the path in 6 seconds interval could
not be achieved because the lack of the actual pump to supply
desired flow.

The simulation presented is made by programming in Matlab
mathematical package environment. The masses and center of
gravity locations of the manipulator links as well as inertia ten-
sors are determined through creating 3D models in Mechanical
Desktop 6 CAD package

CONCLUSIONS

- A method to investigate the capability of hydraulically driven
manipulator to transport a load along given trajectory in space is
presented. This method is based on comparing the actual driv-
ing torques applied by the hydraulic actuators in each joint to
the torques necessary to counterbalance the sum of static and
dynamic forces acting on links and the load during the motion.
One additional comparison is made regarding the flow supplied
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by the pump and the flow needed to provide desired veloci-
ties of the manipulator’s links.

- This method can be used to investigate a real machine as
well as in the design stage in order to choose suitable driv-
ing system parameters, provided a concrete application for
the manipulator is given.

- Some additional results such as computing the reaction
forces in each joint can be utilized for other purposes such
as stress analysis or mechanical design of manipulator's
links.

Recommended for publication by Department of
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