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ABSTRACT

The flushing f£low rate required to maximise penetration
rate of holes drilled by rotary percussion is dependant
on drilling parameters and chip sige. Experimental work
to determine the optimal flushing water flow rate for two
common drilling situations was undertaken. It consisted
of drilling, analysis of chip samples and flow
visuwalization. A computer model to predict £low rate was
developed. Itz output and the experimental rest.tz were
combined to explain the relationship between penetration
rate and flow rate.

Rll chips should be flushed from the gap between the bit
and the end of the hole in the time between hammer blows
(ie. - within the duration of a percussion cycle). As
flow rate increases, flushing improves and therefore
penetration rate increases, Once flushing is adequate
there is no mechanism for further increases in
penetration rate, thus it remains .onstant and
independent of further increases in flow.
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NOMENCLATURE

BUTTON : Cylindrical item inserted ints rotary percussion
drill bhits to tranemit drilling energy from the rest of
the bit to the material being drilled. Typically made
from cemented tungsten oarbide because of its hurd wear
resistant nature.

BUTTON BIT : Drill bit fitted with buttons.

CHIP or CHIPPING : Piece of loose material produced hy
the action of the drill bit on the material being
drilled.

COLLAR DEPTH : Depth of the initial part of the hole
during which the rockdrill was operated at veduced power
to enable the bit to start drilling slowly. If the hwole
is not started glowly the bit will often deviate to¢ one
side instead of pensetrating.

PRILL RIG ! Machine containing one or more rockdrills. It
is used to move the rockdrills into poesition as well as
provide thrust while holding the rockdrills steady during
drilling.

DRILL ROD ¢ Long hollow length of steel used to transmit
drilling energy from a rockdrill to a drill bit.

DRILLING ENERGY : Energy in a form suitable for drilling.
FEED FRAME : Part of a drill rig to which a rackdrill is
connected. 1t provides the thrust or feed force whioh is

needed for drilling.

FLOKW VISURLIZATION ! Observation of £low over the face of
the bit and the end of the hole.

FLUSHING : Removal of chips from the hole.
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PENETRATION RATE ! Linear velocity of the drill bit inte
the medium being drilled.

PERCUSSION ! Impact energy produced in the rockdrill.
Also called hammer blows.

QUARTZITE : Most common rock type in South African gold
mines and particularly on the Witwaterarand. It is very
hard, stroug and abrasive.

REGRINDING ! Process whereby chip size 1s reduced as the
ohip iz flushed ocut of the hole.

RESIDERCE TIME : Perilod durindg which a chip is in the gap
hetween the end of the bit and the end of the hole.

ROCKDRILL : Machine which converts fluid energy (ususlly
contained in flows of compressed alr or high pressure
hydraulic oil) into a form suitable for drilling -
typically percussion and/or rotation.

ROTARY PERCUSSION DRILLING : Use of s combination of
rotation and percussion at the bit to produce
penetratiop, It is the best (fastest and cheapest)
drilling technigue for hard brittle materials such as
most rock types,

SLIP VELOCITY : Difference bstween the velocity of the
flushing £luld and the velocity of a chip.

WATEER SWIVEL : Device for getting a water supply into a
rotating drill rod, while leaving both ends of the drill
rod free for transmission of percussiom,
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CHAPTER 1
INTRODUCTION

1.1 ROCK DRILLING

Many current mining, and to a legser extent construction,
methods are dependent on drilling of holes in hard brittle
materials such as rock and concrete. The most common
tachnigue for drilling such holes, aspecially in hard and/or
strong rock is rotary percussion. It is 2o named because the
drill bit is simultaneously rotated and hammered against the
material being drilied (usually rock). A number of differen’
variants of rotary percussion drilling exist, but the most
common is probably that illustrated in figure 1.1.

rotetlan

Oritl rady F
Rockdrill md r .Y

fasd mechanism  wf _......._q B |
I )
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Note : Some detall omlited.
— Brawing rot tc siate

Figure 1.1 Drilling system

The material being drilled is hroken inteo small pieces
{called "chips" or "chippings™) by the action of the drill
bit (often referred to simply s8 the bit). The rockdrill
provides the energy needed for drilling. As shown, the bit
is connected to the rockdrill by one or more hollow rods or
tubes, hereafter referred to as "drill rods".
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The main rock breaking mechanism is the percussion, often
called hammer hlows or impacts. It is produced in the
rockdrill by impact of its reciprocating piston on the laszt
drill rod. The percussion is transmitted to the bit as
stress waves which travel along the drill rod/s. The stress
waves travel through the bit into the material at the end of
the hole (see figures 1.1 and 1.2), Rotary percussion
drilling is therefore a high frequency intermittent process,.

Other equipment cutside the hole applies an axial force
{thrust or feed) through the drill rod/s to the bit. Thus,
the bit is always in contact with the end of the hole.

The button bit is the most common type. As shown in figure
1.3, it consiats of oylindrical cemented tungsten carbide
buttons in a steel body. Only the buttons are normally in
contact with the rook; therefore they transmit the
percussion te the rock., Buttons ace made with various
profiles, eg. hemispherical, conical, parabolic, on their
protruding ends.

The main function of rotation is to ensure that the buttons
on the bit come into contact with different parts of the end
of the hole.

k Lo
ut. // 4,‘ v
%/ / //
’ W" // Sida of hole
ot 1
. from / 22 Foce of bit
lgg:ﬁgrsﬁulon from ,u:kd'rlll /
i : = - ; End of hoia
- — A T
— 1 o — ||. Fges butten
thruat from .T — . '; "'""'
fead eylindar ~F "’ < ouge
4%?%3;/ o,

Note : Sorme detail amiltted

Figure 1.2 Button bit in =a hole

Hollow driil rod
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Figure 1.3 Typical button bits

All rock drilling processes break the rock into small places
{chipa). These are produced by the bhit at the end of the
hele as it penetrates inko the rock ahead of it. The design
of button bits resul*s in chips being produced only where
the buttons are in contact with the end of the hole. Since
percussion is oyclic, chips are only produced when the
stress waves from Lhe percussion arrive at the end of the
hole.
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Figure 1.3 Typical button bits

All rock drilling processes break the rock into small pieces
(chips). These are produced by the bit at the end of the
hole as it penetrates into the rock ahead of {t. The design
of button bits results in chips being produced only where
the buttons are in contact with the end of the heole. Since
peraussion is cyclico, chips are only produced when the
stress waves from the percussion arrive at the end of the
hole,
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1.2 RELEVANCE OF CHIF REMOVAL TO THE DRILLING PROCESS

A= with any drilling operation the material separated during
the process has to be removed from the hole. If not, loose
material will build up between the drilling tool and the
sides and/or end of the hole. If this occurs, Eurther
deepening of the hole becomes impossible. Most rook drilling
processes use & f£luid to continuously remove the chips as
the hole progresses.

8ince a fluid is used, the process ot removing chips from

the hole 1ls called "flushing"”. Fluid supply is typleally
rough the rockdrill, hollow drill rod/s and bit where it
taves though £lushing holes,

It 15 readily apparent from figure 1.4 that flushing
conslsts of two stages., First, newly formed chips between
the end of the hole and the face of the bit epnter the £low,
which conveys thein to the annulus between the drill rod/s
and the sides of the hole. Second, they move alonc the
annuluz and out of the hole. The £low between the bit and
the end of the hole is very different from that in the
annulus between the drill rod/s and the sides of the hole,

Rock
fgge Wali of hole

Dri!_rag

mﬂr gl:.‘%ﬁ in
ou oW
[T Water !‘Iows aver

ariil Fo ‘.{ the emd of the bit

and plcks up chlps

Water and chips llow out
olong the hoﬂ%m ef the shnulus

Note *© Hole deewn larger iheh biY
=—  {po show Tlow goihs clearly.
Sorme detoll omiltted.

Figure 1.4 Fluld and chip flow
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Both stages are equally important. However, this research
only deals with the first stage ie. chip movement from the
end of the hole to the annulus. The situation in the annulus
is much simpler and therefore relatively well understood.

Most rotary percussion drilling, especially for small
diameter holes, is done using water as a flushing medium.
Thus this research concentrated on water flushing.

Many of the chips formed by button bhits are large, ie. -
their longest dimension is often greater than 10 % of the
diameter of the hole, However for various reasons their size
may be reduced before they leave the hole., This process is
usually called "regrinding™.

In the drilling industry it is common knowledge that if
flushing £low is inadequate, drilling will be slower than .3:
otherwise could be, In other words, the penetration rate of
the bit into the rock will be low. However the causes of low
penetration are poorly understood. Also, scientific
determinations of optimum flow rates are seldom undertaken.
Thus the industry survives on trial and error. Even when the
optimum flow for a particular application is known, there is
no basis for generalising this knowledge to any other
situation.

1.3 CRITERIA FOR OPTIMUM FLOW RATE

The cowmercial criterion for efficient drilling of holes (in
any diameter) is minimum cost per unit depth of hole. Many
costs (eg. wages, depreciation of eguipment) accrue on a
time basis and are figxed in the short term. Hence there are
financial incentives to reduce the time spent on each hole
by trying to increase penetration rate. The cost of drilling
consumnahkles is different, because it depends on usage not
time. In the short term, expenditure on consumables is
usually more sontrollable than most other costs. Therefors
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the most common objective is to increase penetration rate
while reducing expenditure on consumables. Penetration rate
is immediately visible and controllable. Thus it is the
foous of most attention,

Previous work has shown that if flushing flow rate is
increased from zero, penetration rate increases with it, but
only w %{o a polnt (see section 2.1.2). Eventually
penetration rate remains constant irrespective of further
increases in flow rate (at least within fhe limits of
practicality). Thus, opiimum flushing flow rate was defined
as the lowest fleow at which penetration rate iz a maximum.
It is the flow which wminimizes the drilling time per hole.

l.4 OBJECTIVES
The research was limited to horizontal holes drilled by
rotary percussion using hutton rlts and water flushing,

Given the scope of the work, the ohjectives were as follows:

1.4.1 To develop an understanding of the process of
flushing chips out from the end of the hole,

1.4.2 To determine the optimal)l flushing flow rate for
certain specific situations.

1,4.3 To develop a computaer model Eor reliably and
accurately predicting the optimum flushing f£low.

1.4.4 To cobtain experimental dats against which the
predictions of the model may be checked.

1.5 APPROACH ADOPTED ARD ORGANISATION OF REPORT

From a review of literature, industry practice and research
related to Elushing, it appeared that:
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- The requirement for effective flushing is sufficient
lut not excessive flow. The regquired supply pressure is
fized by the loses through the drilling equipment. The
losses are dependent on the flow and the design of the
equipment. Thus the research cencentrated on flow rate,

- Flushing is similar to the hydraulic transport of solid
particles in pipes. Therefore, chip movement could be
model led using the equations for the forces on a
submerged particle in non-compressible flow. The
computer model was developed from this.

Almost no data on £lushing was available. Therefore
experimental work was required to obtain infnrmation
regarding the variation of penetration rate with £lushing
flow. Regrinding of chips is central to an understanding of
the relationship between penetration and flushing flow. Thus
chip samples were taken while drilling and size analysis was
carried out on them.

In the drilling industry the basic unit of time is minutes
not seconds. Cubic meters are not convenient for the volumes
encountered during drilling, so the f£luid volume is usually
measured in litres. Thus centimetres per minute {em/min) is
typically used for penetration rate and litres per minute
{(1/min) is normally used for flow rate, These drilling
industry conventions were adhered to in the report.

Given the approach outlined above, from here the report goes
on ko a review of literature and drilling practice. Next is
a degerlption of the experimental work and the computer
model. Thereafter the results from the various sources are
presented, synthesised and discusged, This section leads te
conclusions and issues which could be researched in future.




CHAPTER 2
REVIEW OF LITERATURE AND DRILLING

PRACTICE

Almost all available published work on chip flushing deals
with one or both of the following:

- Chip movement in the annulus between the drill rod/s
and the side of the hole.
- Broad rules of bit design to optimise f£lushing.

NHone of the literature deals with chip movement in the space
between the end of the hole and the bit in much detail., The
published data is not sufficient to predict the minimum f£low
rates required there for effective flushing.

However, a considerable body of practical experience exists
in the drilling industry. It is the result of years of trial
and error atuvempts at optimising drilling performance.
Although it is seldom if ever documented and even lesas
frequently published it is nevertheless very relevanc.

2.1 FLUSHING
2.1.1 PUBRLIC DOMAIN MATERIAL

An equstion for the air velocity needed to pick up chips
where they are formed under the bit was developed by
pavisii, However, picking up a chip is only the first step
in transporting it to the annulus. Also the basis for the
equation is unclear. Therefore its usefulness 1s severely
limited,
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Jaint? gives a chip velocity of approximately 25 m/s after
75 wmm wmovement but does not explain how the velocity was
calculated or under vhat conditions it applies. Thus it
cannot be used to calculate reliable flow rates. The large
chip displacement is also a constraint because few holes
drilled with rotary percussion equipment are large enough
for chips to travel 75 mm before entering the annulus,

The lack of published information specifically on £lushing
indicates that:

- Either very li.tle rigorous work has been done into
chip movement in the spsce between the bit and the end
of the hole and/o:r,

- Host of the research was for commercial purposes and
therefora kept strictly confidential. However this
seems unlikely because publicising the broad results of
such work would have considerable value as a marketing
tool. Since nothing of the kind has happened within the
last ten years at least, it is reasonable to conclude
that if suech commercial research was done the results
were of little value,

2.i.2 RESTRICTED MATERIAL

Approximately fifteen yesavz ago Buart Longyear Research
Centre investigated chip flushing in some depth. Being
commercial research the detailed results were never
published. However, since the current work was sponsored by
Boart Longyear, all the previous reports were available for
scrutiny.

Eersonulshuwed that for water f£lushing in horizontal holes,
as flow rate was increased from zero, penetration rate
increased in direct proportion until it reached 2 maximum.
Flow rate was not increased much thereafter. For the small
increase in flow that was investigated, penetration rate
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remained constant. This ..owed the importance of flushing
gnd what general trend to expect. However no detailed
explanatior of the observations was given and bu Lon bit
design has advanced considerably since then. Current bit
designs are verv lifferent from thoss used by Berson. Thus
the relationms. = he obtained is of Iimited use today.

During earlier research Berson'! used laburatory apparatus
to investigate how flushing is affeocted by drill rods and
bits. His most important findings were:

- Chip size is not signifivantly affected by changing
the size of the annular gap between the hole wall and
the drill reods. Thus he concluded that any regrinding
would cecur at the end of the bit, not in the annulus.
- Chip size is affected by the position and size of the
flushing holes in the bit. Therefore the £low over the
face of the bit affects regrinding.

McFadzean“] performed a range of experiments and
calculations on chip mevement. He collected chip samples
from a number of holes dril -d vertically downwards “nto
guartzite. These holes were urilled using water flushing and
a powerful pnesumatic rockdrill. Btandard {for 1980) button
bits with diameters of 41 and 4% mm were used. Analysls of
the sanplez produced the following typical characteristics
for the largest chipa:

volume - 50 to 70 mm’
mass - 0.13 t0 0,18 g
dimensions - 3,7 5.4 % 7.6 mm,

Intuitively the dimenszions and volume too large relative to
the diameter of the bits and the space available for c¢hip
movement. ‘owever most chips were very much smaller.




Measurement of ss=ttling velocity of the largest chips in
water showed that their drag coefficlents were between 1.3
and 1.7. Thus, McFadzean concluded that their drag was about
three times that of an equivalent sphere with the sume
volume as the chip. Using the diameter of this equivalent
sphere as the length term in the equation for Reynold's
Number he showed that the settling process was at the low
end of the Newton Flow regime - ie. at Reynold's Numbers
between 1200 and 1400.

Berson!®) used a transparent tube partially filled with
artifigial chips to compare the flushing properties of
different bit designs. He concluded that all flushing holes
should be on the face of the bit. Although he was able to
rotate the bit iunside the transparent tube he did not vary
the rotational speed or the flushing flow rate,

Williams“]ohssrved the flow past various bits. He also
concluded that bits with all flushing holes on the face have
better f£lushing characteristios than thoce with sovme holes
in the flutes.

2.2 DRILLING INDUBTRY? NORMS

For horigontal holes drilled with water flushing, some
examples of the £low rates used in practice are given below.
In all ¢ases the figures are approximate. Unless octherwise
specifiad, the informatisn was obtained by Schwartz“] for
hydraulic rockdrilis and 48 wm diameter bits.

Norwegian practise for holes drilled with 48 wm diameter
bits then reamed ocut with 102 mm diamster bits: 150 to 160
1/min. [Brawitt“l]

Kiruna mine in Bweden: 50 to 60 l/min,

Nygardstangen tunnel in Noryway: 50 1/min.
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Hagerbach Test Gallery in 8witzerland: fluzhing water
pressure of 1.5 MPa, whic.. is equivalent to & flow of
approximately 60 1l/min.

South African mines vsing hand-held pneumatic rockdrills
with small kits {(typically 32 to 42 mm diameter): flushing
water pressures of 150 to 700 kPa which gives flows of about
1.4 to 3.2 1/min. [Lootsilt)

These pressures and flows may appear inconsistent. The
differences arc mostly caused by the routing of the flushing
water Erom the supply hose to the drill reod.

Adaptors are fitted into the front end of hydraulic
rockdrills to connect the last drill rod to the rockdrill.
These adaptors have transverse slots which f£it between two
gseals in the rockdrill., Flushing water f£lows through the
slot into the bore of the adaptor and from there into the
hollow drill rods.

No adaptors are used with hand-held pneumatic rockdrills.
The flushing water flows through a long thin tube in the
centre of the rockdrill and then into the hollow drill rod
{see figure 5.5). Thus resistance to fluw is much greater
than it is for hydraulic rockdrills.

In addition to gquantitative data, there are some generally
racepted theories in the industry. Although chese may not
have an identifiable gscientifie base they should stil) be
noted, The most relevant of these is that insufficient
flushing retards penetration because some of the drilling
energy is wasted in reducing the siv%e of chips. Over many
vears, size analysis of chip samples taken fot other
purposes regularly confirmed this theory.
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2.3 CLOSELY RELATED TQPICS

Blthough it is intimately c¢onnected with drilling, flushing
-5 really a hydraullc or pneumatic transport issue.

There is a large body of published work on transport of
solids in pipelines, some of which can he applied to chip
flushing. However, the length of most solids transport
pipelines meansz that the non-equilibrium conditions during
particle pick up are insignificant and therefore they have
not been much researched. Thus very little work on solids
transport in pipelines was directly useful.

Partial exceptions are wiles!t! who suggests an air speed
for picking up sand in a pneumatic conveying system and
shows how to caloulate the pipe length required for the
particles in ap air stream to reach constant velocity,

Marcus et al“” also deals with particle acceleration in
pneumatic conveying. However, compressed air is typically
about two nrders of magnitude less dense than water.
Therafore attempting to extrapolate from air to water is
very dangerous.

The pipesz used for particle conveying usually have constant
diameter; hence £luid wvelocities are constant., In rook
drilling the flushing £luid has to accelerate chipa while
its velocity is decreasing due to increasing cross sectional
area as the chips gat closer to the annulus.

The cone other useful insight was the orientation which a
solid particle will take up in a £luid. This was
investigated by Bain and Bnnninqton““, Zandi and Govatos“”
and Graf“n. They all coroluded that broadside on was the
most dommon orientation, especially in the Newton Flow
range.
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CHAPTER 3
EXPERIMENTATION

3.1 HYDRAULIC ROCKDRILL USING A 48 mm DIAMETER BIT
3.1.1 SITE AND EQUIPMENT

All drilling with 48 mm diameter bits was done in the
North Pit at Weat Witwatersrand Geld Mine (hereafter
raferred to as West Wits), It is located between
Ktugersdorp and Rzndfontein in Gauteng, South Africa.
Although it is open cast, the North Pit was excavated to
acgess one of the Witwatersrand goid reets, Therefore all
holes were drilled into guartzite,

Figures 3.1 and 3.2 show the equipment schematically,
ful]l details of which are given in Appendiz A. The drill
rig, rockdrill, bits and other wrilling consumables were

all standard Boart Longyear products. Water
tonks

Rock face

Feed frarme and
thrust cylinder Rockdrill 704
\ .

1 g

Dritt rig ////'ﬁﬂﬂﬂ

Note . Some detail. such os woter pump
— and hoses omitted.
Drawing not to scole.

Figure 3.1 Arrangement for drilling at West Wits.
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Interconnected storage tanks

Return hase
o tonks

Fressure ]

gauge Gote Gote
valve A’ vaive ‘B’
Note @ Not to scale

Supply hose ®___
to Griit rig &

Fump uUnhessary detail omitted

Suction hose
1o pump

Pigure 3.2 Water supply systems

The statlc head from the water tanks was sufficient to
provide a flow rate of 14 l/min (litres per minute). For
greater flows a pump was used. The tanks were
approximately 20 m above the drill rig and they had a
combined capacity of 10 000 1. Thus, even a full day of
driliing would ne: result in a significant change in
static head.

The water was gy plied hy West Wits from underground
gources, Like most mine water, it waa not safe to drink,
but was substantially free of solids.

3.1.2 PROCEDURE

The important components of the experiment were as
follows:

{a) Warm up the hydraulic oil by drilling three holes
with an old bit. (The performance of the rockdrill
was sensitive to oil viscosity. Only sthen warm was
the recommended grade of oil in the correct
viscosity range).




{b)

(e)

(d}

{e)

(£)

(g)

{n)
(1)

3.1.3

le

The water £iow rate through the hit was set by
adjusting gate valve B (see Eigure 3.2). It was left
undisturbed until the flow rate needed to be
changed.

A new bit (identical to all the others) was fitted
when the flow rate was changed. This ensured that at
each flow rate, the bit was subject to similar wear
as the bits used at the other flow rates.

In most cases ten horizontal holes were drilled at
each flow rate., To minimise the effect of variation
in rock properties, most holes were drilled in
random positions. Ten holes were statistically
acceptable while limiting the effect of bit wear.
Each hole was collared {ie. started slowly) using
reducsd percussion. After collaring, the percussicn
valve was opened fully so that the reast of the hole
could be drilled at full power. '

For the purpose of establishing penetration rates,
the duration of full power drilling was measured.
After completion, hole depth was measured and
adiusted for the untimed initial portien {collar
depth), The holes were typically about 2.4 m deep
and drilling time varied from over five minutes to
less than two minutes,

Independent variables such as percussion, rotation
and feed prersures were kept conatant at the values
recommended by the manufacturers of the drill rig.

A sample of chips was taken from some of the holes.
After drying, the chip samples were sieved into size
fractions and each fraction was weighed.

CALIBRATION AND OBBERVATIONS

Table 3.1 is an example of a typical set of observations.
The constant parameters for this set of holes were!

Flushing £low rate: 20 l/min.
Feed pressure = 9 MPa; therefore thrust force on the

bit was 14 kN (see appendix Q)
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Percussion pressure = 15.5 MPa; therefore percussion
frequency was 49 Hz.

Rotation pressure = 4.5 MPa; therefore rotational speed
was 197 rpm.

Table 3.1 Typical set of observations; 48 mm diameter bit
and hydraulie rockdrill at 20 1l/min,

Hole Hole depth .Drilling time | Penetration rate
number {em) {min:sec) {om/min) L
1 220 1:57.32 112.51 1
2 240 2:07.41 113.02
3 25d 2:22,.64 105,16 i
4 250 ' 2:09.04 116.324
5 250 2:09,04 116,24
6 255 1348.26 141.33
7 240 2:04.73 115,45
8 235 2:04.29 113,44 i
9 240 2:41.32 89,26 "
10 245 2:0?.21 115,56 "

Flow rate was measured using a stop watoh and a plastic
drum of known volume placed directly under the bit.
Leakage of flushing water from the rockdrill and driil
rod connections is normal. Thus, this method is more
reliable and accurate than using a £low meter located
upstream of the rockdrill.

Opening and closing of the valves in hydraulic rockdrills
creates cyelic pressure variatlions in the oil supply
hoses. The frequency of these pressure c¢hanges equals the
percussion frequency of the rockdrill, Thus, to measure
blow freqguenay, a pressure transdicer was cennected into
the supply line to the percussion mechanism of the drill.
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A storsge oscilloscope was used to record several sets of
pressure pulses. The period of each pulse was determined
by muitiplying the number of dots making up its trace on
the oscilloscope screen with the time base setting.

According to the manufacturer of the rockdrill, the
resulting average frequency was within the expected
range, However, just to be sure, the calibration of the
oscillozscope was checked. S8ince the measured percussion
fregquency was 49 Hz, the local mains electricity supply
was the most convenient standard. Several sets of
comparisons gave an the average discrepancy of 0.5 %.

Hydraulic oil pressures and flushing water pressure were
measured with standard commercially available pressure
gauges.

Drilling time was measured with a stop watch.

Due to their depth and position high up on the rock face,
direct measurement of hole depth was not safe. However
since all the relavant dimensions ware known and fixed,
depth could be obtained by subtraction, After completion
of each hole, the distance from start of the hole to the
end of the drill rig's feed frame was measured with a
steel tape. Hole depth was calculated fyom this.

Rotational speed was measured by attaching a long length
af string to the drill rod and allowing it to wind up in
a known time. When the rod was stationary after drilling
of the hole, the string was slowly unwound and the number
of turns counted. The result was within the egxpected
range. The advantages of this method over using a
tachometer were as follows:

- It was safer, especially since almost all the lower
part of the rock face already had holes drilled into
it, Thus most holes were at least 1.5 m up the face.
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- Its simplicity ensured that the chances of errors
waere very small. Even a newly calibrated tachometer
can be wrong, especially when it is being sprayed
with dirty water.

3.1.4 DATA PROCESSING

Heole depth minus depth required for collaring was divided
by drilling time to give average penetration rate for
each hole (z2ee table 3.1). Az iz standard in the industry
this will hereafter referred to as penetration rate, with
units of em/min (centimetres per minute). Scatter in the
results was assessed by comparing the standard deviations
of penetration rates for each flushing flow rate with
each other.

Average penetration rate for a particular bit at a
partiecular flushing flow rate was obtained by summing the
individual penetration rates and dividing by the number
of holes. 8ince hole depth did not vary significantly, no
attempt was made to apply a welghting factor.

3.2 PNEUMATIC ROCKDRILL USING A 36 mm DIAMETER BIT
3.2.1 SITE AND EQUIPMENT

As shown in figure 3.3 the rockdrill was mocunted on a
special drilling platform. This ensured that all holes
were drilled at the same angle (approximately 3.2%belou
horizontal). A standard Boart Longyear rockdrill and bits
were used, Except for a small modification for a water
swivel standard drill rods were used.

All flushing water was taken from the municipal supply.
At the lower end of the flushing flow rate range, the
water was taken direotly from a tap. However, at 5 1/min
and greater a pump was used.
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Concrete block

Height adjustment
]
1 Rackdrilt Wo}erl Dr ci;" o
H Feed S5¥ 1v8 ro nie ait
f mechanism
b |
: Height Height
-| odJE:s‘fman'r ad justment
L 1

__ .

- iy, e s S e S

Note : Unnecassary detail omitted
Layout of water supply systermn was
similar to that shown previcusly

Figure 3.3 Arrangement for drilling into concrete blocks

hs explained in section 2.7, small hand held rockdrills
are not designed for high flushing flow rates. The
£lushing fluid is supposed to pras through a leng thin
tube running down the centre the rockdrill. Thus large
flows require high pressures; for example at a supply
pressure of 2 MPa, the flow waa 7.8 1/min. Also, due to
the construction of these rockdrills, the supply pressure
for the flushing fluid must be significantly lower than
the supply prassure of the air powering the rockdrill. If
not, its performance deteriorates.

The supply air pressure was 430 kPa, therefore at Elow
rates greater than 5 1/min the £lushing water was routed
directly into the drill rod (see figure 5.6). To do so
the drill rod was modified to accept a water awivel. The
supply hose was connected to the swivel and the water
flowed through two specially drilled transverse holes
into the longitudinal hole in the centre of the drill
rod.

When using the water swivel a pump was used to provide a
steady £flow and to overcome the pressure drop in the
drill rod. At flows below 5 1/min the municipal water
supply pressure was adeguate.
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All drilling was into a block of concrete. The mix
consisted of 3 parts crushed guartzite (from West Wits)
to 2.5 parts sand to 1 part cement, therefore the block
was a reasonable approximation of rock.

Concrete’s great advantage over rock was that the mixing
processes inherent in both the production of orushed
gquartzite and casting the block resulted in a very
homoge :ous material. Thus almest all the fluctuation in
penetration rate was due to variation in flushing £low
rate. Very little was due to inhomogeneity in the block.

3.2.2 PROCEDURE

This was similar to that described previously for the 48
mm diameter bits. The important parts were!

{a) The flushing flow through the hit was seit by
agjusting the tap or pump speed and a gate valve.

{(b) One or two holes at each flow rate were sufficient
because!

{i) The concrete block was very homogeneous
(Nevertheless the drilling sequence was
randomised}, and

(ii) The flat surface of the bloock allowed hole
depth to be measured to within 0.5 %.

Since relatively few holes were drilled, the effact

of bit wear on penetration rate was negligible.

{c) Each hole was started slowly (collared) by
throttling the air supply to the rockdrill. Thus the
holes were straight and in the chosen positicns,

{d) &after collaring, the bit and rod were retracted and
the depth of the initial part of the hole (collar
depth) was measured,

{e) Drilling then resumed, and drilling time for the
remaining length of the drill rod was measured.

{£) After completion >f the hole its depth was measured.
Holes were typically about 1 m deep and drilling
time varied from 1.5 minutes to over 3 minutes,
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(o) Except for f£lushing water flow rate, all independent
variahles were kept constant. In particular a fixed
gupply air pressure was used,.

{b) A sample chips was taken from some of the holes.

(i) After drying, the chip samples were sieved into size
fractions and sach fraction was weighed.

(i) After cleaning the remaining chips out of the holes,
their angle to the horizontal was measured.

3,2.3 JBSFRVATIONS

Flow rate from the bit was wmeasured using s gtop watch
and a plastic drum of known volume, Leakage of about a
third of the total flow from the front of the drill is an
inherent characteristic of the type of rockdrill used.
S0, at low flow rates, when the water flowed through the
rockdrill, thi= was the only practical methed of
accurately measuring flow.

Compressed alr and flushing water pressure were measured
with standard commercially available pressure gauges.

The mannfr “urers of the particular model of rockdrill
have ve'y good knowledge of how its performance varies
with supp.y air pressure. Hence, percussion Ereguency and
rotational speed at the measured air pressure were
chtained from the manufacturers.

Drilling time was measured with a atop watch.

Collar depth and hole depth were measurec nith a steel
tape.

Hole angle was measured using a proiractor with a bullt-
in spirit level. A drill rod wag inserted into the Yaole
to provide a surface for a protractor to rest on.

Table 3.2 is an example of 2 few typical oksarvationa.
The parameters which were held constant were:
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Rir pressure at the feed cylinder =
thrust force on the bit was 552 N (see appendix C)

Aiy pressure at the rockdrill = 430 kPa; tharefore
percussi n frequency was 28.5 Hz and rotational

speed was 124 rpm.

250 kPa; therefore

Table 3.2 Sample cbservations, 36 mm diametar bit and

pneumatic rockdrill.

Water flow rate {1/min) 1.2?. 5,63 16.3
Collar depth (om) 5.5 n.& 7
Full hole depth (cm) 110 } 83
Prilling time {(minisec) 1:148.29 | 1.30.57 | 1:08.16

3.2.4 DATA PROCESS™IG

Collar depth was subtracted from full hole depth to give
the depth during which the rockdrill was run at full
power. The hole depth resulting from this subtraction was
divided by drilling time to give average penetration rate
for each hole, heresafter referred to as penetration rate.

3.3 CHRIP BSIZE ARALYSIC FOR BOTH BITS

A set of standard wire mesh sieves was used separate each
chip sample into seven size fractions. The mesh sizes
were ¢ 2.0 mm, 1.4 wm, 1.18 i, 0,6 mm, 0.355 mm, 0.25 mm
and 0,075 mm, Each fraction was weighed on a chemical
balance and size fraction data was expressed in
percentage terms.

In some cases a few of the chips (called very large flat)
from the largest size fraction were measured with vernier
callipers. The sizeg were averaged and used as inpuis to
the computer model. Volume and eross sectional area was
caleulated from the dimensions. Thereafter mass was
determined by using the density of guartzite.
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The number of chips in the largest size fraction of a few
samples were counted by hand. The average mass of a chip
{called average large flat) in the largest size fraction
was obtained by dividing the mass of the size fraction by
the number of chips. Volume and cross sectional area werse
obtained us.ng the reverse of the procedure applied to
the very large flat ohips.

The shape of the smallest chips (called rinute cubic) was
determined from observation under an optical microscope,
Typical dimensions were estimated from the size of the
mesh in the finest screen.

3.4 PLOW VISUALYSATION

1% was anticipated that at low Elow rates the face of the
bita would not be completely covered with flushing water.
In other words, a firee surface of water between the face
of the bit and the end of the hole wasg expected. Initisal
observations failed to disprove this, therefore a small
experimental facility was developed to investigate the
phenomenon.

The ocbjective was to ocbserve how the free surface was
affected by flow rate and the orientation of the bit
{flushing holes in drill bits are seldom symmetrically
arranged},

3.4.1 AFPARATUS

As shown in figure 3.4, & glass tube was used to simulate
the end and sides of the hole while allowing cbservation
of the £luid. The diameter of holes drilled with butten
bits is always a couple of millimetres larger than the
diameter of the bit, and the glass tubes were similarly
dimensioned. To imptove the simulation the tubes were
made long enough to fit over the bits and part of a drill
rod. "o provide a contrast, the bits were painted white
and a small amount of domestic tollet ocistern dye "Jeyes
Bloo” wazs used to celour the water,
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Figure 3.4 Bit and drill rod in glass tube

The remalnder of the apparatus consisted of a tank for
the fluid, a pump, gate valve and the necessary piping.

3.4.2 EXPERIMENTAL METHO. AND DATA ANALYSIS

Flow rate was sel using the valve. It was measured using
a stop watch and a measuring flask.

Cnce the desired flow was achieved the position of the
free fluid surfaces was sketched and photographed. After
eagh ohservation the bit was turned {(by hand) into a new
orientation. The procedure was repeated at several
orientations making up a full 360° of bit rotation.

The most interesting and varied free surface was that
between the face of the hit and the end of the glass
tube. There was also a f£ree surface in the annulus
between the drill rod and the glass tub~, However, the
annular gap is constant and independent of bit
orientation. Therefore the observations concentrated on
the free surface between the face of the bit zad the end
of the tube,.

Face coverage {(in percentage terms) was estimated from
the position of the firee surface on the face of the bit.
For egxample, figure 3.5 depicts face coverages of 90 %
{upper photograph) and 60 % {lower photograph).




figure 3.5 Flow over the kit
3.4.3 EFFECT OF ROTATIONAL SPEED

while drilling the bits were turning, but their speeds
were not very high. Thus it geemed likely that rotatiom
would have a negligible effect on how the water flowed
over the bits. To be sure the hypothesls was checked by
observing how water flowed out of the bits while they
wetre rotating.

The objective was simply to asses the whether bit
rotation was fast enough to impart a significant outward
(radial or circumferential) velocity component to the
water as it left the bit. If so, observing the free
gurfaces with the bit stationary would have heen
polntless. To chserve pctential outward motion ot the
water the bits had to be raytated uncovered - ie. without
a glass tube over them.

Figure 3.6 shows the experimental apparatus. After
setting the water flow rate with the tap, the straam was
observed while the bit was:

- stationary and,
- rotating at approximately the same speed at which
the drilling experiments were conducted.
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Figure 3.6 Obzerving flow with the bit rotating

The pneumatic rockdrill rotated at 124 rpm., The nearest
available lathe spindle speed was 132 rpm, therefore it
was used for the 36 mm diameter bits. Similarly, a speed
of 190 rpm instead of 197 rpm was used for the 48 mm
diameter bits.

These agperiments suggested that within the relevant
speed ranges, bilt rotation has a negligible affect on the
flow of the water after it leaves the hit.

The calculations in Appendiz € provide an explanation,
For the water flowing nut of holes on the face of the
bit, the arlial component of water velocity is much
greater than the circumferential component. The ratloe of
velocity components is less for water flowing out of the
flushing holes in the flutes., However these flushing
holes are close to the wall of the hole hut relatively
far from the end of the hole, Thus any water moving
outward from flushing holes in the flutes will impinge of
the wall of the hole before flowing back along the
annulusg, Also, due to its greater diameter and rotational
speed, outward flow from the fiute flushing holes only
ocourred with the 48 mm diameter bit,

The results of the experimental and theoretical
approaches were vonsistent. Henoe the effeot of bit
rotation wa: judged to be insignificant and flow
visualization with stationary bits in glass tubes wasg
taken as valid.
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g8it shown stotlonary.
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of the bit when it is in a glass tube .

e
>\ Water
) surfuce

The water shown is all behind the
face of the bit. e

water surface

Figure 3.7 Outward flow from the flute flushing holes

3.5 FLOW/PRESSURE RELATIONSHIP

Since it is easier to measure than flow rate, the mining
and drilling industries are normally only concerned about
flushing water pressure. Thus, the flow/pressure
relationship was investigated in order to!

- Relate these research results to industry
practises.
» Make this research more useful.

The flow/pressure relationship was investigated
separately from the drilling experiments, but the same
rockdrills, bits and drill rods were used.

Water pressure at the inlet to the rockdrill was measured
using an ordinary gauge. Flow rate was set and measured

in the same way a8 for the drilling experiments.




CHAPTER 4
COMPUTER MODEL

4.1 - THE NECESSITY OF MODELLING

There are approximately fifteen commonly used sizes of
button bits in the range from 32 to 215 mm diameter.
Several different designs are available for each size and
new designs are continuously being developed., All these
sizes and each design in a particular size will have a
different optimal f£lushing flow rate.

Despite its importance, information on optimal flushing
flow rates is almost non-existent. Experimental work is
time consuming and expensive, However, desktop and
portable computers are widely used and suitable software
is relatively cheap. Therefore, if a reliable, accurate
computer model of the flushing process was available, it
¢ould be extensively used, for example in drawing offices
where new bits are designed.

R caomputer model was developed to meet this need.
4.2 COVERVIER

The model simulates movement of a single chip from its
formation near one of the buttons on the bit until it
enters the annulus between the ocuiside of the bit and the
side of the hole. As shown in figure 4.1, it uses nested
loops and iteratien.

Starting from an initial low flushing flow the outer loop
increases the f£low rate until the chip reaches *he
annulus in the time between hammer blecws. Each oycle
through the inner loop calculates how far the chip moves
in a3 2ingle short time step. Water velocity, chip
velooity and acceleration are held censtant for the
duration of each step. Thus the inner loop uses chip
position and the previous values of wateyr velocity and
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chip velocity, to update chip position. This in turn is
an input to the calculation of water velociiy, which is
combined with chip velocity for caloulating chip
acceleration. Chip velocity and displacement are
calculated from c¢hip acceleration and the duration of the
step.

At the end of each step the model compares the updated
value of chip displacement with the distance from the
chip's starting point to the annulus. IE the chip has not
yet reached the annulus it compares elapsed time since
chipy movement started with the time between hammer blows.
If either elapsed time or chip displacement are too big
the outer loop increases the flow rate and the provess is
repeated.

The model predicts the minimum flow rate regquired to
flush a chip of a defined size and shape from a given
radial position to the annulus. It only simulates chip
movement in the space beiween the end of the bit and the
end of the hole. It does not include flushing in the
annulus between the drill rods and the wall of the hole.
This aspect of £lushing is relatively well understood and
if regquired, the model could be extended to include it.

4.3 HMODELLING PROCEDURE

Details of the modelling procedure, inputs and outputs
are given in Rppendizx B, while the flow chart in figure
4.1 gives a graphir . overview of the process.

In brief, the inner loop calculates:

- Water velocity at the chip:

- Force due teo drag on the chip;

- Chip acceleration, resulting velocity and pesition
at the end of the time step;

-  Elapsed time.
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The eguations for each of these are presented in the form
in which they are used in the model.

In the gap between the bit and the end of the hole the
flushing water £lows approximately radially outwards.

Thus £luid velocity (vE) is

vE = QA

vhere Q = volume flow rate
effective cross sectional area at the
radial distance corresponding to the

position of the chip.

b
t

Effective crsoss sectional area (A) was determined from
the gecmetry of the bit and the resulting deviations from
the assumed pattern of radial outwards f£low.

Chip acceleration {a) was calculated from the equation
below for drag on a submerged body in subsionic Elow

[Douglas, Gasiorek and Swaffield“ﬂ].

a = €d. p.k(Vf'VC}z

2m
where ¢d = drag coefficient
P = density of fluid (water)
A = cross sectional area of the chip
m = mass of the chip

Acceleration was assumed to he constant for each short
time interval., Therefore the well known eguations faor
constant acceleration straight line motion were used to
caleculate chip velooclty and displacement.

ve{n) = ve{n-l) + a.it

n

where ve{n} chip velocity for the current step
n

ve{n-1)

step number
chip velocity for the previous step
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a = ¢hip acceleration
it = duration of atep
and
s{n) = s(n-1 ve({n).it + i.a.it2
where s(n) = chip position at the end of the
current step
8(n-1) = chip position at the end of the

previous step

Although the model simulates the movement of a single
c¢hip, the effect of other chips in reducing the cross
sectional area avallable for fluid flow was taken into
account.,

Bit rotation was accounted for by assuming that the
gircumferential component of water velocity eguallaed half
the angular velocity of the bit at the relevant radius
(see section B2 in Appendixz B for an explanation of the
co-ordinate system)., Chip motion was calculated in
corresponding components and then combined to give
resultant displacements.

4,4 INPUTL AND OUTPUTS

Certain inputs have to be determined beforehand. These
include:

~ Chip sigzes and migses {(by measurement or
astimation)

- Bit dimensions, from the drawings.

- The effect of the positions of the flushing holes
and buttons on the flow across the end of the bit
(sea sectlon B4 in Appendix B for details}).

- brilling parameters; most importantly percussion
fraguency.




Bach run of the model ends when the flow rate is
sufficient to £lush the chip into the annulus in the time
between hammer blows. This flow rate was then outputted,

Chips are formed at different positions and in a wide
range of shapes and siges. The highest flow rate
outputted for a particular bit design, chip ni1ze and
shape was taken as the predicted optimum for that
combination. Multiple runs were therefore required. The
results for various combinations of chip size and shape
were combined for each bit size to create an overall
p.oture,




|cakeulate effective ciearence I

t

lgo to prosedurs function]

caiculate y, stmax, it Q. 1Q and ced

f?et i osres, I1=! ond t. sa. wver. voo=(y I
)
fset beta and cx depending on chip position] a
! _ L]
set oll volues in lists T.W‘.u.v:.sﬂ 5
a 3
] |reduce it for smali i
|9
g lincrement and place t)
= )
{zalculate and place vir, vfa ond vf |
tset Cd deperding on Ra |
legirulote ar, oe, o ond plate or. oal
[ealeulate vir, vea and ve) yes
T chip ot
T max ., speed
ver=0, 95wy
<{ch{p spead oppreaching Tiuid speed
no
set ver and vea
L'____ﬁlp'“e ver. voa and ve =0.054fluid velocity
];alcu‘nfe ond place sr, sq and s ) -
ploce ver, veo ond ve |
[set beta and cx depending on rhip po_sif_lon[
increment |
!‘?5< ?>hglsqu+?'1°d?b"i oo ?>
¥ = l1-blockage due to chips cn: redche !
Srmax  : maximuem pos..ble 5=0.97/T 7 yes "
;?sdpllﬁcgmgni <!a|upsed time>=time hetween blows) cl?lp Tor tnerement Q
it = Yime Increment il show
|output Q. wf, vfs0, t|
0 = fluid volume flow rate T
I = Tlow rate incréement [cuiculuie ond output Res( and Ref
| = counters s = resultont chip position
sQ=chlp star? posltion )
Iradiol distence from bit axis} sr, sa = rodigl and cucurnferentiol

=ard'nates of chip position
t = time since chip siarted moving casd PP

v u resultant fluid veloc'y vt = resuitant chip velocity

. odial and circumferenticl
vir, vfa = rodiol and circumferantial ver. vea = f,eﬂ,'gm of chip

velocity of Tlutd
cx 3 affective cleorance
a = rasultant chip acclerstion ]
ced = equivaient diameter of chip
ar, va = redigl ond circumferentiai )
occieration of chip Re. Ras0 = Reyncld's number at chip «rart
position and average fI viometer

Flgnre 4.1 Flow chart for the computer model




CHAPTER 5
RESULTS AND DISCUSSION

From a commercial point of view the flew and pressure
required to maximise penetration rate are most important.
However, it is more logical to begin with the absolute
minimum £low rate, below which drilling cannct proceed.

The data from the chip samples will be dealt with first
hecauge it explained some of the results and provided
inputs to the computer model. Thereafter the data from
the drilling experiments, c<onputer modelling and flow
visualization will be presented and discussed. Finally
the results will be cembined and synthesised inte a
unified whole,

5.1 CH'lP BAMPLES
5.1.1 EIZE, BHAPE AND SIZE DISTRIBUTION

The smallest of the sieves used for separating the chips
into size £ractionms had a mesh sige of 0.075 mm. Thus the
dimensions of two sides of the chips in the smallest size
fraction were less than 0.075 mm. When examined under an
optical microsocpe these chips appeared close to egui-
axed. For modelling purposes, they were assumed to be
cubic with the length of any side equal to 0.05 mm, which
gives a volume of 1.25 x 10 wm). Bince the density of
quartzite is approximately 2500 kg!n@ [Mc?adzean“’], their
mass was taken as 3,125 x 107 g. They will hendeforth be
referred to as minute oubie chips.

Chips from the largest size fraction were usually flat
and roughly rectar w*ar {(gee f£igure 5.1). Therefore they
will be referred t _.s large £lat chips.




The average size of chips in the largest size fractions
were dependant on the bit size. Chips collected from the
36 mm diameter bits drilling into conorete wer=
significantly smaller than those produced by tiae by the
48 mm diameter hits drilling into rock. Although the
shape of the largest chips from the two sources wa
gimilar ie. flat and roughly rectangular {(gsee figure
5.1), the chips obtained from the 36 mm diameter bits
ware thicker. Despite their much smaller size, thess
chips were about the same thickneas as those obhtained
from the larger bits. It was not clear whether these
differences were due to the materials heing drilied
and/ar to the drilling process itself and/or to the bit
design.

Hote : Not to scale
Figure 5.1 Typioal chip shapes

For both bits, as £low rate inereased, the preoportion (by
mass) of large chips in the samples increased (see figure
5.2 and Bprendiz D). As explained in section 3.3, a
simple heuristie approach was used for estimating the
sizea of the chips in the largest =ire £raction.

Consider first the chips produced by drilling
horizoneally into quartzite rock with a 48 mm diameter
bit and a hydrauliec rockdrill. Typical sizes for the very
largest chips (averaged from a number of chips) were:




- 9.3 mm
- 6.1 mm

Length
Width
Thickness - 2.7 wm

The maximum possible volume for very large flat chips was
obtained by multiplying these dimensions together.
However, due to the irregular shape of the chips, actual
volume was taken ag about half the maximum possible
volume. The same procedure was used to estimate cross
sectional area for the most likely chip orientation - ie.
broadside on (see section 2.3). Mass was calculated from
the estimated volume and the density of quartzite
(approximately 2500 kg/nﬂ [McFadzean“}]). Thus for large
c¢hips the figures in table 5.1 were used as inputs to the
computer model.

Table 5.1 Properties of large chips

48 mm diameter bit 356 mm diameter
bit
Very Average Very Aversge
largest large largest lacge
chips chips chips chips
Volume (mm) 76 9.6 38 6.4
¥
Cross sectiocnal 39 4.9 19.17 3.3
area (mml)
Mass {(g) 0.2 0.024 0,095 0.016
The average mass of the chips caught in the coarsest mesh

(2.00 mm) was measured. It was taken as the mass of an
average large flat chip and combined with the density of
gquartzite to determine volume. The i .ocedure used for the
very large chips was applied in reverse to get cross
sectional area from the calculated volume. The resulting
figuves {zee table 5.1) were used in the computer model.




Twelve samplies were taken Erom the holes in the concrete

block. These were drilled using 36 min diameter bits and a
pneumatic rockdrill., Typical sizes for the largest chips

{averaged from a number of chips) were:

Length - 5.9 mm
Width - 4»8 nm
Thickness - 2.7 mm

The procvedure developed for the large chips from the 48
mm diameter bits also was applied to the ¢hip samples
produced by the smallex bits. Table 5.1 gives the
resulting inputs to the computeyr model for the very
largest chips and average large chips.

Sinee the vomputer model uses chip data to predict
optimum flushing £low rates, the methods uszed for
estimating chip size may not seem ldeal. However, the
predictions are not very sensitive to chip size. For
example for average and very large flat chips the model
for the 48 mm diameter bit predicts optimum E£lows of
14.693 and 15,057 l/min. The ratio of chip sizes is much
bigger than the ratio of the predicted flow rates. Thus
any amall inacocuracies in the estimates of chip size have
an insignificant eftact,

As shown in figure 5.2, there was a correlatien between

the size distribution of the chips and the flushing flow
rate {zee also Appendix D for detailed data). Increasing
flushing flow rate resulted in an increasing proportion

{by mass) of large chips.
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Figure 5.2 Effect of flow rate on chip size

Chip samples from both bit sizes confirmed and reinforoced
the observation of numerous previous researchers that
adequate f£lushing results in bigger chips. The data also
support their gonclusions that:

- Inadequate flushing results in chips remaining too
long in the space bhetwzen the bit and the end or ihe
hole, This excessive resldence time leads to
regrinding of the chips.

- If flushing flow is insufficient, the energy wasted
in breaking chips after they are formed causes
reduced penetration rates.
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5.1.2 IMPLICATIONS OF S1ZE DISTRIBUTION
Rock chips are irregularly shaped, but they can be
repragsented by equivalent spherical chips. These have the

same volume (V) as real chips, therafore

vV = (4.x.r1)/3 (1)

ratio of the clrcumference of a circle to
its diameter = 3.1416...

radius of a spherical chip with volume
egqual to that of a typical non~=pherical
chip

where x

s ]
n

and surface area (ns) is

A, = 4.m.pt (2)

The volume of a single hole (Vh) ig

vy = m.0%. 174 (3)

diameter of hole drilled by button bit
hole length

where 2]

—
n

The volume of the hole equals the total volume of the
chips formed while drilling the hole, therefore

vy = (4.a.m.rd)/3 (4)
where n = the number of chips produced £from the hole
so,

n = (3.9)/(4.%.5) (5)

and the total surface area (n,) of the chips is

A = 4.n.m.rt (6)
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When rock is broken, the resulting creation of nes
surfaces requires energy. Assuming that losses are zero,
(ie. efficiency = 100 %), all the -ercussion energy from
the rockdrill]l goes into breaking rock at the end of the
hole. Thus for a singla hole

B = k-nt {7

where E pr. *sion energy input to the hole

=
1]

energy required to create unit area of new
surface

Combining equation 6 with equation 7 glves

E = 4,k.n,n.xt (8)
Substituting eguu. 5 into egquation 8 and simplifying
gives

E = (S.k.vh)/r (9)

Bubstituting eguation 3 into egquation 9 and simplifying
gives

E = (3.k.%.DY/4)(1/x) {10)

1f everything except percussion energy input (E) and
avarage chip size (r)} are constant, then percussion
energy input and average chip size are inversely
proportional to each other. PThus if hit design was
improved so that average chip gize increased by say 10 %,
then the percussion energy required to drill an identical
hele would decrease by 10 %, This shows the importance of
good bit design.

The only guantities in equation 10 which vary with time
{t) =ve pyvr.usgies energy (E) and hole length (1). So,
differentiating with respect to drilling time (%) gives
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dE = (3.k.x.DY4r)(dl) (11)
dt {dt)
Now dE/dt = percussion power input
3.k.n.DV4r ¢ gonstant
dl/at = penetration rate

Therefore, for constant average chip size, penetration
rate is directly proportional to percussion power input
to the rock.

Rewriting eguation 1l gives

k =(_gs;_) (4r) (12)
dt/3.k.%.D% (d1/dt)

Equation 12 should be valid for brittlie materials such as
concrets and most types of rock. If so, it may provide a
key to measuring the energy required to create unit area
of new surface (k). When it was applied to the two
dlfferent drilling situations researched, the reaulting k
values were as helow (see Appendix C for calculations).

48 mm bit drilled into quartzite with a hydraulig
rockdrill; k = 0,235 w/m!

36 mm bit drilled into a concrete block with a
pneumatic rockdrill; k = 0,079 w/m2

The most likely reasons for the difference in the k
values seem to be:

~ Differences in the properties of the materials which
the holes were drilled into,

- Enforced use (due to lack of better data) of
percussion power output i.om the rockdrills instead
of percussion power input to the bits. The two drill
rod designs may not have the same energy
transmisgion efficlency.
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Further research along these lines may lead to uszeful
insights about rock properties, the mechanism/s of rock
breaking during drilling and the characteristics of
drilling equipment.

hlternatively, if all the quantities on the right hand
srde (including the constant k} are known or can be
determined then equation 12 could be used in:

- Investigating how much of the percussion energy
output from a rockdrill actually does useful work on
the rock and how much is lost in transmission from
the rockdrill to the end of the hole. This will
also provide a measure of the energy transmiassion
efficiency of drill rods and bits,

- Predicting average chip sige, and comparing it with
meagured chip size. The difference will show how
much regrinding has occurred.

I£ percussion power input (dE/dL) 1s constant but average
chip size (r) varles, then penetration rate {dl/dt) and
average chip size (r) must be directly proportional to
each other - in symbols

r = (3.k.x.0h(d1) (13)
4(dE/dt) (dt)

and ?_..k.x.n1 = constant
4{dE/d4t)

Thus a 10 % incvrease in penetration rate should lead to =
10 % inerease in average chip size. Figure 5.3 shows that
as penetration vate increased the proportion of chips in
the largest sige fraction (greater than 2 mm) increased
while the proportion of chips in the smallest two size
fractions {less than 0.25 mm) decreased,
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Figure 5.3 Effect of penetration rate on chip size

5.2 FLOW BND PENETRATION RATES

Figure 5.4 summarises the data for both drilling
gituations. In very broad terms it shows that as flushing
flow is increased from a low value, penetration rate
increases with increasing flow rate. Eventually
penstration rate reaches a final plateau and further
inoreases in flow do not seem to affect penetration. The
kink in the graph before it finally levels out dafines
the optimum flushing £low rate. Barson“] reported a
similar trend,

fhe real situation is more complex than the ideal
described above.




Tha curve for the 48 mm diameter bit has two plateaus -
the First at reiatively low flow and penetration rates
and the second or final one at higher rates., Optimum
flushing (minimum flow for maximum penetration rate) for
the 48 wm bit is approximately 15 1/min - ie. at the kink
defining the edge of the final plateau.

The curve for the 36 mm diameter bit only has one
plateau. After a linear section, penetration rate peaks
before dropping slightly. Thereafter the curve becomes
horizontal and penetration rate appears to be independent
of further increases in flow. Optimum flushing for the 36
mm diameter bit is the flow at which penetration rate is
a maximum - ie. approximately 3.0 1/min.

The shapes of the curves will be explained in subsequent
sections.
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5.2.1 ABSOLUTE MINIMUM FLOW RATE

In figure 5.4 the absolute minimum flushing flow rates
are indicated Ly the points on the X axis,

Drilling with the 36 mm bit and pneumatic rockdrill intoe
the conorete block proved beyond doubt that!

- An absolute minimum £lushing flow rate exists.
- It is approximately 0.7 1/min, for this combination
of drilling equipment,

Since penetration rate was maximised at a £'ow of about
3.0 1/min, absolute minimum flushing is significantly
greater than zero,

A flow of 0.72 1/min., was just sufficient to complete a
1.05 m deep hole, but the bit and drill rod seized in tae
hole as full depth was attained., Normally removing the
bit and rod f£rom the hole takes a fow seconds. However,
after they stuck in the hole, two experienced drill
aperators needed about half an hour to remove them. Thua,
allowlng for a small safety nargin, the minimum feasible
£lushing flow iz approximately 0.8 1l/min.

To avoid similar downtime on the hydraulie drill rig, ne
attempt was made to determine what the absclute minimum
flow rate for the 48 mm bits was. Even if it were known
exactly, it is ~f no practical value because cost
affactive drilling requires a very much higher flow rate,
Based on the drilling data for flow rates helow 5 1/min,
the absolute minimwn flushing flow for the 48 mm bit is
probably near 3 l/min.

Considering these ahsolute minimum £low rates in relation
to the optimum flows, it seems as if the absolute minlma
are approximately 1/4 to 1/5 of the optimums.
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When flushing is sub-optimum chips remain in the space
between the bit and the end of the hole for relatively
long periods. Since thelyr residence times are greater
than the time between hammer blows they are reduced in
size by regrinding (see section 5.2.2 for details). £
regrinding is due to inadequate flushing then the extent
of regrinding may bhe inversely proportional te £lushing
flow rate.

At flow rates lower than the aksolute minimum, few chips
are flushed out of the hole. Thus a thick slurry with a
vary high concentration of small reground chips £ills the
hole. Bits recovered from such conditions exhibit
blockage of their face flushing holes by slurry.
Therefore no or very little flushing f£luid reaches the
gap between the bit and the end of the hole. Thus the
slurry there is even denser than that in the canulus
between the drill -ods and the wall of the hole.

Penetra .ion stops because the slurry at the end of "he
hole absorhs the drilling energy. At the same *ime, cae
slurry in the annuwlus prevents movement of the dirll rod
and bit.

1f the rockdrill is not stopped immediately, the
continuing input of energy without adequats means of
removing it, results in heating of the bit and drill rod,
This may be sufficient to turn some of the little watern
in the hole into steam, It also illustrates the
importance of the secondary functionm of flushing £luid -
ie, removal of drilling energy from the hole as heat,

5.2.2 EXPLANATION FOR PENETRATION AND FLOW DATA

Figure 5.4 shows that when drilling slightly downwards
with a pneumatic rockdrill and 36 wm diameter bit:

- above the absolute minimum £low, penetration rate
ingreased linearly with inereasing flow rate from
0.72 l/min up to about 1.6 1/min,
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- At flows between 1.6 1/min and 3 l/min,
penetration rate continued increasing but more
slowly.

- Penetration rate paaked at a flushing flow of
approximately 3 1/min.

- Thereafter penetration rate decreased slightly.

- At flue.lng flows greater than 5 l/min penetration
rate remained constant irrespective of further
increases in flow rate,

- Average penetration rate at flushing flow rates
greater than 5 }/min was slightly lower than the
veak penetration rate,

Flow visualigation showed that complete coverage of the
face of the bhit occours at between 2 and 2.1 1l/min.
Therefore, at flows below 2 1l/min no f£lushing water
reaches the upper part of the face of the hit. Thus there
ic no f£lushing of the top part of the end of the hole,
Hence chips produced by buttons impacting there are not
flushed out in the time between hammer blows. Their
excessively long residence time in the space batween the
end of the bit leads to regrinding. Penetration rate is
reduced hecalse percussic. energy iz absorbed in
regrinding.

Assuming this reasoning is correut then it 1s possible
that the inflexion point at about 1.6 1l/min may be due to
a change in the nature of the flow over the bit, 1f so,
then the results of the flow visualization explain the
change in sleope,

The computer model for the 36 mm diameter bit explains
the next part of the curve, including why 3 1/min is
optimum. The model predicts the flow required to f£lush a
ehip, within the time between hammer blows, from wherever
it is formed on the end of the hole inte the annulus
between the bit and the side of the hole.
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Inputting the characteristics for minute cubic chips (see
section 5.1.1) into the computer model resulted in a
pradiction that a flow of 2.749 1/min is sufficient to
flush such chips into the annulus in the time between
hammer bklows (sse table D4)}.

The results for very large f£lat and typical large £lat
chips (see section 5.1.1) were identical to each other,
When the characteristics of these chips were inputted
inte the model it predicted that a flow rate of 3.307
1/min was sufficient to £lush them from where they were
formed into the zonulus in the time between hammer blows.
Thus the model's prediction was within 11 % of the
experimental observaticon (3 l/min).

The model also showed that small chips require lower
flows for adequate flushing. Hence at 3.307 l/min all
chips would have been flushed into the annulus in *he
time between hammer blows. Thus ho percussion power would
be wasted in regrinding and further increases in flow
could not increase flow rate.

The observed drop in penetration rate after it peaked at
just over 70 om/min was due to failure of the drill rod.
When a drill rod breaks penetration rate drops but it is
not immediately noticeable - even to the most experienced
and alert of rockdrill operators. Hence the recorded time
for that particular hole was probably about ten seconds
longer than the actual drilling time. Since penetration
rate was caleulated on the recorded time rather than
actual time, 1t was somewhat lower than it should have
been.

Small pneumatic rookdrills (such as that used for this
research} have thelr connection point for the flushing
fluid supply hose on the back end of the rockdrill (see
| figure 5.5). A long thin tube is provided to take the
tluld from the connection point to the drill rod. Due to
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the length and diameter of the tube the maximum flushing
fiow which can be passed through the rockdrill is
severely limlited. Once the flow is significantl; greater
than 5 1/min the pressure drop is so great thac it is
very diffigult to keep the supply hose attached to the
rockdrill.

Rockdrill body Long thin fubs Hexagon
Connection ! N shaped
flushing Tlusd ]dril[ rod,
supply hose
= R

FFOM ﬁgdﬂl
ockKar
RBack end o

of rockdritl

Figure 5.5 Flushing fluid passage through the pneumatic
rockdrill

A modification was made to overcome this constraint and
allow drilling at flushing flows greater than 5 l/min.
Instead of sending the flushing £luld to the drill rod
via the rockdrill, a more direct route was used. As shown
in figure 5.6 a round soection was machined inte the
hexagon shaped drill rod, two transverse holes were added
and the bavk end of the drill rod was blocked. A water
swivel was then attached to the drill rod and the supply
hose was connected to the water swivel, Thus flow was
through the water swivel and then into the drill rod.

Without this change to the equipment no drilling could
have been dene at flushing flows much above 5 l/min.
Unfortunately the change affected the results of the
drilling experiments with the 36 mm diameter bits. The
lower average penetration rate at flows asbove § 1l/min was
probably caused by the reduced peroussion energy
transmission efficiency of the modified drill rod.
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Round section
machined into

g?ﬁ?gro:i of Transverse hole

in drill rod

Water swivel

Vi 2 %M}i ] flushing water
longitudinal A T | flowing aleng
hoie ot back ——— e T — ongltudinal
endg of dril} —_— e w f— —y = hele in dritl
rod blocked LT ¥} rod to bit

Seal N \ lHexugon
NANNNA Seal drill rod

Connectich for flushing water
woter supply hose flowing in

Note : Sorne detail omitted
Figure 5.6 Modificattion to the equipment for ths 36 mm
diameter bit

Longitudinal impact waves travelling through metal are
reflected off free surfaces [Timoshenkn“”]. When the
drill rod was modified for the water swivel additional
free surfaces were machined into it. Some of th. energy
from the rockdrill would have been reflaected off these
free surfaces and thereby lost. Thus penetration rate
decreased slightly when the modified rod was used.

The scatter in penetration rate at flows above 5 1l/min
was probably mostly due to variations im the concrete
and/or the air supply pressure to the rockdrill.

¥Yor the 48 mm diameter bits, figure 5.4 shows four
distinct regimes above the absolute minimum £low rate:

- Penetration rate increasing with flow rate up to
about 5 1/min.

- Constant or slowly increasing penetration rate at
flow rates between 5 and 1l 1/min.,

- Penetration rate inoreasing rapldly but irregularly
at flows between 11 and 15 1/min.

- Constant or slowly deslining penetration rate at
flows above 15 1l/min.
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1t can bo inferred from the flow sisualization that low
flow tes provided too little water to completely cover
the face of the bit and the end of the hole. Thus it is
posgible that there was a free surface of water hetween
the end of the bit and the end of the hole., Figures 5.7
and 5.8 are a record of the observationsa during flow
yisualization. They show how the position of the free
surface varied with bit orientation and flow rate.

At 3.8 1/min on average only about 80 % of the face of
the bit and the end of the hole might have been covered
“y flushing water. If so, no flushing water would reach
the upper part of the hule. Huwever, transmission of
percussion from the bit to the rock isgs independent of
flushing. Therefore buttons impacting on unflushed parts
of the end of the hole still create new chips. If the
flow visualization 1s correct then these chips will be
formed above the free surface of water. Thus they first
have to fall into the flushing water under gravity nefore
they can be flushed intec the annulus,

The percussion mechanism of the rockdrill was running at
49 Hz and each percussive impact has a very brief but
finite duration. The time beiween impacts was less than
0.02 seconds, As shown in Appendix €, the maximum
distance which chips could wmove undsr gravity in this
time was 3.8 mm.

As shown in figure 5.7 the distance from the free surface
to the periphery of the bit can be greater than 3.8 mm.
Thus any chips formed on the unflushed upper part of the
end of the bole will have excessively long residence
times. In other words, due to the short time between
hammer blows, chips formed above the free surface of
water in the hole will still be hetween the end of the
hole and the face of the bit for the duration of the next
few percussion cycles., Their presence there will result
in some of the energy of successive impacts being
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absorbed in regrinding chips formed during previous
gycles. Thus if flushing water does not cover the end of
the bit and hole completely, penetration rate will be
reduced.

Bs the flow rate increased, the size of the unflushed
part of the end of the hole decreased. Figure 5.8 shouws
that at 2 flow of 4.8 1/min., on average, only about 10 %
of the end of the bhit and the hole may have remained
unflushed. This is consistent with the experimentsl
ohservation that penetration rate increases az flow
increases.

Flow visualization also suggested that at about 5.5 1/min
the end of the hole was fully covered by flushing water
in all bit orientations. Thus this mechanism could not
produce further increasses in penetration r~te. This seems
to account for the levelling out of the curve for the 48
vm diametzr bits to foim the £irst plateau in figure 5.4.
Small fluctuations in the experimental data were probably
due to variations in the rock.
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The computer model for the 48 mm diameter bit was run
with inputs for a minute cubic chip and two sizes of
large £lat chips (see section 5.1.1). Pigure 5.9 is a
particular representation of the results. The peaks of
the curves show the maximum flow rate needed to flush the
various chips into the annulus in the time between hammer
blows. Since they are the critical or worzst cases these
flow rates are used in the subsequent discussion. Figure
5.9 a' n shows that the predictions for the two sizes of
large chips are very similar., Thus correct estimatiom . r
chip size is not vital -~ even relatively large error:
estimation should not lead to significant errors in -.he
model's predictions.

For minute cubic chips the modsl predicted that a flow of
10,491 1/min is needed to flush all chips of this size
and shape into the annulus in the time between hammer
blows (see table D3). Figure 5.4 shows a sudden change at
approximately 1l 1/min, therefore the model's prediction
iz within L % of the experimental observation,

When the characteristics of the large flat chips (see
section 5,1.1) were inputted ints the model, it predicted
that:

- A flow of about 15.1 l/min is needed to flush the
very largest chips inteo the annulus between the bit
hlous.

- Large £lat chips at a radial position of 9 to 9.5 wm
required the highest flushing flow (see section 5.4
for explanation).

The experimental results show that a £low of about 15
1/min was sufficient to maximise penetration rate. Theo
model's prediection was within 1 % of the experimental
observation,
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Pigure 5.9 Flushing of different pixed chips

The close correlation of the theoretical and ezxperimental
results indicates that after flow was sufficient to cover
the end of che hole, penstration rate could anly increase
once the smallest chips started being flushed out in the
time betwyeen hammer blows. Onoe the flow rate was
sufficient to €lush all the chips (including the very
largest ones) into the annulus in the time between hammer
blows, further increases in f{.ow rate could not increase
penetration rate.
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In conclusion, all evidence seems to indicate that:

- Bt low flushing £low rates incvreasing £luid coverage
of the face of the bit and the end of the hole
incresses penetratlon rate.

- If flow rate continues increasing, beyond the point
at which full coverage has occurred, eventually the
smallest chips are flushed inte the annulus in the
time between hammer blows.

- Penetration rate then in¢reases with increasing flow
because progressively more of the larger chips are
being flushed out in the time betwesn hammer blows.

- Once all sizes of chips are flushed out in the time
batween hammer bhlows no further increases in
penetration rate are possible.

Chip size and drilling energy are keys to understanding
the machanisin wvhereby penetration rate varies at higher
flow rates. The drilling energy input to the rock can go
into creating new rock surfaces or intoc heat due to
rubbing of the bit on the rock. New surfaces can only be
cregtud by!

- Forming new chips on the end of the hole, which is
useful because it deepens the hole, It was measured
a3 penetration rate.

- Breaking down (regrinding) already formed chips.
Energy consumed on regrinding is wasted because it
does not contribute to penetration.

Regrinding with commensurate loss of drilling energy can
only ccour due to contact between chips and the drill bit
or drill rod. The gap between the end of the bit and the
end of the hole is mueh smaller than the gap in the
annulug between the drill rod and the sidea of the hole.
Therefora most of the energy loss must occur in the gap
between the end of the hole and the bit, Berson!! has
shown that most regrinding happens there.
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Almost all drilling energy is in the percussion {ie.
stress waves) rather than rotation of the drill reds and
bit. Percussion energy loss duse to regrinding can only
oocur at the time the hammer blow is bheing transmitted
from the bit to the rock. Hence, only chips which are
batween the end of the bit and the end of the hole can
absorb drilling energy Ly bheing reground.

Thus, the logical conclusion is that as soon as the
concentration of chips at the end of the hole decreases
the penetration rate will increase. The results from the
computer model and all experimental data (chip sample ,
flow vigsualization and drilling} combine to support thne
conclusion.

At f£flows above the optimum (3.0 l/min for the 36 mm
diameter bits and 15 1/min for the 48 mm diameter bits)
all the chips should be flushed out from the space
between the face of the bit and the end of the hele in
the time between hammer blows. Thus, additional flushing
flow cannot increase penetration rate and it remains
constant.

5.3 FLOR RATE AKD SCATTER .N PENETHATION RATE DATA

Figure 5.10 shows that for the 48 mm diametar bit, ms
flow inoreased the variation in the penetration rate alsc
increased (The lipe was produced by least aquares linear
regreasion), The data seem to imply that at low flow
rates where flushing was inadequate, flusihing was the
dominant mechanism in limiting penetration rate. As
flushing improved with increasing f£low, the dominant
mechanism in limiting penetration rate changed to the
rock properties.

In the North Pit at West Wits, where the .3 mm diameter
bits were drilled, the rock strata (layers) are
predominantly horizontal. Te reduce the influence of
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diffaring rock properties ags much as possible, most sets
of ten holes were drilled in random positions but more or
less along a vertical or diagonal line. Since the rock is
inhomogeneous, even when all other variables were held
constant there was considerable variation in penetration
rate {see figure D1).

Three sets of ten holes esach were drilled in random
positions aleng horizontal Iines. Thus, all holes in each
of these sets were in the same rock strata. Due to this
change in experimental procedure, the data from these
sets of holes was ezxcluded from the regression of
standard deviatien of penetration rate with flushing flow
rate (see fignre 5.10). That these three final points
also display an upward trend with increasing £low rate
may be significant
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Figure 5,10 Bcatter in penetration rate dsta
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5.4 INITIAL CHIP POSITION AND FLOW RATE

The data in figure 5.9 was obtained from the computer
model. It indicates that for the 48 mm diameter hit @

- There is a definite relationship between the
position at which a chip is formed and the flow rate
needed to flush it out in the time between hammer
blows.

- For minute cubic chips, the position at which
maximum £low is required is near the centre of
the blt whereas for large flat chips it is much
further away.

When c¢hips are formed their velocity is zero. Drag from
the water moving past them results in the chips
accelerating so that their velorcity tends towards that of
the flushing water (see figure 5.11). But chip velocity
is limited by the veloclty of the flushing water (see
section B8 in Appendix B for detailed sxplanation). Bince
the water velocity is declining, chips which accelerate
fast enough for their velocity to approach that of the
fluid will then decelerate as fluld velocity decreases.

Consider the motion of two identical chips formed at
different radial positions (see figure 5.1l1). Cloze to
the centre of the blt, water velocity is high, therefore
the c¢hip formed here accelerates rapidly to a relatively
high speed, However, the c¢hip has to travel a long way
before it reaches the annulus. Conversely, near the
outside of the bit, water velocity is much lower, so the
chip formed here accelerates more slowly to a lower
speed, Nevertheless it doea not have to travel as far as
chips closer to the centre of the hole,

These two effects (declining acceleration and declining
distance) together determine which radial position will
require the highest flow.
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Large flat chips which accelerate relatively slowly have
a lower average velocity. Thus for them to be Eflushed
into the annulus in the time hetween hammer wlows they
have to travel a shorter distance. Therefore their
maxitum £low position is relatively far from the centre
ef the bit. On the other hand, minute cubic chips
accelerate much faster than large flat chips {(see figure
p5). Hence their average velocity is much higher and
their maximum £low position is close to the centre of the
bit.

Figure 5.1]1 shows how the velocity of the water and of an
average large flat chip varies with radial position
acyoss the face of the 48 mm diameter bit, The sclid
lines are for a chip formed 8 mm from the centre of the
hit and the dotted lines are for a chip formed 9.5 mm
from the centre of the bit {20 = initial radial position
of the chip). These initial chip positions were chosen
bavause the model predicts a big increase in reguired
flow rate between these two pesitions (see figure 5.9).
The water velooity curves are for the flow rates reguired
to flush chips formed at the two different initial
positions inteo the annulus in the time between hammer
blows, An average large flat chip formad at 9.5 mm needs
a higher flow than an identical chip formed at 8 mm,
therefore the velocity curves are displaced corresponding
to the velocity of the flow required to flush each chip
intu the annulus in the time between hammer blows.

The changes in water velacity at radial positions of
about 8, 14 and 17 mm are due to changes in the oross
sectional area available for Elow. The face of the bit
was split into five concentric annular areas or rings
{see smection B4 in Appendix B). At any radius, crass
sectional area for flow was calculated from button
protrusion, circumference and blockage due to the
buttons. X2 to X5 in figure 5.11 indicate the proportions
of the area remaining after taking klockage into aocosunt,
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Figure 5.11 shows that at a radial position of 8 mm water
velocity is relatively high {(greater than 2 m/s),
therefore chips formed there are accelerated rapidly. At
a radiuvs of 9.5 mm watar velocity is much lower
{approximately 1.25 m/s) thus chips formed there
accelerate relatively slowly, Despite the chip formed at
9.5 mm being £lushed out by higher veleocity water, its
velocity only exceeds that of the other chip at a radial
position of about 14.5 mm. Even then the velogity of the
chip formed further mut never eszceeds that of the other
chip by very much. The higher initial acceleration of the
chip formed at & mm is sufficient for it to require a
significantly lower flow rate for it to be f£lushed into
the annulus in the time between hammer blows.

Enrik and Klinzing“n found that for pneumatic conveying
the length of pipe required to get particles to constant
speed is directly proportional to particle diameter to
the power of 1.26, Therefore in a compréssed air stream,
small particles accelerate much faster than larger ones.
Tha behaviour cf roock chips in flushing water seems to bhe
similar.
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5.8 FPLUSHING WATER PRESSURE

Whether or not flushing is adeguate depends on f£low rate.
Pressure is dependent on the resistance to flow through
the rockdrill, drill rod/s and bit.

».poerimentation with the pneumatic rockdrill, drill rod
and 36 mm diameter bit showed that a water suvpply
pressure of 170 kPa was reguired for a flow rate of 1.58
1/min. The pressure drop through pipes, fittings and
orifices increases with the square of flow rate
[Daugherty and Franziniun]. Therefore, at the optimal
£low rate of 3 1/min a supply pressure of 170 x (3/1.58)z
= 613 kPa is required, This is close to the top end of
the range of pressures normally available in Scuth Africa
for drilling 36 mm diameter bits with pneumatic
rockdrills [Loots“”]. Hence, in many South Rfrican mines
the flushing flow to pneumatic rockdrills using 36 wm
bits is probably less than optimal. If so. penetration
rates will be lower than they could otherwise be.

However, over a relatively wide range of £lows around the
optimum, penetration rate is not very sensitive to
changes in f£lushing. For example, if supply pressure
doubles, the quadratic relationship between flow and
pressure results in a fiow rate increase of only {2 times
{l.41 times ar 41 %). Figure 5.4 shows that for a 36 wm
diameter bit, increasing the flow rate from 2 to 3 1l/min.
{50 %) only increases penetration rate by about 10 %,
Thus, over a limited range of flows, sub~optimal Elushing
may not noticeably reduce penetration rate. However, due
to the shape of the curve, a large decoremse in supply
pressure will have a very significant effects on
penetration rate,

The data plotted in figure 5.12 were obtained ai West
Wits. Thus the curve is strictly only applicable to the
48 mm diameter bits and hydrauliec rockdrill used there
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{see Appendix A for details). Nevertheless it indicates
than a water supply pressure in the range 200 to 250 kPa
is likely to be sufficient to produce optimum £lushing
(15 1/min.} for a 48 mm diameter bit. Water supply
pressures of 1500 to 1800 kPa are common in similar

applications [Schwartzul and BrewittU)]. Therefore, in

these cases the flushing flow is probably way above the

minimum required to maximise penetration rate,
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Figure 5.12 Water pressture
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CHAPTER 6
CONCLUSIONS

6.1

6.3

6.4

6!5

6.6

Efficient rotary percussion drilling with bhutton
bits depends on flushing the chips formed by each
hammer blow out of the gap between the bit and the
end of the hole in the time between hammer blows.

A minimum flushing flow rate ls reguired to maximise
penetration rate. Using a higher flow rate will not
produce an increased penetration rate.

If flushing is insufficient scme chips remain in the
gap between the bit and the end »nf the hole for
longer than the time between hammer blows. In this
position they are reduced in size {(reground) by
subseguent hammer blows,

Regrinding absorbas some of the energy which should
go into deepening the hole, thereby reducing
penetration rate. Xt also results in the chips
collected from holes drilled with inadequate
flushing being smaller on average than those
collected from holes drilled with sufficient
flushing flow.

There is a non-zerc absclute minimum f£lushing flow
rate below which drilling is impossible. For 36 mm
and 48 mm diameter bits the absolute minima are
approximately 0.8 and 3 1l/min respectively. These
absolute minima appear to be between 1/4 and 1/5 of
the optimum flow rates,

In bhorizontal holes a certain minimum flow rate is
neaded to completely cover the snd of the bit with
flushing water. This flow rate is considerably lower
than the optimal rate.
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6.7 Percussion enargy input and average chip size are
inversely proportional. Since average chip size is
partly a function of hit design, optimising bit
design c¢an reduce the drilling energy requirements.

6.8 Chip sample and drilling data may provide a means of
determining the energy needed to create unit area of
new rock surface.

6.9 Por a hydraulic rockdrill and 48 mm diameter hits in
horizonti i1 holes a water flow of about 15 l/min is
sufficient to maximisze penetration rate.

6.10 For a pneumatic rockdrill and 36 mm diameter bits in
almost horizontazal holes a water f£flow of about 3.0
1/min is sufficient to maximise penetration rate.

6.11 Flushing can be modelled by calculating the forces
on a single chip and thereby determining the water
£flow rate required to f£lush it into the annulus
between the bit and the sides of the hole in the
time between hammer blows.

6.12 The computer model was able to predict the optimum
flushing flow rates €for two of the most widely used
sizes of button bit to within 10 %,

6.13 All important features on the curves of penetration
rate against flow rate can be explained by combining
chip sample data, observation of the flow over the
bit and the predictions of the computer model.

6.14 The computer medel alsc showed that!

6.14.1 8mall chips require a lower flushing flow
rate than larger ones.

6.14.2 The position at which a chip is formed
affects the flushing flow which it needs,

6.14.3 Large chips formed near the centre of the
bit require less flushinyg flow than
identical chips formed further out.
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CHAPTER 7
SUGGESTIONS FOR FURTHER WORK

The reszearch might be repeated for othar sizes and
designs of bit.

Although water is the most common f£lushing medium,
compressed air and multiphase mixtures such as air
plus water, air, waier plus foam are also used. The
computer model could be adapted to handle some of
these other fluids, especially compressed air, since
it is the second most used flushing medium. The
predictions of any mnew or extendad computer model
will have to be checked experimentally.

Experimental and analytical investigations should be
donducted to establish how flushing £luid f£lows past
the buttons on the face of bits., This vill help
refine the comput - model.

The amount of chip regrinding which occurs during
rotary percussion drilling has never been
determined. This may be due to the extreme
difficulty of ohtaining an accurate and raliable
measure oy the size of chips as they are formed. If
a technique could be developed, regrinding could be
guantified. It would also provide a measure of the
efficiency of different bit designs and drilling
systems.

It appears as if relationships exist between chip
rizes, drilling parameters, drilling squipment
design and rock properties (see section 5,1.,2). If
the nature of these relationships could be
determined it will contribute greatly to a beiter
understanding of the drilling process.




7.6 The computer model assumes that the rock at the end
of the hole is smooth and tuat the buttons make
polnt conlact with it, If the profile of the end aof
percussion drilled holes could be measured it will
eliminate the need to make agsumptions about it. The
distanve between the end of the hole and the face of
the bit is crucial to the accuracy of medelling
flushing, Measurement of the profile of the end of
hole may also reveal & great deal about the
mechanism of rock breaking.
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APPENDIX A
EQUIPMENT AND APPARATUS

Al FOR DRILLIR® WITH 48 mm DIAMETER BITS
Al.l ROCKDRILL
Long stroke version of Boart Longyear HD-150 hydraulic

drill. According to the manufacturers, performance at 17
MPa perc¢ussion pressure is!

225 07
11.4 kw

Blow energy
Percussion power

it

A L." DRILL RIG

Fully hydraulic single boom jumbo, sold by Boart Longyear
under the name "Benchmaster". Percussion, rotation and
feed pressures all manually coatrolled.

A l.3 DRILLING CONSUMABLES

Bits - 48 mm nominal diameter with six 11 mm diameter
gauge buttons and two 2 mm diameter face
buttons. One face and 2 flute flushing holes,
all 6 mm diameter. All buttons hemispherical.

Rods - 32 mm acrozs flats hexagonal and 3.1 m nominal
length. Flushing hole diameter = 8.5 mm. Male
threaded both ends,

All current (1997} standard Boart Longyear products for
the South African market.
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Al.4 MISCELLANEOUS

Diesel engine driven, 2 stage centrifugal water pump,
model 2/25-200 from local supplier, Pumpco.

A2 FOR MEASURING ROCKDRILL FREQUENCY

Oscilloscope - Digital storage type. Explorer 1, model
2090~1, manufactured by Nicolet 1nstrument
Corp. of the USA,

Pressure transducer - 25 MPa capacity with 4 to 20 ma
output, model 2000B, from
Transinstrument of the UK.

A rasistor (approximately 150 ) placed avross the
prassure tranaducer output terminals provided a voltage
signal for the oscilloscope.

A3 FOR DRILLING WITH 36 mm DIAMETER BITS
Boart Longyear pneumatic rockdrill, model 5~23. Rated

performance at applicable supply air pressure of 430 kPa
as follows:

Percussion frequency 28.5 Hz

BloW energy approximately 61 J, therefore
peroussion power is approximately 1.74 kW

Rotational speed = 124 rpm

It was attached to a rig built specifically for
experimental drilling. The rig inoludes an air cylinder
{parallel to the rockdrill) which provides thrust or feed
force.

Bits - 36 mm nominal diameter with three gauge and one
face buttons, all 9 mm diameter, with coniecal
shape, Attached to the drill rod with a 11°
gelf locking taper.
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Rods - 29 mm across Elats hexagonal, 1.8 m long ard
fitted with rubber collar. Flushing hule
approximately & mm diameter.

A4 FOR ANALYSING CHIFP SAMPLES
gsieves with the following mesh sizes!

2.0, 1.4, 1,18, 0.6, 0.355, 0.25 and 0.075 mm.

Libror REU-130 chemical balance, suﬁplied by Shimadzu.
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APPENDIX B

COMPUTER MODEL

A listing, sample input and output are at the snd of the
Appendix while a flow chart is given in figure 4.1. The
flow chart and listing are for the 48 mm diameter hits,
begause these items do not differ significantly from
those for the 36 mm diameter bits.

The programme was written using the Windows version of TK
Solver. It doss not recognise the Greek alphabet,
subscripts and superscripts, therefore:

- The symbols for many variables consist of more than
one letter on the same line. For example chip
velocity is ve,

- The symhiol " indicates raising to a power. For
example fluid velocity sguared is vi“2.

- Where a2 letter from the Gresk alphabet would
normally be used to indicate particular quantities,
the name of the Greek letter is used instead. For
example “"rho" instead of p for density.

Constructions such as 'vfr,i and 'vir[i] indicate a
particular value of the variakble vfr (radial component of
fluid velocity) where i is simply a counter. Place{'t,1)
means put the current value of t in position i in the
list t. A word followed by a colon names and marks the
baeginning of a new part of the programme. An asterisk
indicates multiplication.

TK Solver always starts with a "rule sheet", but looping
and iteration can only be done in "procedures". Thus the
listing is split into a rule sheet and a procedure named
"£lush"”. The rule sheet iz very short and simple,
therefore it is not inecluded in the flow chart. Only the
procedure (flush) is in the flow chart.
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Measurement units which are commonly accepted in the
drilling industry are used for the sample input and
outpat guantities in section Bll. Thus bit and hole
dimeunsions are in mm, rockdrill frequency is in bhlows per
minute (bpm), bit rotational speed is in rpm, penetration
rate is in cm/min and flow rates are in l/min. However a
separate routine was included to convert all these to 51
units -~ which were used for all the calculations. Thus
the equations on the rule sheet and procedure function
listing do not usually include conversion factors.

Bl  HODELLING PROCEDURE

The modei simulates movement of a chip from its formation
on the end of the hole until it enters the annulus
between the outside of the bit and the side of the hole,
As shown in the flow chart (see figure 4.1) it uses
nested loops and iteration. The main output from each
mod2l rua is a prediction of the minimum flow rate
required to flush a chip of a defined size and shape from
a given radial position to the annulus.

Starting from an initial low flow the outer loop
increases the £low rate until the chip reaches the
annulua in the time between hammer blows.

Each oycle through the inner loop caleulates how far the
chip moves in a single short time step. Water velocity,
chip velocity and acceleration are held constant for the
duration of each step. Thus the iuner loop uses chip
position and the previous values of water velocity and
chip velocity, to update chip position. This in turn is
an input to the calculation of water velocity, which is
combined with chip velocity for caleunlating chip
accelerstion. Chip velocity and displacement are
ealoulated from chip accelaration and the duration of the
step,




77

At the end of each step the model compares the updated
value of chip displacement with the distance from the
chip’'s starting point to the annulus. If the chip has not
vet reached the annulus it compares elapsed time since
chip movement started with the time between hammevr blows.
If either elapsed time or chip displacement are too big
the outer loop incoreases the flow rate and the process is
repeated.

Most calceulations are in the inner loop. The main steps
were calculation of:

- Water velocity at the chip;

- Force due to drag on the chip;

- Chip acceleration and resulting position at the end
cf the time step;

- Elapsed time.

If the elapsed time was greater than the time bhetween
percussive impacts then flow rate was increased and the
calculations repeated. If not, the procedure was repeated
until the chip elther reached the annulus or the elapsed
time became too great.

The model was for a single chip. However the effect of
othey chips in reducing the cross sectional area
available for £luid flow was taken inte account,

B2 CO-ORDINAYE SYSTEM

The model predicts flow rates for a rotating bit. Thus,
there was no need to take the orientation of the hit into
account. The co-ordinate system was developed to suit
chip meovement, which is predominately, but not
exclusively tadial. The features of the co-ordinate
syatem were:

- A radial line from the centre of the bit (and hole)
to the wall of the hole provided the basic
refarence.
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? - This reference line was kinked to follow the profile
: of the end of a button hit (see figure B1).
- Points were located by distance along a radius and
distance perpendicular to the radius (see figure
B2).
- The origin of the co-ordinate system was at the
centre of the bit.

Thus the co-ordinates for chip position yere:

gr = radial distance {(following the profile of the
bit) from the centre line of the bit and hole
to the centre of chip
sa = distancve perpendicular to the radiuws along
which sr was measured
i Direction
End of bit of chip ,
Cf?ngr‘re ”r:jeh_l______\ movermnen
o it an ole End of
\\ hole
Measurernent \
directions

for clearance

Reference
tane

Annulus
Gouge

e button
Side of
hole

b@foa

Figure Bl Xinked reference plane

Since the analysis was essentlally two dimensional a
third co-ordinate was not necessary. Clearance between
the bit and the end of the hole was measured
perpendicular to the face of the bhit at the relevant
radius.
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-2 oy Wall_of hote
[
Hole for
flushing fluid Gouge bution
o
W
L
Crigingl ====7
direction of

chip rnotion

Chip
Face button

Figure B2 Co-ordinate system

B3 DISTANCE WHICH THE CHIPS HAD TO MOVE
This digtance (=rmax} was a function of:

- The radiasl co-ordinate of the position at which the
chip was formed.

- The average radius to the flutes on the bit, or in
other words, the average distance to the annulus
between the bit and the wall of the hole.

- ohe profile of the end of the bit.

Thus,
srmax = R3+{R5<R3)cos(p3)-s0
where R3 = radius of the central part of th end of

the bit which is perpendisulsr to the
axis of the bit (see figure 12)

RE = average radius to the start of the
flutes (see figure B2)
3 = the angle of the ovier pairt of the bit

(see figure Bl)
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80 = initial position of the chip = distance
from the axis of the bit to the centre of
the chip

B4 CROES BECTIONAL AREA FOR FLOW

B4.l FLOW AREAR

At any tlow rate the radial compeonent of fluid velocity
depends on the oross sectional area available for flow,
For radially outward flow, cross zsctional area =
circumfersnce % effective clearance between the bit and

the end of the hole.

Gircumference = 2.%x.8%

where n = ratio of the circumference of a circle to
its diameter = 3.1416,..
sr = radial distance (following the profile of

the bit)

Bffective clearance was a function of the shape, size and
position of the buttons on the hit, as well as the
location of the flushing holes.

B4.2 ALLOWANCE FOR BUTTON SHAPE

The buttong result in the cross sectional area available
for £lushing flow varying in a complex and irregular way
in all three dimensions. Exact equations specifying croas
sectional area could have bean developed, but each bit
design would need its own set of equations. Since the
equations would be very involved, this option would
dramatically reduce the accessibility of the computer
model, Therefore a method of approximating clearance was
developed. To allow modelling of f£lushing to be available
to as wide a range of pecple as possible it seemed
appropriate that the methed of approximating clearance
should:




g e T

Bl

- Be understandable enough to be applied by drawing
office personnel as a routine procedure during
buttoen bit design;

- Not need too many additional input variables hecause
of the limitations of TK Solver.

Hemispherical butteons (asz on the 48 mm diameter bits used
in the drilling experiments) were approximated by
cylinders with diameter = 0.85 x nominal button diameter,
The factor ({0.85) was based on figure B3. When taking a
section through the length of the button the area (B)
added on the "rock side" is somewhat greater than the
area (A) lost near the face of the bit. Hence, 0.85
inciudes an allowance for button wear.

Following a similar reagoning, conical buttons (such as
on the 36 mm diameter bits) were replaced by cylinders
with diamater = 0.7 x nominal button diameter (see figure
34)(

w11 \
3 l ]
A y 3
Y I N\ 0
B \ / |
At 85 % of button dsamefer R 5.7
area A = 1,828857 mm~™2
area B = 3.38561 mm"2

Figure B3 Approximation to hemispherical hutton s ape
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At 70 % of button diarmeter
grea A 1.43042 mm™2 R 3.3
area B 1.95634 mra™2

Figure B4 Approximation to conical button shape.
B4.3 ALLOWANCE FOR BUTTON SIZE AND POSITION

The face of the bit was then divided into five annular
sections, As shown in figure B5, they were chosen such
that!

- The outside diameter of the outer sectlon was egqual
to the average flute diameter of the bit.

- The diameter of the flat part of the face of the bit
was a dividing line,

- The =ections vere approximately uniformly spaced.

Effective clearance for each of the annular sectlons was
then determined by!

-~ Making a plan view of the face of the bit with the
buttons rezl=wged by circler with diameter = 0,85 oo
0.7 times bubtton diametet.
- Calcoulating effective clearances x1, %2, x3, x4 and
x5 using the equation:
affective clearance = (total area - sum of areas not
available for flow)/total area,
Where area not available for flow = area ocoupied by
buttons + urea of face flushing ‘as
- Multiplying effective clearance by the re ant
button protrusion.
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X1
X2
x3
x4

x5

Bowounoun

*X" indicater flushing hole

0.77 l)excludirg area of face
0 536 )flushing hole und its chamfer
0.958

0.516 Jtoking ftow pattern
0.399 }into account

- @ 40.15
@ 33.8
@ 27.45 _
@ 18.4
9.
20.07% M
{average fiute
radius) » !
|
R{ = 4.6 P~
o\
Annular OI“B/CJ 2 :
Annular J >_....__~\\
ared 3 / ™~
% »
Annular . l
areqg 4
Annular -
area_ S

Figure B5 Clearances for the 48 mm diameter bit
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Bd4.4 ALLOWANCE FCOR NON-RADIAL FLUSHING FLOW

S8ince they were standard items, both bits used had:

- & face flushing holes offset from the centre-line of
the bit.
- Flushing holez in one or more flutes.

The model assumed that the flow was purely radial and
outwards. However due to the placement of the flushing
hol~3, the actusl flows did not cenform to the radial
flow assumption. Nevertheless, the flow was still
sufficiently radial for the model te be useful. The
clearances were modified where necessary to account for
non~radial flow.

The division of flow between the various flushing holes
was determined experimentally. Thereafter the flow
patterns shown in figures B6 and B7 were derived
according to the following reasoning:

- Water flows radially outwards from face flushing
holes and the flow is uniformly distributed around
the circumference of the hole. Thus, for example,
the flow labelled "2" in figure BE iz 117.3/360 of
the flow from the face flushing hole.

- Water leaving a £lushing hole in a flute Elows
radially inward until it reaches the face of the
bit. Thereafter it curves around the nearest gauge
buttons to exit from the closest flutes without
flushing holes,

The resulting flow patterns are shown in figures B6 and
E7.




“X" indicates flushing hole.
wWidth of arrows indicates
relative volume flow rates.

total = 22.2%
7 . 8%

totol = 36.4%

Figure B6 Probable flow pattern for the 48 mm diameter

bit
"X" indicates

flushing hole

Figure B7 Probable flow pattern for the 36 mm diameter
bit




BS PENETRATION RATE

The cross sectional area available for fluid flow was
reduced by chips in the gap between the bit and the end
of the hole, However., the actual concentration of chips
in the flushing £luid was unknown. For the purposes of
developing an allowance for penetration rate, the
following approximations were made:

- Irrespective of where they were formed cu the end of
the hole, all chips were only Just removed in the
time between hammer blows.

- Chip c¢oncentration in the fluid was uniform,

Since chip production rate (by volume) = penetration rate
¥ hole diameter, the correction (y) was applied:

¥ = 1-(5p/{f(oxl+ox2+ex3+oxd+tex8)))

1 - hlockage due to the chips
penetration rate

where

o g
Hon n

hammer freaquency

ezl to ox5 = effective gap between the end of
the bit and the end of the hole
{taking buttons inte account)

For 48 mm diameter bits the chips reduced the cross
sectional area available for flow by about 15 % {(see "y"
in figure B9, Thus aven if the correction was not gquite
right, the error would have heen small

B6 FLUID FLOW

Combining some of the factors already discussed with
continuity gave the following relation for the radial
component of f£luid velocity.

vir = Q/2xn.s5r.cx.¥Y

where vEr = radial component of £luid veloaity
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volume flow rate
effective clearance

0
1l

H

CK

Due to bit rotation the circumferential velocity of the
fluid adjacent to the bit had to equal the bit's
gircumferential velocity. The end of the hole is
stationary so the circumferential velocity of the fluid
adjacent to it had to be zero. Thus the average
gircumferential velocity of the fluid was taken as the
average of these ie. - half the circumferential velocity
of the bit at a radius corresponding to the chip
pesition. Or in symbols:

via = n.N.gr/60
whers N = bit rotational speed in rpm

The resultant flow velocity was then

vi = J(vf:1 + VEaz)l
B? CHIP ACCELERATION

The most important forces on the chip are drag, weight
and buoyancy, Drag acts in the same diregtion as fluid
flow. The holes were horizontal and fluid flow in the gap
between the end of the bit and the end of the hole was
approximately radial. Therefore, the fluid and chips
moved more or less in a vertical plane but at various
orientations within the plaase (see figures Bl and B2).

The weight and buoyancy vectors act in the plane of £luid
and chip motion. However, since fluid flow and chip
motion occurred in all possible orilentations within the
vertical j{l\ane, the effects of weight and bunyancy could
be disreaarded. In other words, on average as many chips
were moving radially upwards against gravity as were
moving radially downwards with wssistanhce from gravity.
Thus, aceeleration (a) was calculated from the commonly
accepted equation for drag on a zubmerged body in
subsonic flow [Du iglzs, Gasiorek and Bwaffieldu”].




a = €. |:b.1\(\arf-v.a'~::)2

2m
where ¢y = drag coefficient
p = density of fluid (water)
2 = maximum c¢ross sectional area of the chip
m = mass of the chip

Drag was total or profile drag. The appropriate
coefficient, taking both pressure drag and skin friction
into account was used.

Maximum cross sectional area was used because Bain and
Bonningtnn“”, Zandi and Gavatoau” and Graf“ﬂ all state
that broadside on orlentation is most common, especially
at Reynold's numbers in the Newton Flow range,
From measurements of settling velocity, McFadzaan“}
estimated the drag coefficient of chips in the Newton
flow regime to be three times the drag coefficient for a
aphere {ie. - 3 % 0.44). Beddow, Fong and vetter!® also
found that irregularly shaped particles have much higher
drag coefficients than spheres. Bince MoFadzean's chips
were produced by rotary percussion drilling into the same
type of rook (Witwatersrand gquartzite), there was no need
to re-estimate the drag coefficient.

8lip velocity (the difference between fluid and chip
velocity or vi-vc) varied over a wide range. Thus the
programme includes equations from Dougherty and
Franzini“” for drag coefficient in the Btokes and Allen
flow regimes as well.

Reynold's number {Re) was used to determine which flow
regime was applicable. For calculating Reynold's number,
chip eguivalent diameter {(ced) provided the length tetm
and slip velocity provided the velocity term, Chip
equivalent diameter was defined as the diameter of a
sphere with the same volume as the chip.
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BS CHIP VELOCITY, DISPLACEMENT AND ELAPSED TIME

Roceleration was assumed constant for each short time
interval. Therefore the well known egquations for constant
acceleration straight line motion [Giack“”] were used to
calculate both components of chip velocity and
displacement. The resultants are calculated from the
componenta.

Incremental displacements were used to calculate new co-
ordinates for the position of the chip at the end of each
time atep. The durations of sach time step were added to
give the elapsed time since the chip was formed.

Initially when the chip is stationary with fluid moving
past 1t, the drag coefficient for Newton £low applies.
Then as the chip accelerates and moves towards the
annulus, the glip velocity decreases so that firat the
Allen and then Stokes flow regimes become applicable. In
the Stouias' flow region drag coefficient was taken as Cd
= 3 % 24/Re, for Re = p{vi-ve)ced/n

where Re = Reynold's number
p = density of £luid
vE = fluid velocity
ve = chip veloeclty
ced chip sgquivalent diameter = diameter of a
sphere with the same volume as the chip
1 = dynamic viscosity of £luid

1

Combining these two equations gives
¢ = 72.n/plvE-ve)ced

Thus as chip velocity tends towards fluid velocity, drayg
coefficlent increases rapidly. In the absence of other
retarding forces, this will result in the chips moving at
ezactly the same speed as the fiuid, However the chips do
not move in isolation. In the model chip velowity was
limited to 0.95 times fluid veloclty because!




- Chipfchip, chip/hele and chip/bit interactions

fopllisions) will slow the chips down.
- The model became unstable when silip velocity
fyi-ve) wes close to gzereo.

BS  ENDING

once the chip had travelled far enough to enter the
anpulus, the elapzed time was compared toc the time
between hammer blows. If the elspsed time was less then
the chip had beer Elushed out quickly enough and the flow
rate was ocutputted. If not, the flow rate wae incremented
and all the catculations were repeaated for the higher
flaow rate.

BlG IRPUT CORETRNTE

The starting flow rate, time apd flow rate increments are
set in terms of other variables at the peginning. The
size of the incerements were determined by trial and error
to give responable results without excessively long run
times.

Bince fluid temperature was close to 20°C dynamic
viscosity of water was tgken as 0.001 kg/ms and density

was taken as 998 kg/m’ [Daugherty and Franziniuﬂ].

Bll PROGRAMME LIBTING, INPUT AXD OUTEUT

Ita

Rule

AISTING OF MODEL FOR 48 mm DIAMETER BUTTON BITS, WITH WATER FLUSHING;
* o oexlse1"xt

- g v

* exd=catad

* gud=eAtxd

*  oxb=eEwRE

*  gall flushiex] ox2.cx3 cxd ox5 AV .1shm,p R1,R2,R3 R4.RE beto3 N tvlo ve.s.QBy. it Q% .s0.6a ver e

COMMENT: “zal fush” is the command for switching to the procedure funtion flugh’ (see ovencaf).,
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Comment; Procedure for 48 mm diameter bit

Perameter Variablgs:

Input Variables: cxt,en2,0x3,0x4,0x5,A.V.£,.50,m,p,R1,R2,R3,R4, 15, betas N
Output Varlables: tvtave,s,QB.y.it Q1,553 vor voa, srmax,Res0,Re.vis0

5 Staisment

y=1-(5"pi{f*{cx 1 +ex2+cx3+cxd+cxs))
=1/ 100}
srmax=(R3+({R5-R3}/{cosibetad))))-ed
Q1=(srmax*2y2

Q=0M0

Q=M

ced={6*V/Pi))*0.33333

initiate;
i=1

t=0
sr=g0
s&=0
vor=0
vea=0
ve=0

bata=0
if ar>=R3 then beta=beta3

or=cx1

if sr>=R1 then cx=cx2
If sr==R2 then cx=cx3
if sr==R3 than cx=cx4
if sr>=R4 then cx=cx5

call listcopy('zero,'t)
cafl listeopy('zera,vi)
call llstcopy(zers,'a)
call listcopy{'zero,vg)
cali listeopy({'zera,'s)

start:

if1=1 then il=it10

I i=2 then li=it*5

{f 1=3 then it=H"2

t=telt

PLAGE{'L D=t

if t>=0.97/ then Qu=C+IQ else gate resume
golo inltlate




]

Btatement

resume;
place(vir.)=Q/(2*Pi{)*sr*ox*y}
place(via,}=Pi(*N*sr/60
place(vi,)=(vir[[*2+viali}*2)*0.5
wir=" [

via=(vfali])

vi=(viill

Re=098*(abs(vi-vc))"cedi).001
Cd=3*18.6/{Re 0.6}

if Re<0.2 then Cd=3"24/Re

if Re>500 then Cd--3*0.44

ar={Cd*eoB*A*{'viri-ver) abs{viriil-vor)) {25 m)
aac(Cd*9o8*A*('via[lveca) abs('via[{-vea))i{2*m})
a=(ar"2+aa*2)*0.5

PLACE('ari)=ar

PLACE(aa,ij=au

loop.

ven=vor+artt

veazvoa+aatit
vo=(vor2+veat2)0.5

if ver=0,05"f then goto steady
PLACE(ver.=veor
PLACE(vea,l)=voa
PLACE(ve,l)=vc

goto confinue

steady:

ver=0,95*(r
vea=0.85"fa
ves(vorh24veat 20,5
PLACE(ver j=ver
PLACE({'vea,l)=vea
PLACE{'vg,l)=vc

confinus;
srsrHvertite0 S arithe
sar=satvoa"it+0.6aa"ith2
sm(sr*2+sat2)*{.5
PLACE({'sr.i}=sr
PLACE(sa.lj=sa
PLACE('s,ij=s




§ Stalement
beta=0
if sr==R3 then beta~betad

cx=exi

if sr>=R1 then cx=cx2
if sr>=R2 then cx=ox3
if sr>=R3 then cx=cx4
if sr==R4 then cx=cx%

itz
it ar>=srmax+s0 then goto time else goto start

titna:
if t>=0.07/f then (:=Q+iQ else goto end
goto initiate

end:
QB=0
vi=wvili-1]
visl='vi[1}
t=11-1}

Res0=098"v1]"ced!0.001
Re=988"v{*ced/0,001

Figure B8 Pi:ogramrne listing
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Input

4.6
9.2
13.725
16.9
20,075
30

5.5

55

a7
B56
.858
B16
.389

R1
R2

R4
Ra

vatad

c2

e

cb
x1

X3
x4
x5
cx
[

©z=-<3>g§QQ
th & O

57
L:00]

94

3,084
2144
3.832
2.838
2.1945

13.057348

£L0020408
B5618422
21.068503

21.057649
4993224

mm
mm
mm
mim
mm
deg
mm
mm
mm
mm
mi

m

mmn
mm
mm

mm*2

mint3
bpm
em
cm/min

mm
min

kgita*3
ka/ms

5

mm

mm
mm

Comment

MODEL FOR 48 mm DIAMETER pITS

2940 bpm, 197 rpm, 120 em/mia
vary large flat chip starling at 8 mm

outside radius of centre of flat face
outside radlus of flat on face of bit

average radius 2t start of fiutes
anyle of gauge button surface

clearence between bit and hole bottom

1 - blockage due to butlons

affective clearence

chip cfoss sectional area

chip mass

chip volume

hammer frequency

bit rotation speed

penertration rate

Initlal pasition of chlp

radial distance to flute from s0
danslly of flushing water
dynamic viscrsity

tims increment

blockage under bit due lo chips
total distance between chip and bit
axis when chip enters annulus
radial distance

& 1guiar displacement




st input Name Output

L t 01871429

L. yG B7904074
ver B7B50547
yea 01404502
vis0 2.034g431
vt 76083507

L :} 04608107
Qi1 §.1148304
ced
Resd 10873.602
Re 3980.852
Qe 14.252627

mis
migh2

Ifmin
mm

limniy

Figure B9 Samp’e input and output

Comment
fima since chip started moving

chip veloci'y at entry into annulus

radial component of ehip valacily at annulus
angular companent of chip velaelty at annulus
fiuid velocity at s0

fluid velocity at smax

chip accleration at entry Into anavlus
starting flow rate under bit
equivalent dlameter of chip
Reynald's ho, of thip at 80
Revnold's no. of chip al flutes

flutd voluma flow rale for optimat flushing of
large flal chip starling at 20




SUPPORTING CALCULATIONS

cl EFFECT OF ROTATION ON FLOW PATHS

Flow visualization suggested that at low flow rates there
ig a free water surface between the face of the bit and
the end of the hole. The possible position of a free
surface was investigated by observing the flow from
stationary bits at different orientations and flow rates.
However, the techniques validity is dependant on the
circumferential component of Eluid velocity (caused by
bit rotation) being much smaller than the axial
component.

1f the origin of co-ordinates is in tae centre of the
face of the bit the compeonents of flow velocity are!

- Axially perpendicular to and away from the face of
the bit.

- circumferential or perpendicular to a radial
line on the face of the bit,

Consider a 48 mm diameter bit because these are larger
and their rotational =zpeed was higher than that for the
36 mm diameter bits. The cross sectional area (A) of the
face flushing hole is!

A= x.0l/4
ratio of ciroumference to diameter of a

c:-rcle = 3.1416!.'
hole diameter = 6 mm

fl

whare -

=
!

S0

= % x 0.06/4
2.827 % 107 mt

i
I
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Assume the flushing f£low rate (@) is 5 l/min, because
flow visualization suggested that this should give
slightly less than complete coverage of the face of the
bit (see section 5.2.2). It is also the flow at which
penetration rate first becomes constant and independent
of £lushing. Measurement of the Flow from each flushing
hole showed that 63 % left from the face hole. Therefore,
in m'/s, the flow (g) from the face hole only was:

0.63 x 5/60 x 1000
5.25 x 107 nﬁ/s

]
[}

Thus, axial or jet veloecity (vﬂ of the flow from the face
flushing hale is:

vy = g/A
= 5,25 x 10°%/2.827 x 107
= 1,86 m/s

The clroumferential velocity ("a) imparted to the flow by
the rotation of the bit is:

angular velocity of bit
distance from the axis of the bit to the
centre of the fave f£lushing hole = 6.9 mm

-4
[+ f
[
"
[
LA
fon

Bit rotational speed (N) was 197 rpm, thersfore

W= 2.%8/60
= 2,m.,197/60
= 20.63 rad/s
so

v, = 20.63 x 0.0069
= 0.142 m/s
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Thus axial velocity is 1.86/0,142 = 13.1 times grester
than angular veloeity. Hence bit rotation is unlikely to
have a significant effect on flow,

c2 ENERGY REQUIRED TO CREATE UNIT AREA OF NEW
EURFACE

Equation 12 from section 5.1.2 can be written as

k = 4.r.(dE/dt)
3.x. DL (d1/dt)

where r = radius of a spherical ohip with volume
equal to that of a typical
non-spherioal ohip
dE/dt percussion power input to hole
n = ratio of circumference of a ecircle to
its diameter = 3.1416 ...
diameter of hole drilled by button bit
penetration rate

D
dl/dt

n

Unfortunately the size fractions into which the chip
samples were aplit are too large for an accurate
determination of the size of a typical chip. Therefore,
for the purposes of this calculation assume that the
volume of a typical c¢hip is the mean of the volumes of
the extreme sized chips (see section 5.1.1) - in other
words the average of the volumes of a minute cubic chip
and a very large flat chlp. However the volume of the
minute cubic chips is more than five orders of magnitude
less than the volume of the chips at the other end of the
size range. Thus the average volume coan be taken as half
the volume of the very large flat chips. 8o from equation
l in section 5,1.2

r = ((3.V)/(4.m))h

where V, = volume of a typical chip




further assumptions aret

-  Maximum penetration rate

- Hole diameter 2 mm greater than bit diameter because
amall button bits are typically drill holes slightly
greater than the diameter of the bit.

Hence for the 48 mm diameter bit and hydraulic rockdrill
v, = 76/2 = 38 mm’
dE/dt = 1l.4 kR (see Appendix RA)
D= 48 + 2 = 50 mm
dl/dt = 103 om/min. (see figure 5.5)
= 1,03/60 = 00,0172 m/s

a0

(3 % 38 & 10%/4 x x)038

r =
= 2,09 % 107 m
and
k= 4x2,09x 0% x 11.4 x 10°

3xnx 0,050 x 0.00172
2.35 x 10% w/m‘
0.235 w/mm’

i

Similarly for the 36 mm diameter bit and pneumatic
rockdrill

va = 38/2 = 19 mp

dE/dt = L1.74 kW (see Appendix A)

D= 36 4 2= 38 mn

dl/dt = 65 cm/min (see figure 5,5)
= 0.65/60 = 0,0108 m/s

80
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(3 % 19 5 10°%74 x »)038
1.67 x 107% m

"
1t

and

4 x1.67 x 107 x 1.74 x 10
3 xn x 0.038 x 0,0108

7.9 x 10} w/ml

0.079 w/mm’

=
u

n

c3 CHIP ACCELERATION UNDER GRAVITY ALONE

A newly loosened chip at vest on the unflushed part of
the end of the hole is subject to a constant acceleration
dua to gravity. Neglevting all retarding forces /s.% h as
air resistance and w.:chanical friction), the maximum
distance which such a chip can move in the time between
hammer bhlows is given by the well known equation for
straight line constant acceleration motion [Gieck“”]:

s = u,t + 0.5a,t!

where 8 = displacement in m
u = initial velocity = O
t = elapsed time = typioal time between hanmer
blows for a hydraulic drill = 0.0198 s
a = adoeleration = gr.vitational acceleration =
9,81 m/s!
80

8 = 0 + 0.5(9.81 x 0.0198%)
= 0.0038 m = 3,8 mm

Since the distance from top to »ottum of the unflushed
part of the hole may be 20 mm or more many chips will not
be removed from the unflushed part of the end of the hole
in the time between hammer hlcows.




Cc4 ¥EED FORCES ON THE ROCKDRILLS

on both rockdrills the thrust or feed force was produced
by a feed cylinder and pulley drive. The ratio on the
drive is 1:2, therefore it halves the force while
doubling the travel

Hence, feed forre (F) on the rockdrills was

F = x.d.,p/8
where x = ratio of circumference to diameter of a
circle = 3.141..,
d = feed c¢ylinder bore in m

P = feed pressure in Pa

For the hydraul ackdriil, 4 = 63 mm and P = 9 MPa, so
F= (xx0.063 x 9 x 108)/8

= 14 028 K
For the pneumatic rockdrill, d = 75 mm and P = 250 kPa,
8¢
F = (x x 0.075! x 250 000)

552 N




APPENDIX D
DETALILED DATA

bl

Tahle D1 Drilling data for 36 mm diameter hits

DRILLING DATA

Flow rate Penetration rate
{1/min) (em/min)
0,72 34,2
|y
1.0 41.9
1.0 46.1
l.0 45.0
1.3 7.9
1.3 57.¢
1.7 65.0
2.8 70.7
3.8 62.0
3.5 69.9
5.0 6.7
5.6 €3.9
8.8 €2.9
10.0 64.1
15.9 43.1
i 15.9 66.7
" 16.3 7¢.0
20.0 64,3
20.0 64.8
20.9 72.0
t




Table D? Summary of drilling data for 48 mnh diameter bits

Standard

Flow rate Average
{1/min.) penetration deviation
rate
{om/min.)
3.4 42.6 4.76
4.0 49.2 4.68
5.0 68.4 5.97
7.0 62.5 5.867
8.8 53.8 7.24
10.0 62.2 8.38
10.9 56.1 7.84
11.5 113.4 6.64
12.0 8l1.8 16.96
12.5 74.9 12,16
I 13.1 76,0 13.44
] 13.5 69,1 12,74
14.0 105.2 13,11
16.0 122.2 13.15
18.6 91.4 20.34
20.0 113.8 12.70
22.0 81..8 4.35
24.0 125.%9 17.46
26.0 110.5 18.158
I 28.0 104.4 B.04
36.3 88.0 8.7%
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D2 RESULTS OF MODEL RUNS

The meanings of the headings in the next two tables are:!

Initial position: Radial position of c¢hip when it is
formed, ie. - its initial radial position.

Minimum flow rate: Flow required to move tlie chip from
its initial radial position to the annulus in the
time between hammer blows,.

Minute cubic chip: One which is shaped like a cube
with length of side equal to 0.05 mm.

Average large flat chip: One with shape and dimensions
based on those for a typleal chip in the larges:
size fraction of the chip sampler.

Very large flat chip: One with shape and dimensions
based on those of the biggest chips in the largest
size fraction of the chip samples.

In both tables the maximum £low rates ate in bold. The
gaps in the tables do not have any significance. Model
runs were done to determ - the relationship between the
initial pogitions ositicn of the chip and the f£low
required to £lush the chips into the annulus in the time
between hammer blows. Once these relationships were
determined for both hit and rockdrill combinations and
the various sizes of chip there was no need for further
runs. The flow rates do not increase and decrease
smoothly with increasing initial position bavause of:

- The finite size of the flow rate increments in the
model ,

- Rounding-off errors.

- Changes in the cross sectional area zvailable for
£low. This explains the large change in flow rate
for the 48 wmm diameter bit between initial ehip
positions of 8 and 9 rom.
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Table D3 Results from the model for the 48 mm diameter

i

bit.
Initial Minimum flow rate (1/min.)
position
(1) Minute cubic | Average large Very large
chip flav chip flat chip
0.25 7.783 12.998 -
0. 375 10.471 - -
0.5 10,447 12.678 -
0.75 10.491 12.372 -
1.0 10,428 12.155 -
l.2 - 11.77 -
1.5 10,373 11.803 -
L.75 - 11.822 ;
2.0 10.285 12.141 -
2.25 - 12.127 -
2.5 10.249 12.102 | - “
2.75 - 12.353
3.0 10.173 12.298 -
3.25 - 12.231 -
3.5 10.136 12.154 -
3.75 ~ 12,324 -
4.0 10.055 12.22 -
4.25 - 12.107 -
4.t - 12.154 - "
5.0 9.839 11.934 -
6.0 - 1).699 - "
7.0 9.39 11.461 - i
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i CONTINUATION OF TABLE D3
Initial Minimum f£low rate ()/min.)
position
(wm) Minute cubio | Average large Very large
chip flat chip Eiat chip
8.0 9.166 11.253 -
8.5 - 11.66% 11.827
8,75 - 12.118 12.724
9,0 28,8274 13,375 13,520
9.25 - 14,449 15.057
i 9.5 - 14.693 14,827
- 9.75 - 14,576 14,576
10.0 8.275 14,427 14.672 _
10.25 - 14,483 14.717
0.5 - 14,267 14.378
10.75 - 14,236 14,343
11.0 7.574 13.959 14.26299
11.5 - 13,701 13.978 "
1z.0 6.7%3 13,29 -

In all the subsecuent graphs the initial position of the
chips was the position at which maximum £low was needed
to £lush the chip into the annulus in the time hetween
hammer blows. Thus the initial positions were:

Very large £lat c¢hips, initial position =
Average large flat chips, initial position

Minute cubic chips, initial position =

9,25 ym;
9.0 mm
0,75 mm,
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As bafore, the bold figures in the table below are
maximum flow rates.

Table DA Results from the model for the 36 .m diameter

bit
Initial Minute cubic } Avarage large Very large |
position chip flat chip flat chip
(m..;
0.375 2.763 - -
0.5 2.7486 2.913 - "
0.75 2.742 - - ﬁ
1.0 2.749 3,028 3,028
i 1.25 2.734 - 3.038
1.5 2.729 3.101 3.101
1.75 - - 3.151
2.0 2.686 3,19 3.1%
2.25 - - 3.217
2.5 - 3.234 3.234
2,78 - - 3.234
it
3.0 - 3.189 3.189
" 3.5 - 3.243 3.243 I
3.75 - - 3.25 "
4.0 - 3,284 3.284 "
4.25 - - 3.303
" 4.5 - 3.307 3.307
4.75 - - 3.297
| 5.0 - 3.274 3.274
“_ 5.25 - - 3.267
|l 5.5 - 3,191 3.181 "
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D3 CHIP SIZES

The meanings nf the headings in table D5 are:

Flow rate - Flushing flow.

Large fraction - Proportion of chips failing to pass
through a z mm mesh.

sum of 2 smallest fractions - Proportion of chips able to
pass through a ¢.25 mm mesh. '

Smallest fraction - Proportion of chips able to paas
through a 0.075 mm mesh.

In all cases the proportiona were by mass,

Table D5 Chips produced by the 36 mm diameter bits

Mlow rate Large Sum of 2 Bmallast
{1/min) fraction smallest fraction
(%) fractions (%) (%)
0.72 0.95 42.1 18.3
i 1.0 0.61 44.4 17.2
1.7 3.1 32.5 11.3
2.4 8.5 24.5 2.9
2.8 2.4 36.6 15,4
3.5 1,5 34.6 13.4
3.8 4.3 32.1 12.4
5.0 4.9 35.7 12.0
8.8 1.04 4.8 13.7
10.0 1.3 23.1 6.8
15.9 11l.2 27.8 7.3
ik_ﬁ 20.0 7.9 27.4 8.7

The headings in table Dé which are different from those
in table D5 have the meanings listed overleaf.
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No. - Number of samples obtuined.
ean of largest - Average of proportions of chips failing

to pass through a 2 mm mesh.

Mean of sum of two smallest - Average of proportions of
chips able to pass through a 0.25 mm mesh.

Mean of smallest -~ Averuge of proportions of c¢hips able
to pass through a 0.075 mm mesh.

Table D6 Chips prodncved by the 48 mm diameter bits

Flow rate | No. | Mean of Mean of sum Mean of
{1/min) 1. rgest of two smallest (%)
(%) smallest (%)
3.4 3 5.7 29,2 17.5 ]
4.0 4 4.1 50.7 23.8
8.5 3 5.0 6l.0 35.4
10.9 3 3.4 54.3 29.7
11.5 1 3.8 36.3 13.4
12.0 3 19.2 35,3 12,5 i
12.5 4 | 10.1 43.6 216 |
13.1 3 13.9 43.4 17.5
13.5 3 12.7 40.2 13.3
16.0 2 8.0 33.7 9.4
18.8 3 6.3 39,2 9.7 __1|
20.0 3 l6.1 34,0 15.0
22.0 1 le.8 18,3 2.3
24.0 3 14.4 34.9 11.6
26.0 2 15.5 36.2 16.0
28.0 1 14.5 37.¢6 10.1 "
36.3 2 22.5 29,5 12.2 “
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In most cases there was more than one set of data for
each flow rate. Hence the data was averaged. For thres
flow rates only one set of data was availuble, therefore
no averaging was poseible. All proportions were by mass.
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