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1. INTRODUCTION

SUMMARY

The rotary drilling of rock is widespread technology in mining and in tunnelling. The paper describes the results
of research by aim to find relationships between optimal drilling and sound signal of drilling machine. The opti-
misation criterion has been formulated as the minimisation of specific energy with maximal effective speed of dril-
ling in process of the rock disintegration. The research in this field has been made on experimental drilling stand.
Our monitoring system has measured following variables: pressing force of core drill, revolutions of drilling head,
length of drilling, time, power, acoustic signals. For measurement of acoustic signals have been used very sensiti-
vely sound meter Mediator 2238. From this measurement have been processed acoustic spectrums. Then we are
found relationships between optimal control of drilling and composition of acoustic spectrum. On base of experi-
mental results, we can formulate the optimal control following: “To achieve the minimum difference between the
equivalent sound level at the load and idle modes only at the representative frequency. The representative frequency
dependences on type of the rock”. New method based on these relationships enables the optimal control of drilling
machine by using measured acoustic signals only.
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OPTYMALIZACJA ROZDRABNIANIA SKAL
NA PODSTAWIE ANALIZY SYGNALU AKUSTYCZNEGO MASZYNY DRAZACEJ

Obrotowe rozdrabnianie skal jest bardzo rozpowszechnionq technologiq w gornictwie i drqzeniu tuneli. Artykut
opisuje wyniki badania zaleznosci pomiedzy optymalnym rozdrabnianiem skal a sygnalem akustycznym narzedzia
rozdrabniajqcego. Kryterium optymalizacji jest minimalizacja dostarczonej energii podczas rozdrabniania przy
predkosci rozdrabniania z maksymalnq efektywnosciq. Badania przeprowadzono na eksperymentalnym stanowisku
badawczym. Opracowany system monitorowania rejestruje nastepujqace parametry: sile docisku wiertla, obroty na-
rzedzia rozdrabniajqcego, dlugos¢ odwiertu, czas, moc, sygnal akustyczny. Podczas eksperymentow uzyto czujnika
poziomu sygnalu akustycznego Mediator 2238. Pomiary te postuzyly do wyznaczenia widm akustycznych procesu
rozdrabniania. Przy poszukiwaniu zaleznosci pomiedzy optymalnym sterowaniem predkosciq obrotowq narzedzia
a zestawem widm akustycznych zatozono minimalnq roznice pomiedzy widmem akustycznym samego wiertla przy
jego ruchu jatowym i podczas procesu rozdrabniania, przy jednakowych parametrach eksploatacyjnych. Widmo
akustyczne zalezy nie tylko od parametrow eksploatacyjnych wiertla, ale takze rodzaju rozdrabnianej skaly. Ta
nowa metoda oparta na opisanej zaleznosci pozwala na sterowanie optymalne maszynq rozdrabiajqcq wylqcznie
na podstawie sygnatu akustycznego.

Stowa kluczowe: wiercenie skal, sygnal akustyczny, wiercenie optymalne

be achieved. The results of research hinted at the possibility
of using the sound emission analysis for rock identification.

The processes of mineral mining and underground drilling
belong to energetically demanding processes. In these pro-
cesses, the method of rock separation by rotary drilling is
widely used. Therefore it is necessary to investigate these
processes from the viewpoint of the energy costs reduction.

One of thewaysto cut energy costs of rock disintegration
is to create a know-how. The common use of optimization
requires the measurement of several quantities since we are
dealing with multi-parameter optimisation [1]. The aim of
the research running from 1999 to 2002 was to reduce the
multi-parameter optimization into single-parameter one.

A phenomenon accompanying the process of rock sepa-
ration through drilling is the creation of noise. And this
noise can be the ideal parameter for optimization. Put in
other words, based on the measurement of sounds emitted
in this process an optimum control of rotary drilling should

Rock identification is of double significance. The first one
consists in the choice of suitable drilling tool (indentor) for
the particular rock. The second oneisinimproving the geo-
logical knowledge (geological map) of rocks.

2. OPTIMIZATION CRITERIA

The aim of analysiswas the investigation of objective func-
tion on independent variables (force, revolutions) and de-
pendent variable (the acoustic signal).

The optimization criteria are various:

— the maximal lifetime of drilling tool,
— the minimization of specific energy,
— the maximal drilling rate.
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The optimization criteria were formulated as follows:

— the minimization of specific energy

_P(® 3
w= {m-dr [J-m } (1)

— the maximization of ratio

V(1)
— ) )
*w

where:

performance [W],

drilled rock volume [m3],
deformation work [J-m~],
time[s],

v — average drilling rate[m-s_l].

a =< T
|

The optimization criterion (2) isis a complex criterion.
From measurements of the thrust, the drilling volume, the
drilling rate and performance, the values (1) and (2) can be
computed in some time.

Further in the paper we deal only with optimization of
rock disintegration from the viewpoint of energy cost mini-
mization.

3. LABORATORY ENVIRONMENT
CHARACTERIZATION

The goal of the experiment carried out at the Slovak Acade-
my of Sciences (SAV) laboratory at the trial stand was to
determine the effects of changes in the mode of disintegra-
tion and of the acoustical behavior of the environment and
evaluate these changes in dependence on the optimal mode
of disintegration. For these experiments, the Mediator 2238
sound meter of the Briel Kjaer company has been used.

Theresearch in thisfield has been made on experimental
drilling stand (see Fig. 1).
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Fig. 1. The scheme experimental drilling stand

The stand is situated in horizontal level. The rock is
fixed in the head 3. The drilling tool 2 is fixed in
the drilling head 1. The aim of research was to investigate

the influences of thrust and revolutions changes at drilling
regime.

Our monitoring system has measured following va-
riables:

— thrust of core drill,

— revolutions of drilling head,
— length of drilling,

— time,

— performance,

— acoustic signals.

The monitoring system has been realized by PLC cards
and standard PC.

In ordinary cases of closed space it can be assumed that
the sound field is a diffusion field. If the sound source is
located in the closed space then the waves emitted from the
source reflect from the enclosing surfaces. In the enclosed
space there is a large difference in acoustic pressure de-
pending on the location the sound meter in part of the re-
mote field, i.e. the region where mutual interaction of the
waves propagating directly from source and reflected
Waves 0CCurs.

Sound meters are widely used in the technology of sound
measurement. During the measurement sound levels (A) or
acoustic pressure levels are determined at individual mea-
surement points, distributed uniformly aong the hypotheti-
cal, simply definabl e surface completely enclosing the mea-
sured instrument for which the measurement is taken.
A suitable surface can consist of five faces of an imaginary
rectangular prism whose dimensions are chosen so that the
faces in which the measurement takes place are at most 1 m
away from the outline of the machine.

The sound level (A) at the reference distance is a fre-
guent piece of dataon the noise level of machines or devic-
es. It can be determined exactly with one of the measure-
ment methods of acoustic output with the weight filter “A*
switched on.

In our case the sound meter of the type Mediator 2238 by
the Briel Kjaer company was used.

Based on the measured values of the equivalent sound
level A (asoaveragesound level A) it isdefined asfollows

t2
Laeg,T =10Iog{[_|1_ [ PA(t) P° dt]} [dB] ©)
tl

where:
Laeq, 7 — ©quivalent sound level A, at the reference
value 20 uPa, determined in the time inter-

val of measurement;

T = t2-1;

pa — current acoustic pressure of the sound
signal, which is frequency-weighted with
weight filter A;

po — frequency acoustic pressure 20 piPa.
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Fig. 2. Ground plan of SAV labs with trial stand:
1 — trial stand, 2 — hydrogenerator, 3 — pump

The measurement was evaluated in octave bands while

f=yfq.f, [HZ] (4)
where:

fqy — down limit of band frequency,

fy — upper limit of band frequency.

As seen in the ground plan of the laboratory in Figure 2
the source of noiseisnot only thetrial stand with thedriving
aggregate and noise generated during interaction of the in-
dentor with rock, but also the hydrogenerator and the pump.

4. ENERGY ASPECTS OF DISINTEGRATION

In the sequel the energy aspects of erosion and disinte-
gration will be considered the starting point for the process
of disintegration. From this viewpoint disintegration is
a process in which the action of forces overcomes the bond-
ing forces of the building blocks of the material and gives
rise to new surfaces. Thisisthe simplest definition of disin-
tegration. Before the disintegration is accomplished, how-
ever, the forces acting on the material cause its deformation
up to the breaking strength and perform deformation work.

W=k, V [Im 3] ©)

where:
V — volume of disintegrated rock,
k, — constant.

Relation (5) has become the foundation of the so-called
energetic strength theory which has a broad applicability in
practice in evaluation of the energy costs of the process of
rock disintegration.

The larger part of the isintegration energy, according to
the current interpretations of thistheory, is consumed in the
formation of new surfaces of the generated products during
disintegration or in plastic deformations. The main part of
thed isintegration energy goes into the processes of erosion
in the neighboure zone of creation of tension and deforma-
tions, i.e. in the contact zone.

Dependence of the instantaneous speed of progress and
depth of rock cleaving, on the pressure areidentical in char-
acter, because of the formula

Vv
1= 6)

where:
n — revolutions[s,
h — depth of drilling per one revolution [m],
v — speed [m-sY.

The above discussion of separation output and instanta-
neous speed of separation element movement suggests gen-
erally valid properties of specific volume work of rock sep-
aration. Its general behaviour in relation to the behavior of
instantaneous rate is shown in Figure 3 [2]. Then the work-
ing capacity of the separation tool can be defined as

o=- @)
W

From the viewpoint of optimization ¢ should be maxi-
mized all along the drilling period.
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Fig. 3. Dependence of instantaneous drilling rate v (a), the
specific volume disintegrated energy w (b) and ratio of these
quantities @ (c), on the thrust
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5. THE ANALYSIS OF RESULTS
FROM STANDPOINT OF OPTIMIZATION

In Figures 4 and 5 are plots showing the dependence of
the working capability of separation tool on the pressure at
various modes of separation of andesite and granite and its
dependence on thrust. Based on these plots we can deter-
mine the value of ¢ and mutually compare individual work-
ing modes of the trial stand at equivalent revolutions and
various pressures.

In the plot of Figures 6 and 7 are shown the measured
equivalent levels of sound at the drilling of andesite on the

frequency at various revolutions (the order of column dia-
grams in individual octave bands represents the mounting
pressure and the dark colour represents improvement in
the value of @). In both cases in the plot of Figures 6 and 7
there is an evident increase in equivalent sound level in the
1000 Hz band. Let us denote this octave band as frequency
f=1000 Hz, as representative in andesite separation. Then it
follows from both plots that the optimum mode of rock sep-
aration (maximum ¢) will be at such a pressure and revolu-
tions when the equivalent sound level reaches the maximum
value.
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Fig. 4. The dependence of the working capability of separation tool on the thrust at various drilling modes of andesite
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Fig. 5. The dependence of the working capability of separation tool on the thrust at various drilling modes of granite
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Fig. 7. The dependence of equivalent levels of sound on frequency for disintegration of andesite

Then, for the purpose of optimization, we could extend
the representative frequency to the frequency band

fe < fdl’ fU1> (8)

which in our case will be f3;=1000 Hz and f;;=4000 Hz.
Considerable increase in equivalent sound level can be ob-
served in Figure 6 also for the bands 31.5 and 63 Hz.

In Figures 8 through 10 are the plots showing the change
of eguivalent sound level at idle mode and equivalent re-
volutions in andesite drilling. Their common characteristic
is the steady increase of the equivalent sound level in the
1000 Hz band. Dramatic increase of the equivalent sound

level for all modes occurs in the 2000 through 4000 Hz
bands.

Inplots (Figs. 8-10) are compared L ao for different pres-
sure forces, revolutions of the stand and various values of
the optimization criterion ¢ corresponding to them. Let us
emphasize that the darker the colour of the column the high-
er is the criterion value @. The darkest colour of the columns
is in plot (Fig. 8). This means that this mode has the maxi-
mum value of @ (see Fig. 4), i.e. it is optimal. If we compare
Figures 8 and 9 and 10 then the characteristic of the optimum
control isasfollows: To achieve the minimum difference be-
tween the equivalent sound level at the load and idle modes
only at the representative frequency ( f = 1000 Hz).
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Fig. 8. The comparing of equivalent levels of sound at various frequencies in idle mode and during andesite disintegration
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Fig. 9. The comparing of equivalent levels of sound at various frequencies in idle mode and during andesite disintegration
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Fig. 10. The comparing of equivalent levels of sound at various frequencies in idle mode and during andesite disintegration

In Figures 11 through 13 are the plots showing the From the more detailed analysis of the results analogous
change in equivalent sound level at idle mode and equi- qualitative conclusions were drawn as with andesite. The
valent revolutions in granite drilling. Their common cha-  fundamental difference consists in the definition of repre-
racteristic is asteady increase of equivalent sound le-  sentative frequency (f = 500 Hz), at which ( thrust, revolu-
vel in the 500 Hz band and increase in equivalent sound  tions) the optimum mode of drilling will be sought, which
level for aimost all modes in the 2000 through 8000 Hz ~ means finding again the minimum difference L ey between
bands. the idle and load modes of the drilling machine.
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Fig. 11. The comparing of equivalent levels of sound at various frequencies in idle mode and during granite disintegration
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Fig. 13. The comparing of equivalent levels of sound at various frequencies in idle mode and during granite disintegration

The optimal regime can to be determined by following
algorithm.

1. To determine the equivalent sound level at idle mode of
drilling machine.

2. To determine the equivalent sound level during rock
disintegration.

3. The finding of the equivalent sound level L, ., by chan-
ging of drilling regime.

a) If the difference of L, between first and second
step is increasing then the input drilling conditions
need to be changed.

b) If the difference of L, ,, between first and second
step is decreasing then continue according the
second step.

4. The third step will be repeated until the required accura-
cy is achieved.

6. CONCLUSIONS

Experimental measurements show the possibilities of utiliz-
ing acoustic signals for optimal control drilling machine.

Results of research in this field were used for creating of
algorithm of optimal control. Thisalgorithm was verified in
laboratory. The equivalent level for representative frequen-
cy depends also on types rock (see Figs. 8 to 10 and 11 to
13). Therefore L ¢ can be used for identification of rock

type.
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