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SECTION 1, LHUIRODUCTION

A critical account of previous research
and existing views held in relation to those
aspects of the rotary drilling problem
relevant to the research carried out by the
writer.



LUTEODUCTION
Rock drilling forms an important part of

operations in many fields of engineering and may be a

major item in the capital cost of any enterprise. In

mining, increased mechanlsation, large reorganisation

schemes, and the adoption of the horizon systen, have
resulted in an enormous increase in the amount of drilling
taicing place. It soon becames apparent that drilling
speeds would have to be speeded up considerably if the
desired rates of tunnel drivage and reorganisation were

to be attained, This led to the development of interest

in the adoption of rotary drilling, already successful in

coal end soft rocks, to replace percussive drilling in even
harder rock, The rotary technique had long been recognised
to be inherently capable of higher drilling rates together
with several other important advantages, viz,.

1, Electrical power mgy be used instead of the highly

inefficient compressed-air systems,

2. Concentrations of small dust sizes is much lower,

thus reducing the health hazard.

3. Less noise is produced.

Balanced against this however were two main
disadvantagest=-

l. The gpplied thrusts required are considerably
higher, necessitating power-feeds and ripg-mounted
machines,

2 The continuous rotation of the bit in contact
with the rock results in rapid wear and consequent repld
fall in drilling rate.

Of these, the second disadvantage was the more

serious until the introduction of rotary bits tipped with a

highly wear resistant alley metal, tungsten carbide, This

has resulted in the successful application of rotary drilling
to all but the hardest and most abrasive of rocks, Drill-

rigs have been designed capable of supporting high=powered

1.




drilling machines and of exerting thrusts often of several
thousands of pounds,
1
Inett has quoted figures for a hard sandstone

which illustrate the improvements obtainedi-

Depth of holet = &} fect

Drilling Overall time/hole
Method of Speed (Including withdrawal
Drilling in hole and changing from hole
to hole).
Percussive 6"/min 20 mins,
Rotary 19"/min 8 ming, *

* includes 3 mins. changing bit after each hole.
Successful application to rocks of medium hardness
and sbrasiveness naturally encoursged the application of
rotary drilling to still more difficult propositions, but
it was quickly realised that exlsting equipment was
unsuitable, The incidence of bit failures inereased sharply
and wear sgain became excessive. Thus it wes fhat the
research project suggested to the writer wassi-
"An investigation into the possibilities and limitations
of rotary drilling in hard and ebrasive rocks, using high

axial thrusts end low rotary speedst,

Acadenic research into the factors governing the
succesaful application of rotary drilling has unfortunately
been limited, and it soon becomes spparent when commencing
investigations that the process is controlled by a large
number of variables, the individual effect of each often
being wnknown, The writer was somewhat dismayed when first
introduced to the problem to discover an amazing lack of
knowledge of the fundamental nature of the operative rock
breakdown process. Investigation of fundamentals, it is
thought, is essential to the correct interpretation of

drilling test results =nd to allow relisble predictions to

Ze




be mede,

It is Indeed fortunate that the problem of rotary
drilling is importent at a time when a similar problem is
engaging the attention of scientists and engineers in the
field of metal cutting, and the results of research into the
netal machining problem will bz shown to be of great value
tovards an understanding of rock breakdowmn, It is
nevertheless necessary to stuly the particular problem in
rock experimentally since there are many differences, if not
in principle, et least in degree, Equipped with this
fundamental knowledge it is possible to review the information
already available and thus substantiate conclusions already
arrived at, explain and hammonise results previously thought
to be contradictory, and, it is hoped, obtain a much more
accurate plcture of the rotary drilling process,

Berly research quickly established thet the
principle employed in rotary drilling differed from that in
percusgive drilling, the former depending for efficilent
penetration upon a steadily applied axial force combined with
a rotary torque, whereas the latter is characterised by rapid
direct impact blows driving the bit into the rock.
Consequently rotary drills require much heavier thrusts than
the percussive type. The combined action of the thrust
force and torque cause the bit to penetrate into the rock
along a helical path,removing a flake of rock ahead of it
equal in thiclkness to the depth of penetration per revolution,

The two main characteristic curves, i.e.

(a) Drilling Rate - Axial Thrust curve,
(b) Drilling Rate = R.JP.M,
vere established, from vhich several interesting points

emergos-
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D#i(([ng Rate

g
&
X
Axial Thtust. : RPM.
Fig.l. Characteris £ ing.
(1) The drilling rete/thrust curve shows a distinet

gradient change at X, This is well recognised by most
workers =nd has been termed the Critical Drilling Point,

It marks the point at which the epplied thrust is sufficlent
to overcome the elasticity of the rock, penctration commences,
and grinding ends., TFrom X = A the increase is almost
uniforn and beyond A the gradient begins to fall until it
becomes almost horizontal, Beyond this point the drill
motor stalls.,

(i) The drilling rete/R.P.M. curve shows a somewhat
gsimilar characteristic form except that there is no initial
critical point,

These curves suggest that there is a limit both
in thrust and R.P.M,, probably different for various rocks,
beyond which no sppreciable increase in drilling rate is
obtainedjand various views have been put forward to explain
then,

Alpan ?® has termed point B in Fig.(a) "the
naximum efficiency point", (mainly because the drilling rete
is highest) beyond which stalling of the electric motor
oceurs.,

Inett 1 also regards the region A - B to mark the
onset of stalling. Shepherd!s 3 tests have not confirmed
the "stalling region" and he considers the relationship
between drilling rate and thrust to be linear beyond X,

Others have attributed the fall from A to the
onset of "binding" of the cuttings at high penetration rates,
Alpen mekes several interesting observations releting to the

be



"maximum efficiency point®, Ho states

(a) that "the harder the bit tips, the lower the thrust
required for the maximum efficiency point". Here
hardness presumably indicates wear resistance.

(b) Eccentric-type bits reach the maximum efficiency point
at lower thrusts than concentric bits of the same
hardness,

It is interesting to note that the 'harder! the
tip the less will be the rate of wear, in which case the
'bit=-rock! contact pressure for a given thrust will be
higher. This is also the case for the second observgtion,
ie.es the contact pressure will be higher when using the
eccentric bit at a given thrust. Since it is the contact
pressure which determines the depth of cut per revolution
(and hence the drilling rate) it seems to indicate that the
s0 called "meximum efficiency point” in a given rock is
dependent more on the drilling rate than on the actual
thrust. A third observation made by the same worker is
that "the maximum efficiency point® is reached at a lower
velue of thrust when using a high rotaticnal speed than
vhen using a low one,

These indications that the pesk of the curve is
dependent on the depth of cub and the rotational speed,
confirm the view held by the writer, and developed later
in this thesis, that the fall in rate of incresse of drilling
rate is due mainly to the increased severity of impact at
high rotational speeds and high fleke thickness/revolution,

Thus it can be seen that there does appear to be
a limit both with thrust end rotary speed beyond which no
further benefit may be obtained. The writer believes it
1s possible to raise these limits somewhat by methods
described later but, in practice, other limits may be
imposed, The most frequent of these is failure of the
rock drilling equipment due to inadequate mechenical
strengbh, The problem then is how to overcome the two
limitss~-
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1. TResistance of the rock to penetration.,

2. DMechanical strength of the rock drilling equipment.,

This classification suggests two broad lines along which

the investigations may proceed.,

(1) Reduction of the rock resistance to penetraticn
1.0, determining ways in which the necessary applied
forces may be reduced.

(11) Increased mechanical strength, i.e, study of
design features, with a view to strengthening the bit
wherever possible, or reducing the stresses on
vulnersble parts of the system.

It is first essential to determine what glsysdesl
properties of the rock influence its resistance to
penetration or, as it has been called, its Drillabllity,
and, further, to obtain some understanding of the ways in
which failure occurs and the nature of the stresses causing
failure, This egain emphasises the necessity to study the
fundamental nature of the drilling process.

Dxlllebility,

Considersble sttention has been pald to the
assessnent of those phgsieel properties of rock which
determine its resistance to penetration,

Shepherd 2 has presented a comprehensive survey
of methods used by various authorities end, from tests
conducted with a Shore Scleroscope, produced "work hardening®
values for various rocks, The value is a measure of the
petcentage increase in Shore number after a serles of
readings teken on the same part of the rock, He has
observed that the height of rebozmd,o:s':hom Nuzber ek of the
small impacting weight increases from an initial value with
repested drops to a maximum value beyond which it remains
constant, This is considered a measure of the degree of
compaction of the rock grains under impact, which, it is
claimed, is a more relisble indication of the registance to
drilling than the initial Shore value, The shear and

6,



tensile strengths of the rock will undoubtedly be affected
by the percentage of voids between the grains and thus the
foregoing method would appear to measure a factor of
importznce, A second factor, the Abrasion Coefficient,
1s measured by rotating a brass bar of a given diameter under
a fixed load cn a flat surface of the rock for a known time,
The loss in weight of the brass bar per unit time gives
the Abrasion Factor X10™2, The final drillsbility index is
then obtained by subtracting the Abrasion Factor from the
Work Hardening Factor, This method of summation appears
arbitrary and assumes that both factors are equal in
importance.

Bergred and Sievera 4 have develeped a formula
by which they claim to be sble to predict the drilling rate
in any rock. The formula involves the use of two known
constants for the rock,termed "C'" and "J" factors, "C"
is the wear constant, measured by the loss in weight of
metal pins rotating on a test fork on the rock under a known
conbact pressure, " 1s the *drilling constant" and is
determined by rotating an octagonal spear-pocint bit on the
rock under a known load and measuring the penetration after
one minute, The use of an actual drilling test seems to be
the most reliable indication of drilling resistance, but it
is wnfortunate that Sievers has used (a) the spear—point bit,
(b) a contact pressure generally below the critical pressure,
since the bit 1s then not cutting as in practice, but grinding,
I thetag was designed such that no grinding occurred (es it
must at the centre of a spear-point bit) it would appear that
tests similar to those described by Sievers will give a
relisble indication of Drillebility, Besigk and Klhne 7
have incorporated the results obtalned from the "penetration®
of a smaell diameter, loaded pin into the polished surface of
e rock specimen into a general formula for drilling,the
derivation of which is shown in &ks Appendix,/O.

T



S =00157 5 (D +Dy) loga; Q.
b KF
wvhere S = Drilling rate (in cm/min)
n =RFP.l[. of bit
b = Effective thickness of hardmetal insert.

D = bit diameter (in cm)
Dy = core diamcter (in cm)
log &y = Experimentally determined constent 1C0
for tungsten carbide tipped
bits.
Q = Drilling Thrust (in Kg)

Ky = Critical drilling pressure (kg / emi) *

F = Area of contact between effective hardmetal
leyer and face of bore~hole (in cm?),

* Ky 1s determined from a value obtained by tests
using a loaded pin on a smooth specimen of the rock.

This formula also contains vaelues obtained by
m'easuring preperties not considered by the writer to be
s in rotary drilling and hence the formula nmust
be invalid, The stress system set up when a rock specimen
is loaded over a small erea in the manner described is totelly
different from that set up in rotary drilling. In the
former the rock immediately beneath the loaded pin is in g
state of almost hydrostatic stress and penetrstion may oanly
be effected by compaction of the rock grains, whereas in
actual drilling the rock is free to shear off to a free
surface (see next section).

A further error in the formula is that the
thickness of carblde insert is assumed to have a marked
effect on the drilling rate. The thrust force is
considered to be distributed all across the under face of
the insert which is incorrect, and, in fact, generally
imposaible since the cutting peth varies in inelination for
each element of cutting edge whereas generally the bit
clearance angle is constant,

Fettwels has re-presented some of the
conclusions of Besigk and Kihne which are equally invelid.

Shore hardness determinations appear to be
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favoured by Continental authorities, sometimes combined
with values for "Toughness", which has been defined > as
"the ability of the rock to resist rupture by the tearing
apart of its minerals or parts of the same minerzl®,
Inother definition given 2 is "the ability of the rock to
withstand the shock of zn spplied foree or thrust".
Toughness thus cppears to be similar to impaet strength

and 1s, in fact, measured by the number of drops of a small
hammer from a fixed height which the rock can sustain before
fracture.

Alpan 2 states that "each rock has characteristic
properties of hardness, toughness, ebrasion and texture,
each of which affects the penetration speed', but does not
in his peper indicate the manner or degree of the effect.

Most of the above tests appear to ba very
empirical and do not even simulate the actual conditions
of drilling, The Shore Scleroscope appears to be
favoured by meny slthough Shepherd 3 states that alone the
Shore number is not a reliable indication of drillability,
This confirms the writer's opinion that such tests do not
aeppear to measure pbpedesl properties of the rock important
in rotary drilling, and it would sppear that in addition to
the wear congtant, some more fundamental physical constants
such as Youngs Modulus of Elasticity msy be a more relichle
ihdication, TFurther observations are included im Section
II of this thesis,

6

Work has recently been published s7 on the use
of chemlcal "goftening" agents as a means of reducing the
rock drilling resistance., Small concentrations of chemical
compounds, so far mainly metallic chlorides, have been used
in the flush weter during drilling, Increased drilling
rates, sometimes as much as 100% higher, have been obteined

without increased thrust or rotational speed, The effect
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is not fully understood although Rehbinderéand his
colleagues consider that the solution penetrates into the
many inherent and induced micro-cracks in the rock reducing
the surface attraction across the cracks and hence
effectively reducing the rock strength, The action is
complex end has received little attention except by the
above mentioned authors. It appears that considersble
inprovements in drilling rates, of the order of 50% = 100% '
nay be obtalned in certain rocks tested, although the
concentration of softening agent 1s extremely critical.
2. Reotarv-paercusaive dxilling.

Rotary~percussive drilling is a new technique
of drilling in which the rotary and percussive operations
occur together, Whilst it is not strictly accurate to say
that the rock's drilling resistance is reducedysince the
actual power of the drills is Increased, to obtain the
higher drilling rates} the rock is actually weskened in
relation to its "rotary drilling resistance®, This is
accomplished by subjecting the rock to rapid, severe,
impact blows whilst rotation is taking place. Proctor!9
has demonstrated that such percussive blows on rock result
in pulverisation for a considersble depth below the rock
surface (up to six times the depth of imprint in a hard
limestone),and it is to be expected that erack systems are
further developed around thiszone and the point of impact,
This results in the rock being effectively weakened so that,
as Inett L states "the combined rotary and percussive machine
can reach, at medium thrusts, drilling speeds equal to those
produced by rotary methods at high thrustet, Flgures
quoted show that wear 1s reduced and overall drilling speeds
are higher than for pure robtary drilling, Comparative
figures taken from the same information as the earlier table

showt=



Depth of holesi~ 6} ft,.

Method of Drilling Speed | Overall time/hols
Drilling in the Hole (including changing
from hole t0 holae,
ete.)
Rotary 19" /min 8 mins,
Rotery-Percussive | 40-60" /min 4 mins,

The rotary-percussive technique is still
undergolng development but appears to have considerable
possibilities,

The above two techniques seem to be those most
worthy of note in relation to reducing rock resistancse.

3. Increased lochandcal Strongth.

The second aspect of the general problem,
nanely attention to strength considerations, is perhaps
the more lmportant inasmuch as it 1s always adviszable to
ensure that the system i3 as mechanically robust as
possible commensurate with high drilling rates, independent
of whether the rock is difficult to drill or not., lost
failures have been located at the bit, undoubtedly the weak
link at the present stege of development of drilling
equipment, Before the causes of failure could be diagnosed
it was first essential to understand the manner in which
stresses were imposed on the bit and further, to determine
the magnitude of such stresses, This necessitaled a
detailed investigation of the nature of the cutting action,
an account of which forms an important part of the next
section of this thesis. Other workers had sttempted to
describe the cutting action although it appears no detailed
experinmental observations had been made.

Besigk and K&hne consider that the bit penetrates
into the rock by the appligation of axisl thrust which

overcomes the resistance of the rock, the depth of
penetration being dependent on the magnitude and tims of
11,




application (as determined by the speedd rotetion) of the
thrust, the torque wupplied by the drill motor serving to
break off the rock to the free surface., The bit is thus
sald to penetrate by a series of 'steps' or !'jumps', (ses
Fig.3) the width of the steps being dependent on the thickness
of the carbide insert,

‘FigA .3 (a) Besigk & Klhne 1dea of penctration,

If it is adnitted that this does happen it is then possible
to explain the influence of thrust and rotationsl speed,
From the "load penetration" curves (Fig. 3(b) ), obtained
by applying loads to a small circular hardmetal pin
recting on a flat polished surface of rock,it can be seen

that the penetration does not increase uniformly with depth

]

Penetration,

Loadd on 5€amp.

Fig. 3(b) Load = Penctration curve obtained by
Besigk & Kume.

but has e similar characteristic form as the thrust/
drilling rate curve (Figld(a) ). It is also well known
that the time of application is important vhen determining
the resistance of a materlal to spplied stresses, A
heavy load applied for a short length of time mgy not cause
failure vhere a lighter load spplied for a longer time will
do g0, (This is so important that stendard rates of loading
are lald down for the determination of the physical properties
of materials). Thus, say Besigk and Klhne, the higher the
rotary speed the shorter the time of load application over a
glven part of the hole, and consequently the effect 1s reduced
and hence also the penetration for a given thrust.
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Accepling the first premise, 1.e. that the thrust in rotary
drilling causes penetration ih e similar mamer to that of
the "loaded-pin® test described, this is seen to be a
convineing evplanation of the shape of the drilling rate/
thrust and drilling rate/rotary speed curves, However, as
the writer hopes to show from experimental work described in
the following section of this thesis, this first assumption
isy, in fact, erroneous,

Both Shepherd and Coeuillet ? have presented
theories which assume thet the resultant force (combination
of thrust and torsional forces) acting on the rock will
have the same inclination as the path along which the bit
travels., Whilst this may appear reasonable it is not in
fact the case as can ‘be seen immediately if wear is taken
into account, Frictional wear can only occur if there is
contact pressure between the sliding surfaces,Where the
resultant force lies along the line of advance then no such
pressure con exist and consequently no wear will result,

In actual practice, however, wear always tokes place and
one is lod to the conclusion that the resultant force must
lie below the helical path of cutting, The force
distribution has been determined by the wrlter and confims
the above conclusion.

Coeulllet has applied his theoretical analysis of
the force distribution to the design of drill bits but makes
several assumptions which are incorrect, as reference to the
next section of this thesis will show, He assumesi-

(1) That the line of shsarp?;mig a direction

A
perpendicular to the front face of the bit,

This is not necessarily so.

(2) The force required to cause fracture is
proportional to the area of the triangle
formed by the line of shear, the rock
surface, and the front face of the bit,

1.. D ABC in Figure 4, This is

13,




incorrect; the force required is dependent

on the length of the shear plane AB,

Figedha To illustrate Coeulllet's assumption relating
to forces at bit tip.
(3) Thet failure alweys peeurs in shear
along a line inclined upwards towards the
free surface. ( In actual fact fallure is
often first developed in tension .)
The wealkness of the theory is demonstrated by
the fact that negative rake cutting demands a new theoryi=
if the chear plane was perpendicular to the front face then
it would be directed downwards into the rock, i.e. awsy
from the free surface,
Shepherd has slso stated that the speed of
penetration of rotary drill bits 1s proportional to the
square of the bit dismeter, This appears somewhat surprising
since it contradicts to some extent the view held by Schultz *°
and others,that the penetration rate is governed by the bit-rock
contact pressure. As the bit diameter is increased whilst
nadntaining constant axlel thrust, the contact pressure will
fall proportionately with increase in length of cutting edge;
the rotational speed of the motor may fall slightly due to
increased torque, (although it is possible that the reduced
depth of cut may result in approximately the same torque
even with increased diameter)., These two effects would
combine to result in a reduction in penetration rate slightly
more than pfoportionately with increase in diameter but, it
is thought, not proportionsal to the square of the diameter,
It is unfortunate that measurements of torque and instentaneous

rotary speeds were not made so that the penetration per

14}




revolution could have been determined.

Further investigations by the same worker have
demonstrated that increcsed leg rake angle (i.c. inecreased
forward tilt of the fromt cutting face) does result in
increased penetration rate. Using standard eccentric type
bits he states that the most satisfactory performance was
derived from bits having a positive rake of 8° - 10° on the
leading leg and o smaller positive rake (about 3°) on the
core=braker leg., If accowrt 1s taken of the fact that the
path of that part of the 1ead1ng‘f'\2ngagea in cutting travsls
on & less inclined helical path than the part cutting on the
core=braker leg, it can be shown from a simple calculation
that the effective rake angle is spproximately the same on
both legs and hence loading on each leg would be the same,
The relationship between penctration rate (S) and leading
leg rake angle () is stated to bei=

S =D secl (.

"where E is the penetrction rate for a similer bit having
zero rake on the leading leg, and "m'is a varisble number,

Alpen 2 has demonstrated that the use of legs
inclined back about 3° = 69 from the directian of cutting
(termed negetive leg rake bits) helps to prevent flecking and
chipping of the carbide, Thus, whilst positive leg roke
incresses drilling rates for a glven thrust, negative rake
increases bit strength.

Mach of the fundamental theory of cubtting has been
developed in relstion to metal cutting, Even in this field
there are many problems that. remsin to be solved and some of
the theories will undoubtedly be modified, However, there
appears to be considerable agrecment over many points which
the vriter belleves to hold for diverse types of cutting
including the process operative in rotary drilling,
Merchant, a piloneer in metal cutting research, has stated
"the analyses made apply equally well to any type of cutting
process where the geometrical conditions are similar!
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Early research on metsl cutting 1 appears to have
been inconclusive end it wes not until the work of Morchent 12
was published that academic interest wes once more aroused in
this complex problem, Mefichant's theories,elthough modified
by later workers, still form the ground work of cutting theory.
Manchanh's Analysia of Cuttingz,
Merchant has classified cutting into three main
typess
(1) Continuous cutting.
(2) Continuous cutting with built-up edge.
(3) Discontinuous cutting.
In types (1) end (2) the material is removed in
a continuous ribbon whereas the latter is characterised by
a chipping process in which the materiel is intermittently
broken off in chips. Typleal of type (3) is the fracture
observed when machining cast iron,and it is this letter type
which most simulabtes rock cutting.
Quthoganal Cutting,
Orthogonal cubting is the more usual and simple
condition in vhichfiecutting edge is perpendicular to the
direction of cutting., The system is essentially two-

dimensicnal and the forces acting may be represented as in

Fig.5 Q>

P AuF,
TooL

(2) (v)

Flg. 8. Merchant's anglysis of force sysctem in
orthogonal cutting,

in which the tool point is engaged in the material to be

cut, Experimental observations have shoun that the materiel
genorally fails in shear slong what epproximates to a plane
defined by the line OB inclined st an angle B to the
direction of cutting,  This angle is termed the Shear
ingle and it 1s along this shear plane that plastic
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deformation occurs without fracture in the case of ductile
materials and with frocture in the case of non-ductile or
brittle materlals. With rock, generslly very brittle,
little or no plastic deformation tokes place end in fact
fallure often occcurs in tension before shearing, This is,
however, dealt with more fully later in this thesis,
Factors which appear to determine the direction of the
shear plene arei=

(1) The rake angle o¢ 1= @ is known to
increase with increase of X although the
exact nature of the relationship is rmch
in dispute.

(2) The coafficient of friction between the
naterial and the front face of the cutting
tool.

As is sesn in Fig. 5 (@ the system is in

equilibriun under the action of equsl and opposite forces
R and R, R ic the resultant force exerted by the material
of the stressed porticn above OB,

Rl 1s the force which the tool exerts on the

" stressed portion,

R is composed of forces FW and FC’ rospectively
the reactions to the applied thrust force and cutting force,
It (R) can be alternatively separated into components Fg, the
shear foree acting along the shear plafle; ond Fp, a compressive
force exerted on the shear plane.

rt

.can be separated into components as showni-
JFg,2 fﬁcticm force acting along the tool face, and
ﬁftthe normal reaction scting perpendicular to the tool face,
The above division of the forces into their
principal components represents the most satisfactory analysis
presented to expleln the theory of planing and is one which
appears to satlsfy most experimental cbservations, Since
R and Rl are equal and opposite it is most convenient to

represent all the forces as if acting st the tool point,
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when the various components can be deduced from the circle
diagram shown in Fig.5(b). The only inaccuracy involved by
this representation is that the couple due to actual slight
non=collinearity of R and Rl is neglected, This, however,
has been shown by Merchant to be insignificant, It is hoped
to show that this analysis is very helpful as a mesns of
understanding the nature of rock break down in rotary drilling,
The more important mathematical derivations pf basic formulae
for cutting have been included in the Appendix t;?' this thesis
but 1t im perhaps advisable here to comment briefly on the
nature of disagreements existing between various authorities

relating to the conditions of metal cutting, since these also

serve to throw light upon the conditions of rock cutting,

It has been well proved for both metal and rock
that variation in the tool rake angle affects the force
distribution end the force necéssary to cause fallure,
The first analysis by Merchant led to the equationi-

= w
¢ =27

but this he later found to be in disagreement with
experimental date so he accordingly introduced &'machining
constant", a function of the compressive stress acting on the

shear plane, this apparently bringing the theory more into

13 has also

agreement with experimental data., Phillips
described the effect of the compressive stress across the
shear plane in modifying the line of fallure when carrying
out compression tests on rock specimens, The shear stress
is considered to be reduced by the effect of "internal
frictional resistance®, The force acting across the shear
plane OB 1s reduced by a factor K.Fi. (K is enalagous to a
coefficient of friction) and it can be shown that, by taking
this factor into account, the most effective shear stress is
not along the direction of the usual maximun shear stress but
et some other inelination,

Theorles such as the above are numsrous and in a
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recent well-written article, Shaw, Cook and Finnie L have
discuswed the assumptions wderlying each, pointing out
their inadequacies,and presenting a further theory which
does apperently present a view cloger to the truth, 1In
this the authors criticise the Merchant theory for assuming
that the direction of the shear plane is unaffected by the
direqtion of the resultant force on the tool and that the
coefficient of friction on the front face of the tool in
contact with the rock is independent of the rake angle.

By consideration of the fundamental processes of friction
they deduce that the coefficient of friction is in fact
significantly affected by reke angle and incorporate this
into a theory which takes account of the discrepancies
previously obtained between theoretically predicted end
experimentally observed values., A more detailed explanation
of this theory is given in &&-Appendixito this thesais,

MBrchant s analysls for the particular case of
discontinuous cutting appears to be in some agreement with
the phenomena observed by the writer in rock plening.
Discontinuous cutting is characteristic of brittle materials,
and whereas in continuous cutting the plastic flow along the
shear plane is insufficient to cause fracture (the material
being simply continuously deformed), in this special case the
slight deformation that occurs results in complete separation
of the material from the main body across the shear plane,

The analysis demonstrates that the fundamental
mechanics 1s much the same as for discontinuous cutting,
Observations made when cutting cast iron revealed that
fracture occurs from the tool point along the principal shear
plane to the surface of the material, This is followed by

sheat failutes vithout complete Frartiie,
numerous subsidiary Leachipes occurring,from the tool point
along shear planes at higher inclinations (to the direction
of cutting) terminating at the inclined surface of the
previous fracture (See Fig, 6) until once more a further
major fracture occurs to the main surface of the material,

19.




It is argued that subsidiary fystlure occurs
when the stress in the direction of the subsidiary m@éﬁ%
is greater than in any other direction, It should be
noticed that although the force component in the direction
of major fracture is higher then in the "subgidiary®
- directions, the area of shear 1s also grester than the
area of the subsidiary planes, so that the actual stress is

not alweys a maximum along the major shear plane, #—fwiler

The sbove brief description of cutting theory
has been confined to the more simple case of orthogonal, or
"two~dimensional® cutting, However, there appear to be some
properties of general three-dimensional theory of cutting
which may be important in rotary drilling, Thils type of
cutting has been termed "Oblique Cutiing", differing from
orthogonal cutting in that the cutting edge is not
- perpendicular to the direction of cutting bub inclined at
some angle from the perpendicular, this angle being termed
the Angle of Obliquity. The manner of cutting 1s of interest
insofar as it presents certaln possibilities of improved
design, some of which have been investigated by the author,

At first 15 1t appeared advantageous from a purely
geometrical viewpoint,since turning the tool at some angle
other than 90° to the direction of cutting incressed the
effective rake angle, whilst at the same time maintaining tip
strength, the relationship being simplys-
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tan Xe = tan X g sec. X
where &,1s the effoctive rake angle

o, 1s the raké angle if the bit wes cutting
orthogonally

A 1s the angle of obliquity.
Work by Stebler 1 on metal, later confirmed by Shaw, Cook
and Finnle 17 suggests however that the beneficisl effect may
be even greater then suggested by the formula just given,
Although wneble {:o suggest a reason, Stabler observed that
the direction of flow of the continuocus chip across the tool
face was not in the' direction of cutting as would be expected
(and asemed in sbove formula), bub at a direction devisting
from this, the angle of deviation being approximately equal
to the angle of obliquity (See Fig.6(a) ). This Stabler

Fig., 6. To illustrate Stablerts obgservation on
chip flow in Cblique Cutting,

has confirmed with models observing the flow of stacked plates
when "eut® by a wedge Fig,b(b). Assuming that the deviation
( N, ) equals the angle of obliquity he has derived the following
relationship for the effective, or true, reke angle.(we)
sin X, = sin*X +cos *A sinolg , -

which gcves 0 gMatet vatue fot ‘e’ Han the previous Formuda,
Shaw, Cook and Fimnie have attemped to explain this deviation
as being due to the influence of the coefficient of friction
between the material and the cutting tool face, (Their detalled
explenation is given in the Appendix) and that Stabler's Rule
(N, =A) is only en approximation in most cases being most
nearly correct where the coefficient of friction is high,

A further point to note is that the resultant force
on the rock acts in the direction towards which the tool is

inclined, The directing of stress in this matter, it is felt,
could be important in drill bit design, c.g. to ensure good
21,




breakage of the core formed between the bit legs, and is
referred to in the next cection of this thesis.

The sbove brief summary presents some of the
more acceptable of the existing theories of cutting vhich

the writer has attempted to relate to rock drilling,

~ A

Wailst it oppears reasonsble that the explanation
of cutting just presented has much that is true with the
cutting process in rotary drilling, it is nevertheless
essential that the particular czse of rock be studied
experimentally and hence dstermine whether in fact the
reasoning 1s valid; and further to examine certain aspects
which are of espocial importance, e.g. effect of depth of
cut, speed of cutting and wear.

In the next section of this thesis an account is
given of the experiments carried oul with the sbove aim in
view, Several aspects have been considered in both small-
scale and full-scale tests from which a theory of rock
cutting is developed and applied to suggest the possibllities
and limitations of rotary drilling in rock. Some
considerations which may be of importance in limiting the
method and which are not related to cubtting theory, e.g.
flush water supply, hLave glso been studied and the results
embodied in the thesls,




SECTION 1I,

PLANING TESTS,
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200 Pl Toamda
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o St eps .
The justification for the uge of planing tests 22 o means

of ctudyings phenonena in rotary <rilliag moy be appreciated Iox\

congldering the mamer ia vhich 2 hole iz bors by a rotary bit .,
The it panetrates into ths rock along a helieal pcth
under the action of en axdsl thrust force and a rotery torque.
" The iiclination (‘Sp) of this path ot a given point "P" on the

cutting edge, distance "% fron the axis of rotation, will be

6p =tm1-l"lj"— .aooc.otoc--o-‘(i)
27 r
where "p" 1ig the bit penctration/revelution.
bg‘l'cvwf

Thus the path of the bit element F moy be reprecented as
in which the clenent is planing off the rock ahead of 1t to a denth

of ﬁ sec 6;; %Qﬁ'

vhere "n® 15 the number of bit legs or wings.
It chowld further be noted that
(c) Tffective Leg Bake Angle = Ioninal Leg Rcke Angle
+ Inclination of Cutting Path
100 o= Ko + Op ceversenna(it)
(b) Effective Clearancs Angle = Noainal Clearance Angle
= Inclinction of Cutting Path,
1. Co= Ca + 8&p .........(111)
"Milst the enguler velocity of a rotary bit is constent, the

periphoral velocity (VP) ot a given point P, YWHEVESAN 15

1 . 4 -
given \]
R (-7; 2 P
v o= [exn? 2] 3 IS
I
; L
= K.KJ: (1+ tan 2 6?)4 .ooooo(iv)

T

where™ is the robary speed. (RJ.%.)

2
Sines tan 6 is generally mmeh less than wnity, the lineor
© )
velocity is approxdmately proportional to the radius to that peint,
Thus 1t can be seen thabs-~

(2) the linear cutting speed varies ocross the cubting olpe,

(b) the effective leg rake angle ¥ n " " "

e : 1

(c) the effective clearance ongla M " n " "
R3e
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and further, any veriation in thrush will autonatically couse
o verizction in all three factors.
‘ The nott recult, therefore, of eny rock drilling test
is offected by eoveral verizbles wvhich combine to complicsate the’
analycis. Iowever, the action remains one of planing (with a
verisble cutting rote ccross the tool face) end 1t wes decided to
eliminate the complicctlons introduced by rotation by studying
simple planing acroce a rock curface in vhich a close coatrol of
veriebles can be maintained, These tesus can be concidercd to
imliccte the conditions of cutting at a thin clement of the cutting
edge of a rotayy bit, ths totel effect under acbual drilling

conditions being the integration of individuzl clemental effects,

Darly experiments were coarricd out using the apparatus
cshowm disgramatically in Fig. 8. This wos made up of a "Dexdion®
siottcd ensle fremework in vhich was mownted a verisble hoight
steel table to vhich snooth rectongular rock specimens could be
claped. The cutting tool.uas attached to the end of the rem of
3
a Holman sir-leg cylinder fitted horizontally in the francworic,
The teble consisted of a steel plate 0 Ade x 200 long M
thick (A) on which restoed = similer plete 10" wide (Z). The rock
specinen ves placed in position on the lstter plate ond clamped
(Clomps C) to i, Two sereved rods (D) ensblad the roclk %o be
’t:rcversed ccross plate A, the two plates being tha bolbed togeﬁhcr
:hrough the slots (2). ho whole could thon be reised to the
dosired depth of cut Ly meons of three odjusting screwed rods (H)
rloced concentrically (120° cpart for ezse of levelling) under plate
4, Then finally positioned, the tzble was rigidly bolted to the
%rc.mework through the angles ot 7,

A prescure gouge (G) mountod on the air=leg indisated
Acut‘cing'; force, 2:dzua travel of the plston was appro:dactely 4
feot, thus allowing cuts to be taken conpletely across the rock

cample,

2y use of this apparctus it wes hoped to measure the

2o
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FIGB. INITIAL ROCK PLANING APPARATUS.




vhbtine > 3 X 3
ctting foree required for various conditions of ecutting viz,

(2) Voriohle bit engles,

(v) " dopth of cut,
(c) u width of cut,
() " speed of cutting.,

Several tests were attempted vhich quickly revealed

thet the cpraratus was wsuitable, the nain rezsons being:

nonoona for £o31upn off empardaonta

1. Tendency for the depth of cut to vary conaiderably due to
whip of the projecting rod of the rmv.» Ocezaionally the
tool woull rise oub of the cub and choot dancerously ceross
the rock surfece.

Steel guides were later introduced ehove the rom but these
did not elininate whip coupletely,

2« Inadequacy of the rom force, cxeept for very lizlt cuts,
waen depth fluctuations assume moydimua importonce,end nar
cuve,

3. Lack of control over cutting opeod,

Ly Tifficulby ond cpense Involved 1n obtaining sulficiemtly
smooth sorples of rock of the dimenszions required, Concrete
samples were used for some trials but the earller objections to
the cpparatus precluded ony dotailed work with then.

The tects were therefore abondened and attention tumed

to the possibility of using a metal milling nachine for similar tests,

It is considered, however, that apparatus of the type designed could

be very much improved by the provision of =2 :;,crew-feed drive for

the cutting tool to 1eplace the rem.  The foed=scerew would be driven

through gears by 2 suiteble electric notor (variable speed 4.0.)

thus allowing a wide range of cutting speeds,

Oy this neons the apparatus could be conciderably reluced
in size ond its rigidity inerecsed, The pover consimed by the notor
vould then indicate the mesn cutting force,

Instinl =311ing nochine investdeations,

Zarly investigstions using the nilling n~chine (cemin

detail in Tig 9) vere intended to obtain infornation releting to
the rock bre~lic
-l \u»‘.f. L.‘l 1 ~ - 2t
procese in the vicinity of the cutting tool tip.
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FIG9. EARLY MILLING MACHINE
APPARATUS.




poanotnn, (See Pigso(o) and o(b).)

A R 4 :
& on2ll rectenguler specinen of roclk (.ﬁ.), enrroxinately a

").’ﬂ c.,'b,, 1 1,.,..,..,\,\,:‘. 2, L -2 "h) . X 3y

=t cube, wme elaspeld into the viece (3) on the trevelling table of o
AR PR . s . -

nilling nachine, The tool (C), a chort length of £ dianeter High

peed Steel, veos £ithed into the milling ~m D, This arroacencnt
cacbled the tool rale ansle to be veried cinply by rotabing the milling
fileh wam, however, rigidly fixed during cubting, ;| Veristion in .
depth of cub could Lo obicinel realily by slderin
of the nilling teble. (411 controls on the ni1lins table cxre
graductod such that deplhs of cub, dictonce cut, Ve‘tc. cen b2 read
acecurately to 0.,02CH") .

The front foeo of the rock 1ns set emmetly in line with
the ouber edge of the culting tip to enable the culting tip region
to he sceurstely focussed throuzh the microscope-csnera arrangoaent .
This conzisted of a 32 nm objactive (x 10 cyeploce) microscope
ottoched to the arbor (Z) with the cyepiece projecting incide the

hellows ¢ a saall plabe-comera (). The bellows vere mede light-

vith o cireular aperture just large enough to ellow the mlcrdscope
tube to clide through. The comera was attached to =/ s1iding board
(G) serewed onbo va tripod, thms 2llowving tﬁe vhole arronzenent to he
noved for focussing, the enlarged imsge being projected onto the
ground gless sereen (H). Progress of the fracture was cbserved on
the screen ond the cut stopped ot Interesting stages to allow the
event to he photogrephed,
Deculta,

Typleal pholtographs obtained using various rske anzles on
a soft sondstone are chowm in Fig 9 C These sugpested thet the
rock is intermittently broken ochead of the cutiing tip bty - process
of chsar along a line inclined %o the direction of cubting, It

aleo cppears to sugrest the the sngle of inclination of the frecture

Figgﬁ(b) - positive rcke onsle and Tig 3&{') - negetive roke amg;le) .

o definite conclusions could be formed ob this stage, houever,

1 Cnly 2 1indteld mmbaw of fanal A A .
. nly e Mmited mmber of fractures could be photosrephed in

6o
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FIG 9C. OBSERVED FRACTURES.



view ef the coct of phobegraphic plctes,

2+ £11 photographs were madle with the tosl ot tetionary and no
continuous record of the developaant of fraociures could be
obtained,

3. The method gave no indization of the operative force crstenm
causing frocture,

Atterpts were nale to overcone the second objection by
dicneasing xrith the nicroscope crrongenent end toliing repeated
photographs with a 325 mem. camera fitted 1rith lons extension pieces,
in conjunciion vith an electronic flash unit, The shorb ool wmao
repleced by one 2" long rotating conbinuously in the 1111 ing cm D,
the rock being raiseld continuously to engege with the rotating tool,
It wres hoped that by teoliing sufficient photogrophs a comprelhensive
iden of the development of o fracture could be build wp. This
also »roved unsucecessful mainly due tos

1. Difficulty of synehronising opsration ol the

camera with the tine during vhich the tool wes

cutting.
2 Verizhion in freeture angle cuch theb the

devaelopnent of cach wmg dilferent.

Ls o*le of the nain defects of the nilling rachine iz the
low specd gs J cut, th2 methol of using a rotating tool allowe high
peripherzl sneeds to be obtained, Veoriation in tool leazth is also
a neans of vorying tool rigidity, o factor of importance as will be
shown later,

The sbove tests lod to the coneclucion that 2z detailed
analryels of th~ frocture process was inpossible without
(2) & continuous recoxd of the development of fractuve,

(b) some method to doteraine the instantancous operative force
rysten.

The former rejwlrenent could be met by use of 2 high-cpeed
cine~conere, vhilst the second nececzitated some form oi‘- force
jnaroacters  The writer wes in ths process of designing a single-
conponent dynamoncter vhon he was fortwate in being able to cbtain

on loan = three-component machine lathe model, 28 used for metal

cutting, by vhich the complste Torce systen on tho cubting tool
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could be dzterninel. Lecoidingly the cxdlgting epnareh:

w3
Q
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d to incerporzte this equipment.

.

BY2SLaZolaons Roins Ofnawacanmac and Mea] Dvnamaaadar

The Invectigntions nay conveniently be divided into two

1. Tavestigation of rock {rocture procoss,
This necessitated vsing two cine-ca omeras, one to
teke continuous photo-nicrosrophs of fracture
developnent, the other to record the instentancous
force valucs indicoted on the dynanoncter dial
canges. The eppavetus is shown in Fig.11(a).

2. - Iavactigation of Iffect of Verying Cutting
Conditions on Force Systeu,

In this series dlal raadinge clone were recorded

ieice ona canmcra only wes requirad.,  The apparatus

sboxm in FigJ1(p).

-iﬂj’wn ur\ M e T nlas o vis I ":"S .J..v(ck) "Vlkl lo(b)

The dyna:noﬁeﬁer is e robust Instruiont designed far uce

in netel cubting lathes, The prineiple of operation is vory cirmle
as refercics to FigdC(a) wvill reveal, The tool (A), usually
dicneter H.8.8. A" long (or laze) slides into e choel cylinder (3)
clapsd in position by tuo Allan screws (S) wiich are not in conbact
with the outer case. Tho ocubter surfoce of the cylinder is accurabely
ground =b D guch that it is free to move In any direction wnder the
cetion of forces spplied Yo it via the tocl. The geonztrical forn
of the surfece to 1vilch D is grounc‘x‘ easurces that the movenent of
the cylindor in any of the three principal dircetions is directly
proportional to the force in that direction with no interaction of
forces under complex loads, liovenent of the cylinder is restrcinad
by stoel diaphragas (E) frownd from ¢ plate. Thus oy load will
cause a doflection of the diaphramms proportional to the component
of the leal reting on the Wophregn. Use of various dlaphracm
thicimiesses cnables the load range to be varied deponding on the
loals e:mec’ccd end the sansitivity required, Dci‘lec’cion of the

dlaphragn l Indlcated Ly three disl caliges () (1 atal division
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FIG.I0A.SECTION OF TOOL DYNAMOMETER



FIG.1I0B. TOOL DYNAMOMETER




o~ . : .
0.0001" doflection). Saflection of 4hs sile force diephragn

He
w
P

ransaitted to the pauge via a lever sesesss-Lo ensble the
gauge vo bo fixed vertically, ITach sob of diephregnes 1s ealibratel
by direet loading of a speeisl tool-picce fitted in the cylinler
end o calibration chart swppliod with the instrumont. A5 will be

observad from the dlagran this calibration is correct only for cne

e}

setting of the tool, 1here reyuired, the sensitivily moy be
increased by allowing grester projoction of the tool, therely
ineressing the ronent of side and horizontal forces, and hence the

cflection, In this case the necessary noment corrcction must bhe

kX

8in~lo=Camera arranromen

Llthowgh used in the reverse order the "single=conerat
arrongeancnt is desceribed first for the salie of clarity.

In onler $o seb up the dynanomster as reguired in the
nilling nechine a special attachmont (A in Fig,11(b) ) was made,
countersunk on tlhe baeXx frece Yo allov free rotabtion of the slipghtly
projscting vertical milling spindle over vhich it was fixed. This
spindle is geared directly to the motor (3) which also drives the
traversing table (G),:nd had previously provented Uhe use of the
mechanical drive to the table., By this means, however, the spinile
wes freoc to rotate without Interference to cutting and the mechanical
drive could therclore bo used, On the front face of A was a lothe
type tool clawp to which the dyanometer was attached as shown (D).

The roclz specimen (E), sporosdimately o 23t cube,wes clamped, with

the top surface level, in the vice rigidly fixed to the traversing
teble (7). The tabie was raised until the rock was just in contact
with the tool point, this position boing indicated by movemant of

the vertical dial, The reading of the height indicator on ths
1ondle () was noted. (One revolution of each handle correcponded
czeetly to a movement of €001, with 100 gradustions per revolution),
The rock was thon traversed zcrozs the roek curfece o ensure hia

the latler was level end, vhen clear of the tool, raised by the
Cesired amount in preparation for cu‘{;tin:;; For re=getting after a
cub ths rock cowld be noved sideways in front of the tool Ly handle S,

mn v e )
The Paillard Jolar canera Py wes sob won o tripod,
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FIGIIA.ROCK PLANING APPARATUS
C TWO CAMERAS)



FIG.Il B. ROCK PLANING APPARATUS
(ONE CAMERA)



FIG.12.
MICROSCOPE—-CINE CAMERA

ASSEMBLY



focussad on the disl gau,':as”. Lichting for the dials wnc
by o single Thotomflood 1i4t placad fmmadiztely above the comera
and shining olichtly dovnuaris., Tozta vere identifled by taling
a cingle frane pleture of the test nuwaber challzal on a blackboazd
placed in front of the dlals just prior to starting the test, |
’Lﬁﬁ* E“O"’\"’T_‘!’“

1. The rock was set abt the required depth anl bLrouglit

up to the tool by the traverse handle T,

-

e The cannrra vos wound and the tesh nuabar recordad.
3. The canera wes started and the travercsing toble

put into genr.

AN The camera was ctoppel and tha table put out of
gear inmaaidately the cub was coploted,

5 Depending on the cbrasiveness o the sziple under
tost, the rocl: was elther Immediately regset for e
further test or the tool revoved for re-charpening,.

BTy roel ool arronconent,

In order to obzerve the rock cutting zction togother with
e inctantaneous force systen, it was necessary to add the
rieroscope=comora combination (Fiz.d2) to the apparstus just
described., The Pathe~labo cine-comera (Pg) 1os chogen for ite
suitabllity for nicroscopic mork of this nature cinee it wos provided
vith a direct viewCinder (&) 1hich, Uy nmesns of prisms placed in
front of the shubter, diverted 105 of the light and thus onablod th
actual field projected anto the £iln to Do observel, cven, if desired,
villst cutting wos in prosress, Tecussiag was thus simplified and
no £ilm or time was wastold through incorrect Baining"® of the
nieroscope. The nicroscope (32 mm objective x 4 Iffvg;ens ayepioce)
was comaoctel via a 2 bracs extension tube to the camera, oo chown,
projecting en image of wait magnification onto thie cine-film,
Additional lengbhis of tube could be added if hithor nagmifications
were dosired but it wes ponerelly necesscary to use wait magnification
in order to obtaln a fleld of view large enough to observe the full
etont of fractures, | .

This combination wes held Ly 2 rigid Dexion engle framevork

and fixed In the corract position by means of slots mnd bolts. Slight
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eljustnent wes oceazionally required since the position of the tool
tip In the ficld of view veried for different oo angle tools,

The provisien of o dusl release cable (A) (Fig J11(@) ) attached to
the cterting button of each camera cnabled both cameras to be started
end stoppod similtaneoucly by depressing the cable plungsr (T),
Further alditlons ineclude:~

1e A tachometer (C), driven through a flexible coble
fron the final drive spindle to the table. This wen
placed in the plane of the dial gonges and photographed
with them, thus indicating ony table speed fluctuctions
that night occur during drilling,

2, A #7211 eir-blowver (D) by vhich a job of air was
Circcted &b the tool tip to prevent build up of ary
fracturadrock particles which otheruise tended to
accuruleate o2nd obscure details of the fracture process.

Lizhting for both dials end rock wes provided Uy llo,l,
FPhoto="load bulbs fed dowm from a common swpply in order thet it
could be cut off fcr mn instant from both films sirmltaneoucly.
This periolic fblock-out" (of sppro:imately § second duration) on
the developed £ilms served to correlate the two records and chack
the ruming cpeeds of the two cameras seb as accurately as possible
to run et the come rpeed, Tests cerried out earlier hed indicated
that, with care, the cazerss could be set to run at speedg; vithin /%
of each other, This, together vith the perioldic checks, wes |

congidered acceptable,

m:rQ ,"E"‘."!A::ﬂ ::r\nt E'I:.anr!v]m
1. The cutting tool, charpened to the correct angles,
wes accuwrctely set in the Cvmamometer. This setting

was 10 4 3 (depth of cut) fron the wider foce of the

dynanonchar cosing, the position for vhich the

calibration hed been male, - —

2 The rock yme seb to the rejuired desth ond brought
up to th2 tool by the traverse handle,

3. The canerzs were wound and the test number
recorded as deseribed previously,

b A cleck was made to ensure that the £ields of view
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Fal 1
of tha caisres wore scourste ond in focus,

5 The 2llling teble drive tms cot to the desin od
epend by varring the helh drive - o s ond the drive
notor than started,

N Lightling for the tuwo £1clls of view ws cultched
on togather with the air blover, 211 being conneoctel
Yo 2 common supply.

7 Both comerns wvere startod together by donressing
the dusl=releass cable plunger, onl the tahle Arive

hon immediately throwm into gear,

S Lighwing v intermupbeld for on instant by
ropldly flicldng the 1i~t cuitch off and on,

9. Ths ecable plmager waos releasad to ctop Loth
caneras, ond the toble pubt out of resr, s soon 28
1t was obmarved that the cubt wos coploted,

12. The dmanoncter wes rezovad ~nd the tool replaced

ready for the net tect,

PP SIS

galoctad frames £rom a cine record of a

5
@]

Tig.12(2)
* 20° rolie tool of High Soesd Steol, o' vids taldas o cut 1/20
deoep ocross o camle of Darler Dols Sanlstone, a nediwm eize grain,
abrosive rock. — Tig. LAU(D) chous the corremponiing tuo dinensional
force cystem, togebher with the varistion in directlon of the
resulbant foree on tho tool, Tigg. 14(z), 14(b) wnd 15(a), 15(b)
ere slailar records obtainad vhen using sizilar tools having 0° end
~20° rzke respectively on the sane roclz, ITxomination of the record
in Fig,13 shous that the fcllowing soquence of cvenls tekes placei-

(7.2, Tha tool trvels from richt to left rolative Lo the rock),

Treme 3. The tocl is ia contact with the edge of the roclk,
ST —————
The forees Lezin Yo build wn In beth the direction
of etting and perpendicular to it. It showld be
noted that no vertical forcz is opnlied - it 1o
nduead by the cutting act
Traie 5, Treeture has occurred to the rock surface, starbin o

Initially in spproxinctely the direction of cutting,

b
later swinging wp to the swrface, The force curve

32,




saows 2 sulden drop,

Frane 27, The tocl has travellel across the fractured
curfece with 1itile build wp of foreco until it once
rnore onzoges with the rock b thie brse of the inelined

froeture line, Tha force bullls up undil frocture

joN
=

occurs to the horizontal surface sceompanied by a

further drop in force, Com a:u.ﬂon of thils fracture
124h that shom 41 Traie 5 chous thot there is
aonin a change in direction of the fracture line

elthongh it does nct comence in the conme directica,

(]
t‘:
5
K
5
2,

Frome 27, Turther frocture hoo occurred in o 1lin

uprards fron the tocl wp to the swrfoce., Tronme 20
chows the frocture line Lmedlstely oftcr removel of
tha rock chip,

Trare 35, The tool hos alvonced froma the stase in Frame 28
interaittontly frechuring rock chead of it olong
plones of high wprard inclination from th» tool tip
4o tho inclinel curfcee of the previous fraciure,
resuliing in ninor drops in the force build wp.
This intormiedinte oction between mojor froctures
noy alzo he obgerved to hove teolken place bebucen
Fremes 37 ond 523 OL ond 63.

T'rone 93, Fracture has besn initisted in 2 2irection

inclined dovurds Into the rocks. This noy clco
be obgerved in Frome 129,
Trone 100, The tool is completoly oub of contact with the
rock,
Examinction of Figo. 14 and 15 reveals that the

charnsteristic esction is basically wmalbtered. This mey thus Do

suancriced asi=

(1) Yool in contact with previoucly fractursd curface,
(11) Torce builds up, ninor fractures occurring to the

previous fracture line with recultont snall drops

in Torce,

3]

(111) he foree continues to incmecoe witil a value is

eached sufficiont to couse fracture 4o the

33,
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by ivs inertia, Tepending on the direction of

h

rechure the tool noy lose contoct with the reciz,
in vhich coce the forec§ Zo11e to zero, or
re~cngage innedistely with iv vhen the £all is
onlyr pzrbizl,

The cycle is thm zepeated.

!",(\“.Q !-u--‘, e

Cenerecl conelusicns to be drown froa this enclysls

Crlayt

(1) The cutting action is essentiellyr discoatinuous,
(2 Tha direction of frocture is very varichble sad the

peak forzce associnted with cuch Irecture 1s
correcpondingly not o constont,
(2) Tho inclinstion of 4he resultant force below the
tool path varies wvidely during cutting.
(4) The drop in force on frecture is very rapid.
Toving establighe?! the cbove facte a devedled ezsminetlon
of recoxds of nejor frechuves 1o then nale In order to cocertain
+hether any relationship coull be cbbained between the dirccuion cf

”~

Le resulbtent force, the direstion of frocture =nl the tool rake

‘)

anglec.

arm ~ 10a 8 ™ o+ '
Anal-rado aff Tadnw e atimae

™

Cins—comera reconls of the najor fractures wore projected,
topother with the cecoclated force rocord, onto a screen by using
an sdaphed 35 mene strip £ilm projector. lkosurencats of length
ond directlon of each {racuu rere tolen from the magnificd im
end scaled down to the cotreet value. Th2 cccurncy of nessurenent

+

of encles commob be guoranteed within - 3° since mayy of the

frectures chengaed slightly in direetion cround grain boundaries, etc,
Dogulta

ooults ore showm in Tables LA end 1 B from vhich it is
inmnedictely epparent thot no quantitative meacurcments con be made.

There vould cppear to be no relationship between the fracture engle

34,
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cnd the roke angley  although later tosts to deberalae the er Toot
of veriation in rsle angle on the cubtting force chow thet a
relationghip does exict, The heboroge:eous ond anisotropic nature

of rocikt ig such,however, thot instantencous conditions vary widely

ith corrow nding change in the direction of resultant force and

freeture. The effect of oy veoriable must, therefore, bLe calculabed

£s o probebility, Sevaral frectures, for exarple Tractures 2, 3
ond 4 in Test I 3, FI‘CLCUU.I'GS 1 and 3 in Test XI 6, ond Tractures
1 and 3 in Test XTI 3, indicate thc’c fcilure ney be initicted in
Tenglon cvinging through on angle of cporoxdnstely 4C0-50° to
continue in Shear., Others oceur directly from the tool tip in
sheor.
The tool ooy thus periodically loge contact with the
roclz &g a result of initiol tensile froacture vhich couces rock to
be removed below the line of cubting., It is intoresting to
consider the mechanicn of scuch frectures since tleir occurrence
yould appoar ab i‘i‘r' bt examinction to invalidate the force dlopgran
derived by llrc “nn* (Fig.17) end sloo the chress £ield obtained by
Photoclactic analyris (Fig.lf:’) R In both these derivations it
1ill be observed that the region chead of the tool is in o stote of
compression in which chear feilure 2lone is possible, It is
congidered, however, that the tensile ctrecs necersary to initlate
this frocture must be supplisd by the renction to the
ricticnol i‘orco ceting on the roclk,

is conslderable cnd ugy oceosionslly te sufficlent

ES

to nullify the

bv
comprescive strass, roplacing it by o resultant tonsile stress vhich,

vhen cubting ceress wealmessces or points -of sirese concentration, e.z.

cracks or inhonogencitics, is adeojuete to initiate tensile frocture.
It is noticecble that, altheush the recultoat force
inclination at freclurc noy bhe much the sane, there is m ganeral
tendency for the force components to incrcace vith deercase in rake
angle, e85, cf Components in Tesh NI 1 (+ 20° reke) ond Tock XI5
(=200 Roke),  Thic indicctes thet giresses imposed on ‘chp rock o8
a reculd of a vg—;iven forez ceting iIn o cortein direction sre lower

for a lov or nogotive rake tool thaa for o positive, Th

Infeorence thot moy be draim is thet the low reke tool has o larse

(MQ

nis force, as shown ecrlier,
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coviret crea 1.2. the degree of M roxulc‘;i:ng TM of the tip increases
vith reduction in rake oncle,

he eromination of naojor froctures lends, Sherefore
to the fclloving genercl conclusions,

Q_ Neli~dana

(1) The enzle of froceture 1o not conctant ond

* Eeld

st 15 much Influenced by lines of

1 A
weLLwens oha

4

stress concentrations in thoe rock imnadicztely
chead of the tool,

(2) Trecture moy initislly cceur in tension fron
the tool tip causing *rock to bLe removed from below
the cutting peth, This results in a complote
drop of forces on the tip tvhich loces contoet
with the rock,

(3) Deduction in roke angle reduces stresces in the
rock =g a result of the "lesc charp" tip, It
should be noted that converscely this vwill produce
lover elresces in the tip itself,

[P ! - p -
Tocie lechondan of Socls Quiting oo Jadnsed fren il chndy of the

2~et- Plonin~ Aotion,

The only force applied to the rocl: in plening tests
is that ceting in the direction of cutting, TImmediotely the tool
sbartes to cub a co:nponcnf normal to the culting forece, cnd acting
downwarcs into the rock, 15 inducod oa the tool nrolucing o

resultant force inclinod at some cngle below thz cubting path,

ct

Cn considorction it is cpparent thet this normal

cemponent c¢an only be introduced 2c a result of friction on the
front face. The force gycten at the tip as o reculd of friction
1s shom in Fig. 12,

= gpnlicd cutting foreo.

™
&

= copouent of Ty normal %o
front foce of tool,

= frictiongl force neting
dowa tool face,

= Reoltant force on the tool,

~ NN

O T =TFriction angle,
DIRY oF Cur, o< = Todl Dake in-la.

J&—-Lb

FIG, 10, TOTCTS ACTING AT THE FCI'T CF A TCCL,
26,
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The inelinstion,( T =0C), of the resulbent below Lhe eutting vath
iz, oo hoe proviously been seen, very varishle ond often attaing

high values, Irtremely high veluss, 1.0, those epprocching 9GP

dorived from high indicched velues of thrust force (i.e. the
verbicel component of the recultent) and comparatively low velues
cubting force vhere errors in mercurenent cosuze nazdmm importance,
The vorizhbility and magnitule of thece inclinations suggest thot

the coelficlont of friction on the front fecce ie very verlable and
cenerally of a high value, It ‘is interesting to note that
inclinctions grecter then =450 are freguent with o211 volues of rele
angle used., Thus, in the case of a 4109 rcke tool, the coefficiont
of friction iz ten ™% 550 = 143,  Such wiusually hich values of

Ea ko2

friction coefficicuts hove oleoo been observel in metal cubtting,

1L

Show end his cesociates sugrest that the friction procecs at the

point of a tool is neb normal sliding friction ond thet it veries
with rake angle. The explanation is given in nore detail in
Appendix C. VWhether this is also true for rock cutting is not
known .

he variable nature of the coefficient of friction is
a result of the ﬁeterogeneous nature of most rocks, Ilidscroscopic
exanination usually reveals a considerable number of different
constituent mineral particles of varisble size and orientation,
The particular arrangenent of crystels and matrix material in contact
with the tool tlp et any instent 1s as a rgsult likely to be vex
variable, and since the friectional properties of cach constituent

will differ.2 variable overall coafficiant of Ifriction will rooultb.
H

L further fector vhich noy ponsibly have some influcnce is the

verying effective hariness of the roclz surlcce in contesel with the |
tool face as determined by the rock behind the swiace, This
aspect w1l not be declt vwith furthor since there s no defintle
indication of the effect in rock cuttlng, It is consilered in
sprendix & previously referrsd to. Thaie vide variation in
cocificient of Iriction has not been observed in netal cubting
research, due no doubt to the greater degres of homogeaiety

LI}

exhiibited Yy most metals,
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Ihrasion of the waler feee of the tool Leging Imomediately
2 Sool starls cubting ~nd it is therefore irportont to inclule
the elfect of wenr in any theory. The stress regpulred for fracture
nay be cosumed congloent for o given direction of reouliont force,
there the contact aren is amall, o5 whion using a chop tool, the

'Y

ctresses duz to 2 given force will be hizh, These will be reluced

oo the area of contact Increnses, 1.0. 28 the tool wears; honce
the force rejuired to nroluze fracture stress w11l Le Inereasel in

direct proportion to tha vwidth of £lob worn on tho tool,
To00ah of ol Ansl

The forez cysten onelysis in Tig, 20 chows the reculiont
force to Le inclined below the cubtting path ot a2 anzls (T =0,
x‘.rhere"i‘“:z engle of friction, and "' = teol rake ongla,
laswuning constondt avoragse cocfficioent of friction, dacrezse in the
value of "" will result in a stecper dowward inclin-tion of
the rosuliont forco whish vwill thea-vary the ctreecs distribution
such that the nezinna shoear stress in tha region nhesd of the tool
lies at a lower ongle from the diraction of cubting. If it 2=
further ~souned that the -mogt probeble dirsction of fracture 1s
along this plane of mazi-ara chear chiress (or some other related to
it, c.2e plone of nost offective chesy ctress), then the reduzad
engle of fracture line will necessitate on increase In sheor force
nroportional to the incressed length of the chear plane,

This theoory of rocl cutting is an aloplation of bosle
nebsl cubting theory molified to incorporatc foctors cbsarvad in
rock planing teste carried out by the vriter, It noy be swanariced
cs followst=

Sipaneryr of Jogle Cubline~ Thaorr,

1. The direction of the resultent foice on the tool
tip during cubting is dsternined solely by
(1) the coefficient of friction Letween the
front face of the tool and the rock;
(11) the todl rake angle;
2. The mognitulde of the resultont force is directly

proportional to the width of flat developed by'x»res.r

33.



of the wdler foce,

3. The coelficient of friction varies widely durin

~
)

h)

cutting as o result of the heterogeneous nature of

the rock and nay ciiein values grecber thon unity,
be The resultent force inclination varies widely during
cutting, Tuls is 2 direct result of (1) and (3) .

5. The direction of chip frreture b ony tine ic

the recultont,

(i1) tho preseice of local heterogencitiss
and sinmilar stress roleers in the
Innediaste vicinity of the tip,

6, Frocture ney oceasionally be inftiszted in tension

due to the high frictionzl force on the tool-ciilp
intsr :.ce;.

Pr-ctics) irmlic-tion of the ~Love thaor g

& dmportent proctical implication of this theory is in

rilling thrust of rotary drills, The nconitule

relation to the I

2
of the thrust (W) required for » given drilling rate in robary
drilling is deteryinod by the following equation (which con be
obtained sinply from Mg 20) -

¥ =K., sin El‘ -(Oﬂjé)]

vhare K is o consbant involving the neon shonr ciress to couse

Y
H
o3
[¢)
¢F
H
[o]
{2

2long the cheer plane.
T iz the angle of friction ot the vool chlp interface.
o' S nexinal rele migle of drill biv.
é = iaclinaticn of helical path.
a = necn width of flat on wader foce of Dib,
He3e (Ma+8) is the effective rake angl
0f these ongles the most important is the friction
angle, reduction of which could coasilerably roduce the thrust
required for o certaln drilling rate, ZRoluction in coelficient of
friction nay be obtalned by
(2]  the use of hard and smooth metals at the
toal tip, e.g‘. tungsten carbide,

(b) the use of lubricants., Tho high contact pressures

.



botueen the tool and rociz on the front fase

wil) probably neceseitcte hirh pressure

Iubricants.,

Siance drilling thract 1s remarded b some authorities

25 beaing 2 probable limltation to rotary drilling the use of
lubricants appears to be a poscible effective meons cf either
reducing the thrusts remired to Arill at a certatin rote or
conversely inereasing drillins rates for o given thrust,

Invockication of the offcet of yordotion in th- conditiong of

extineg,

Ls elrendy evplained, the ecomplzr nature of rotary
drillines does not =21low the effect of Individunl veriasbles to be
readily deternined. Elimination of rotational effects reccolves
aost of thaco Aifficultico onl o muelh closer condrol of vorichles
ble., The recults noy then be nolifiosd Lo incorporate

robation ond will thus indiecate the cetusl effeets in full-ceale

2. Depth of Cut,
3, Width of Cub,
Lo Artheor of Froe Toecd,

5e Ingle of Chlimuity of Tool,
6. Speed of Cutting,
7. Stche of Tear of Tool,

Doeks were celected from verious localitiss in order
4o ensure thol the results obtained were not to a particuler rock
type. Fouer lialtations of the milling tedle molor preventel the
testing of recls of more than moderate hardnssse,

Tocks used oro shotm in Toble JZg.

The results nou presanicd nre not intended to provide
aceureto quentitative Information,  As has beoen chiowm earlier,
conditions vary considerably during cubting and severel tects cof
long "uration sre required before relisble quantitative data moy

be obtained, Tt wns first desireble, houvever, Vo cliningbe thece

Toetore vhich have no gimificent offect so thsot detelled and

(]
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theroush tecting of

be ecyried out,

Franontrtion of T

w011 o have nmost influence noy then
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2ould therelfore be regarded zo

Imporbant .
vaviahles,
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.
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onsl

Teet recultc vere initislly cbte
Sings T It wee

ble to tchulcte these Inlividually in the
being spproxinstely 40,CCO IZzen Torce

accorded on cine-filn,
hesis, the

L2,

Athonch

nuador of readings beling apg
values for ccoeh beost have been deterain?d and tabulcted,
conzidored nmost satisfactory, this metlod of rrerontotion
ccasionally fails to revecl cone importend debsil,  There this
is so the individual veolue ve been plotiel! ~nd the greph
inclzded,
o D2Pont of Voristion din Tl Jncle,
Tive Doke Lngless- + 209, + 10°, 09, - 109, = 2C°
ts are contained in

) 3 . L2 - - J

tect details ond resulbts ox
. -

4108 Vo

m grephically in

rere uoed.
moble 2. (See Section 6.) end
11t predicted by theory thet, vhere cther

irm the reon
zse In rozz oacle reculis in reluced

factors remadn constant, inc
forces Qe mainly to tihe oversll reluction in dovznmrd inclination

the recultsnt force on the tool
intervals wp to

2, Iffect of Veriction in Denth.
‘our depths of cut were tried ot 0,025

It was

100 beyond vhich stalling of the nctor occwrrel,

nobiczcble vhen mtti.ng ot incrensed depths thot the teasion-chear
pecially provalent =t

severcly pitted.

spe fracture beeane more frecucat, belng
rock is

1e hirhest dopth uhen the resultent cub curfoce wo
tions of foree, tnd since

r‘-

F-a

th

Thies results in nore sovere osclllc

elfectively 'cub! to a somevhot grester depth than that noted the
. Thece are shown in Taeble 3 and Figse 21

oear erratic,
poscible ond longer tests

resulis opr
flo definite correlation is
etion, however, is that pock

end 22,

zre decireble, The general indicati

loxding values are comevliat nore than proportionately inereased with
lon initiated froctures,

prooebility of tencl
of a heavy peck lood

depth due to the increns
It should zlso be noted thot the rapid relea
cutting tool recults in acceleration of the tip of e rote
SHEFFIELD
UNIVERSITY
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‘dependent on its storel energy. Thus severity of fmpact will be

wore then proporticnately ineressed with depth, a fact of importance

in rotery drilling vhere irpzcets chould be ninimised.,

Hhen cutting in the body of o rock, i.c. with only cae

swrfece froe, it is necesenxy to Tfrocture rock froa the cides as
well as the boce of the cut,  Techs were conducted to cocertain

vhether this cide fracture, ihilch remains constent independont of
the width of cub, has ony significant olffcct of vhal vould otlhiervise
Lo expected to be o linear relationshlp, IDeoulic tabulntel in

Teble 4 end plotted in Tig, 23, gonerally scem to indicete no

‘J

aimmificont elffect however, clthoush the recults from Dock 2 ob

Wrase ks

0. 075" depth of cub vould oppesr to conbralict this, This chould,

it is felty be rejecved in fevour of the relabionghip chown by the
other tests cince lock 2 1s very hoterogeneous and recults are more
likely to be inaceurate. Theoce tects seem to inlicate, therefore,

{hab refuction in wvidth of cutting tool will prodice a rro rota

reduction in foree for a given dopth of cubl over the precticel

saze of tool width, Lig legh roaedds ie added zince it is not

e A

t_*ogfh{; that this would be the cise for very narrew tool wilths,

g o T . . - o~
Le Difoct of Veristion ol the iwbar ¢f Tras Frons,

There the cut is being tolon in the boiy of the rock

the spalied force nmust be sulficicat to cruce frocture socross the
cides as well ze {rom the base of the cubt, Yhere two free faces

et one cide only muct Lo fractured togszvhier with the base,

[}
whiled vhere three fros faces are precent frocture tolies plrce f{ro
the bese only.. The three conditions cre illuchbrobed dlegramaticlly
Tige 24(a) . Tests recults cre chown in Teble 5 znd grephicslly

in Tige 25. Thece demonstrabe thet the reduction in fovee poasible

ney be considerchle, the effect cpparently becoming more maried with
grecter cepths of cub, This is of consilersble Inportance since

it indicatec pow.n.bla developinent of drill bit design vhich

would step wp d”‘llllm“ rates vithoubt increased lLmpect ceverity.
The pllot and reamer BIL is o preeticel application of il
principle, In this the gop betueen standerd bit legs 1s reploced
ty a omall bit in odvznce of the main cubting edges to cub out the

‘!“2'
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core ~nd encdle most of the cubting to be to two free fTrces.

e of hit has Been recently chowa to result in inerenced

Se Lalnot of Voriotion i1 tn-1a of Chliouit-r,

The front foce of 2 bit or tool is ususlly ot 90° to the
direction cf cutting, If, howover, it is turned to some aagle
other thsn 90° the e.t\igle through which the face haos been turned
is temed the Obliguity Angle. The principle of oblique cutting
is illustrated in Fig. 24(b). It wes decided to invectigate this

~ F X RN

factor since 1t wos felt thot, os obliguily ineresses the effective
Appendyg, 3.

role aagle, (See Sywwoansss $8), reduction in ths forces necescary

to cause frocture would be obtainad. The values of obliquity,

-00, =400, =009, were used in addition to tle uoranl, or Q°

cbliguity tool, all tzlung the come width of cub, i.c. tha cctual

cutting edge wes increcsed proporticacl to tle $ine of the obliquily

engle. &1 cubs were toten with one fres fzee oaly, Tect

rosults are tcbulated in Table 6 sndblotted gropuically in Figob,

Lrom which it cn De seen that in foeb the forees, cfter ca iaitlcol

clight £all, tend to inereass with obliquity. It w-s ohanived

vhilst cutting thod frocture of tiust cide of the cut tourrds wileh

the todl wns tuimned becane inercesingly nerited vith obliguity, cad

it is thought thot the Aditional Zorce required to cause this

ciceaded ayy reductlon dus to increaced ralie cagle, tihis latior

proucbly being the cause of the iaitiol reduction, The odbligue

toal thus directs stress in ths direction normacl to the cutting focz,

I on2 conciders the macll vertical cubting olges (L.0. thoss elges

thed form the woll cnd core of = “orehole) ab each cud of the cubting

loz, (A 221 B ia Tig, 24(b) ) it will be seen thad the normal tool

03

Las a zero rolie angle ot ecchh end, wherez tool Lcs

[&]
c+
P
o)
Q
8-.
H
e
L2
]
Q

eZfoctively positive rake ot the outer edge B ond o nogative rake

at the imer (A). Thus the stress requirel to cut cdge B 1411 ve
relucnd cnd thot to cut A iacrecszed. Trom these resulis it wouwld
appecr thot the negative increase outweighs the positive decraace

with high obliquily.  This, contrary to initisl indications froa
the greph, nay prove a usefnl principle in rotary drilling for the
folloving reasonsi~ |

43,
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“he slress is directed to give more effective brealmiag
of the core cspocicbod with U-Dits end it should thersfore
e ﬁos oible to design bits with a scaculiad laxger core
disneter, honce reduecing the actusl width cut. The
redaced width would, in twm, iacr sce the cxdal stress
component for a ziven thrust,

Colique cutting in rotaxy drilling is obbained Ly
effectively "oslepping bock" the cutling =dges from the
positicn thay oceupy in normel cxthogenal cutting. (Sec
Fiq 32.

Anhedbx & . This will cllow more efficiont clearcnce
of cuttiags,.

Duc to rotation the effective obliquity increases os
the centre of rotstion is epproacied, The relationship
is expresced by the following equation (derivel in

Sppendix 3). |

Sia X|: El cin xl
I

vhere A| is the engle of obliquity ot radius 1rq
)\2_ ®om general anzle of obliquity at radius ry
To 1s the radius to the cenlre of the LIt leg

L)

Thus the "gtress dirccting elfect" increoses teouards the
. L]
core.
Where cutting with two froe faces it wowld oppenr that

the forces will be reduced with obliguity, csince thore is

no side restraint to incrense the L{rocture forcec, 1t

O

would also scea probable thot the effect obeoorved Ly
Stobler, referrel to in Section I, Poge 20, cnd in Appendix
3, would tckae placa,

O TTanr

The mamer in which wecr nodified the cutting operation

was deternined in the following momer, & @' wide tocl of high

specd steel, having zero leg rake engle and 7° cleosrance angle,

-

was szt wp in the dynamometer %o tclic a cub of QOK" deep ncross

a sample of Darley Dale Swndstone, a moderstely homogensous but

abrasive rock (ilock 5) o Starting with o sharp tool, the memn

width o

-~

T £lat (aver::};-o of 12 readings weross the cutting cf’ge)

ey

L




worn cn 1t ot the end of the rum 1as nessuraed by neans of

+

travelling nieroscope (eccuracy of ueasureaent = G,0005 in,)

(See Tig, 27) . L secon? cub vas then telzen with the sacme L%
end the venr egoda metnmured,  This uzs repeated until there wnc
1littl~ further meccurchle incronce in width of flat, Cine-canera
recomis of the dynanomster realinzs wrere nale for coveral of tha

runs to indicate how the forcas were alfeetad by uo T

Results are chown in Teble S ond plotted grephically

in Fig, 28 2). These demonstrete that ’ as’ prolicteld Ly centting
theory, the forces vary directly as the uldth of 1ot davelopad,

The rate of wear docs not apnear to obey ~1y cimple law bub ratlicr

to involve 21 cxponentisl or logaritimiic fuwnetion, since the
points wvien plotted on logarithaic secales gotill Zcma curve oo

shown in Fige 28(b).  Tho grenh demonctrates the ropid rate of

ey

aportance of hard alloy

'Y

initial wvesr of charp tools ewphacing the
cutting tips.

&

Varintion In Sneal of Citbtin-,

Tosults (showm ia Table 7) indlcote no sigmificant
veriation over the low speed ronge of the nilling
rrom the somevhat more rapild rise in Jercco wp o pealt valucs,
The tzhle cpeeds are much lover than those in robesy drilling,onl
strein pange onparcbus (deseribad 1abar) wms derimel to nscsrtain
vhetiier the above reomllis ottained fron tha nilling tablo were
valid ot the hicher cpeads. These loter aperincnts show thab

the characteristic force dimtance curves are basicnlly wachangal,

Gonernl Conclusions,

Tescts Indicatei~
1. Increanse in Rake Angle reluccs the mean foreces required

for o civen depth of cut,
2 T forces required for fracture waler o Jiven cot of

conditions vary directly os the steote of vear of ths unler

nale earlicr.

3. Within the range of tool widths tested (which iz 2lso

A5, .

-~



AX, e o2

TN — . P
vf"'l u_ x“’\ul‘. C,_ C'L-L-" voIy d_y_rgc't'l:/ \_'J_‘{J; Yln vidth = the uOOl.

AR Zeoep et rezult in o sonevhobl nore thinn proportlonate
inerease in pealt lorces, this belng considersd to be due
to increcased probabllity of fracturss initiated In Tension.

0ol on reloace of lonl are consoquently also

H
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DoTe DeveIt.
5 Conciderchle reductions in force required for drilling
at o given rote noy be obboined by
(i) employing the principle of two=free
face cubbing vhere poscible. (2.5 by

the uce of pilot onl recuer bits).

(i1) Yy the use of oblique bits,
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FIG.27. WEAR MEASUREMENT APPARATUS
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aratus .

Existing rock drilling spparatus, used for earlier
research in the Mining Department, was in the process of conversion
to enale it to be used for drilling tests at thrusts beyond the
renge of 600 1b, when the writer commenced investigstion., This
consisted of a ¥ H.P., 125 v. Siemens-Schuckert rotary drill with
nominsl rotery speeds of 320, 430, 500, 600 §.P.M. nounted between
two horizontsal round steel guides, 1}* dismeter in an angle steel
framework. The thruast, previcusly ;.'raa a 3* diemeter air-leg
cylinder was now supplied by a 9" diameter cylinder with a 4' long
ram gttached behind the drill motor. A penetrometer (Fig, 29)
designed by Dr, Shepherd had been installed to record instentaneous
drilling rates. It consisted of & 3" diameter drum approximately
2'0" long which rotated et a constent speed of 1 R,P.M., driven by
a fractionsl HJP, single phase A.C. motor, and a stylus (B) (a
ball-point pen mounted in a holder) which traversed the length of
the drum, dirven by a feed-screw (C). A wire (E) attached to the
_drill motor was lapped around the pulley (F) and held teut by a dead-
weoight suspended from the wire behind the apparstus, The pulley
(F). was connected through gears to the foed screw which thus rotated
as the drill machine advanced, drewing the stylus over greph papor
womnd around the drum, In this way a continuous record of the
drilling rate during a test was obtained, Constants for the
penetrometer greph weres-

1" horizontelly on greph = 2.,375" hole depth,

1& vertically * ® =6,2 secs, drilling time,
Fuarther modifications vere found necessary as & result of introducing
the larger ram, vis,

1. Replacement of air-leg control valve by cne of higher
cepacity due to emcessive pressure drops scross it, (V in
Fig. 29).

2. Provision of a pressure gauge attached to the forward
inflow end of the ram e¢ylinder and set in the control

tedble, (G in Fig. 29).

&,



It was considered essentisl, for the correct
interpretation of drilling test results, to devise some mesns
of measuring instantﬁneous fluctuations in drilling torque and
rotary speed, Previous workers had employed the prineiple of
suspending the drill motor in bearings and messuring the torsional
forces on the motor by mesns of spring balences fixed to prevent
rotation of the motor casing, This method was not adopted, however,
since it was considered that vibration of the drill frame would make
reading of the spring balances extremely difficult. Further it
would require additionsl and cumbersome apparstus., It was
therefore decided to determine the brake charscteristics of the
notor before commencing drilling tests, calitrating them sgainst
input electrical power, By this meens it would then be necessary
only to note the three-phase power imput in order to ascertain the

rotery speed end drilling torque,

~ The Breke Test an consisted of a Cast Iron Pulley
110" diameter, 3" wide fitted with a 1" dismeter shaft that engaged
in the driving chuck of the drill motor, Two wood brake-shoes,
14ned with Ferodo breke lining were designed to £it around the drum,
‘braking pressure being applied by tightening the shoes together
‘through bolts. A lever amm 4'0" long attached to the lower shoe
and resting on a beam balance ensbled the breking torque to be
measured, Measubements of rotary speed were tsken by tachometer
from the breke drum spindle, By this mesns the torque and speed
characteristics, using power input as the base, were obtained for
the vorking range of the motor,  Results are shown tebulsted in
Teble 9 and grephically in Fig, 30,

From the results it is obvious that the fall in speed

is cansiderable over the working range, demonstrating the necessity
of having some indication of instantaneous torque and speeds, It
was also apparent from work of earlier investigators that the motor
torques would be inadequate for drilling haxrd rock and a higher E.P,
motor was purchased as a replacement, Unfortunately no varieble
speed drill motor wes aveilsble end it wes necessary to use a 5 H.P.

48,
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Hardypick track motor (as used for driving the tracks on the
Hardypick drifter) adapted for drilling by fitting a stendard wet
drilling chuck to the final drive shaft., Rotexy speeds available
by gear changlng were 62.5 and 125 R.P.M,

Since the motor was to be used under heavy axial thrusts,
tests were carried out at the Hardypick works to determine the effect,
if any, of these thrusts on the bearings, It was found that there
was no perceptible increase in power input to the motor when loaded
wvith a direct hydrsulic thrust of 1,500 1b,, thus effectively
demonstrating the efficiency of the‘ thrust bearings used in the
adspted drive head,

Introduction of the Hardypick motor necessitated
several xﬁodificationa to the drilling test apparatus, vist

1. Replacement of the }* diemeter guides
by similer rods 23* diamdfer to support the
increased weight,

2. Mounting of the motor on top of slides on
the guides to facilitete gear changing,

3. Chenging to 400 volts supply incorporsating
an Ellison starter (8 in Fig.Jl) with overload
trip colls and no-wolt release,

The ram was attached behind the motor such that the
thrust was transmitted to the drill-head through the casing with
no direct loed on the rotor shaft,

The final drill test apperstus is shown in Fig. 3l.

In addition to parts already described it includesi=
1, Weter tark (T) of 15 gallons cepasity in
vhich water was stored under ccupressed air of
90 1b/sq.in, for wet drilling; together with e
cantrol tep to roguht; outfloving water pressure,
2, Vater flow neter (M) to measure the rate af
flow of flush water,

3. Bourdon pressure gauge (G2) to messure the
water pressure at inlet to the wet attachment.
The geige was fitted to the control table so that
any blockage of water flow ecould be immedistely
9.



detected by a rise in water pressure at the
inlet .
4. Electrical instruments
(1) 3 phase wattmeter to measure input
electrical power (W),

. (11) 0 =600 V Voltmeter (V) to note any
voltage fluctuations which mey affect
motor characteristics as determined,

(111) 4 C. Ammeter (I).
Also visible on the control desk (Fig. 29) is
the forward-reverse lever to the ram (L), the ram
o1l feed (0) and the switch to the penstrometer

In view of the high drill chuck torques developed by
the 5 H.P, motor it was impracticable to obtain the brake
characteristics in the mammer used for the 1} E.P, motor, Similar
apparatus was therefore constructed at the ka works which
enabled them to be determined direct from the rotor shaft,

The drill chuck speed (1.e. speed through reduction
gears) on no load was observed by tachometer and the corresponding
rotor speed noted, This gave a direct conversion factor by which
the drilling torques for given inputs were caleoulasted, viz,

[

\J

1490
' ..". Drilling Torqus = Rotor Tarque x%

Results are shown in Table 10 and the characteristics
plotted in Fig, 38 A
Iast Erocadure,

1. The rock to be drilled was set in poaition in fromt of
the drill frame and rigidly staked against the wall to
prevent any movement during drilling,

2, The hole was drilled to a depth of approximately 1N,
using an old bit to avoid damaging the bit to be used for

the test, Each hole wvas startel or .w, mg
R,
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3.

4.

5.

9.

1,

13.

guides to ensure correct centralisation;

Full details of the bit, rod, ete, were noted on a
data sheet,

The drill rod with the test bit was then set up in
the drill machine and advanced to the hole ready for
drilling,

When wet drilling, the inlet water pressure was
adjusted,

The Penetrometer drum was loaded, the pen set on the
paper and the drum motor switched on.

The drill motor was switched on,

Observations were made of voltage, current and
power readings,

Thrast was built up to required value by rapidly
opening the control valve,

The inatant the required thrust was reached the
penetrometer was marked and a stop=watch started to
enable power readings to be taken at 10 second intervals
during drilling.

The hole was drilled to ths requisite depth.

The thrust was cut off, the motor withdrawn from the
hole, the water supply then switched off end the motor
stopped ,

The bit was examined and itscondition noted,

Early tests indicated that rotary bits of standard design

were msuitsble in many weys for use in hand rocks when heavy loals
are required, and consequently the major pert of drilling
investigations was confined to an analysis of the factors causing
failure and the development and testing of improved designs.

Rasulls,

Details of drilling tests are shown in Table 11 from

vhich it will be observed that several bit types have been tested,
including standard and modified designs, All bits were carbide
tipped, this being essenpial for economis drilling rates in most

rock.,
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The two most widely used types of drill bit are the
two-legged Stendand Concentric and Eccenmtric which differ, as shown
in Fig, 32. by the fact that the cutting tip points are symmetrical
about the axig of rotation on the concentrie type, and non-symmetrical
on the eccentric type. It was observed that Eccentric type bits
were unsble to withstand thrusts beyond spproximately 900 1bs, when
failure occurred by bending from the base of the leg inwards towards
the com-gé.p. Concentric bits failed in s similar maxmer at thrusts
* 4n the reglon of 1700 lbs., 1.e. almost double that of the ecoentric
type. (N.B, These values ere velid only for the bits tested) .

The reason for feilure in this manner may be appreciated by
considering the cutting action of the two types, shown diasgrsmmatically

in Fig. 33.
Eccentric. _
Fig. 33 (a). The initisl profile at the back of the hole
., caused by one leg of the bit,

Fig. 33 (b). Profile cne~half revolution later when the second

leg has cut across the initigl profile.

Fig. 33 (¢). General profile of the hole developed after one
half revolution, Repeated rotation removes rock as
shown, It is also interesting to note that part of
the rock 1s cutting with two free faces.

Concentric,

Figs. 33 (2),(e),(2) sinilarly show the development of the profile
of a concentric bit,

This demonstrates that generally the eccentric bit is in
contact with rock on part oaly of the total cutting edge, leg A
- (known es the leeding leg} cutting cm the outer part in the wicinity
of the tip, whilst leg B (known as the core-bresker leg) cutting on
the inner part, again in the vicinity of the tips,

The drilling rate at which the full edges come into
contact is given by the simple formula

P = 2(W = 22) cot ¢

vhere P = Penetration per revolution
W = Wdth of legs
a = radlus from axis of rotetion to tip point on
29 = point sngle. the core-breaking leg.
—— iga I T o o



— e -4 . _..__.»._..-//_
N ) ;
N o

““ Oblique > rotary drilling bits

g , \
Chd ; RN \
| Fa \ \
.——+— -

(a)

T

LEG © ' LEG A

Concentric and eccentric bits

FIG.32.




ECCENTRIC. CONCENTRIC.
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The derivation of this formuls is shown in Appendix 2,
- Typiesl drilling rstes given by this formula for a bit
where2$=120°,ﬁ=]$“, e = 3" are

RP.M,  Drilling Rate for contact across full cutting edge.

180 78 O /min,
320 138 .5 /min,
50  216.0%/mn,

or 0437 /revoluticn, which 1w considersbly higher thsn usual,
It ahoulﬁ also be noted that even when this occurs the contact
pressure i1s gtill non-wniform across the cutting edge.

Thus under usual drilling conditions the total width of
outting edge of an ecoentric bit in contact with the rock 1is
spproximately half the totel width of the bit legs, 1.e. ths
contact pressure between bit and rock for a given thrust is
approximately twice as great as that resulting from the same thrust
on a concentric bit, This sccounts for the well-proven fact that
scoentric bits vill drill spproximstely twlee as fast as concentrie
bits when using the same thrust, Due, however, to the increased
flake thickness the eccentric bit suffers more'severe impacts during
cutting and consequently chipping will ooeur at lover thrust values,

Exemination of cuttings suggests that, although fracture
acrose the whale of the cutting edge in one fleke does occaslonslly
ocour, it is infrequent. More often the tip point sppears to
cause gufficient stress concentration to result in separste and
distinct chips on each side of the tip, When the fracture occurs
on the inner tips the load on the cuter edges is unbalenced
resulting in a considerable bending moment tending to bend the legs
inwerds sgainst the core together with the usual bending moment due
to the borsional cutting force.  Where the core has fractured with
the inner flake, as often occurs, or where it 1s weak, the leg will
bend inwards, failing generally ascross its base,

Since loading conditions as described are much more
severe for the eccentrie bit it 1s not surprising that it fails at
thruste approximately one half of those possible with concentrie bite.
As neither type wes suitsble for heavy thrusts in its existing form,
further tests were carried out using altemative types,
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Spearhead Typo,

This differs from the two previoudly deseribed in that
the carblde insert is in one piece set into the bit with no gsp &t
the centre, (See Fig. 34)ii)

Tests revealed that the bit is sble to withstand mush
higher loading without fracture although drilling rates are much
reduced, This reduced rate is due to the fact that grinding instesad
of cutting is taking place in the vicinity of the axis of rotation,
as can be seen from the following example,

el Rate 10%/min, at €0 R.P.M, pr é,?m.
Spearheed bit ( Leg Clearsnce Angle 20°

Inclinaticn of cutting path $p= ten™X p
2Cr
Grinding will occur where the full under face of the bit is in

contact with the rock, 1.e.

= 2°

W3 tm 0=

;

_2AWrx
r =007
Thus crushing must occur in a region slightly more than §* dismeter
around the exls of rotation, This s a very inefficient process
and will absorb a considersble proportion of the total drilling
thrust resulting in overell low drilling rates,
The higher loading limit is due mainly to three featuress-

1, The bit is solid scross the centre, therefore there
can be no inwerd bending moment,
2, The insert is in one plece, therefore deflections

due to ?.wwbc on one face are resisted by impacts
in the opposite direction on the other face.
Stresses due to tip deflection are reduced, hence also
the impect velocity dus to acceleration of the
deflected bit tip upon release of load,

3. There are fewer regions where stress concentrations
will occur, i.e, pointed tips,

Spearhead bite camot be considered as a solution to the
problem of designing bits for hard rocks but nevertheless indicate
vays 1n which fallures may be reduced.

She
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Alloy body bits (Concentric type).

These bits were recommended as a possible golution to
bit failure, They were of the scroll body design (Fig. 34)( i)or the
National Cosl Board Specifications and were scmewhat larger in
cross~gection at the base of the legs,

- Tests demonstrated that the bits were able to withstand
mch higher thrusts thean the standard types, although fsilure of the
carbide tips now became the limiting factor,

This may be explained as followss~
Although the alloy may have a higher elastic limit than the plain
carbon and consequently sustain grester deflections before failing,
the Youngs Modulus of Micity remeins virtually unchanged with
the result that deflections of the tip under load are of the ssme
order and hence the risk of carbide fallure is unaltered,

Oblique bits,

Oblique cutting has been desribed briefly in the
introductory section, The }ideau\ was first conceived in atie&p‘ta
to utiliee positive rske cutting without, at the same time, reducing
the backing mateﬂal supporting the carbide tips. Whereas other
types are designed with the front faces of the legs along a dlameter
of the bit cutting circle the oblique bit, as its nsme implies, 1is
inclined et an angle (termed the Obliquity Angle) to the diemeter
through the centre of the cutting edge, In this way the reke engle
presented to the instentanecus direction of cutting is increesed.
The effective reke angle being given by the expression

tan O = tan & q sec >\
vhere O(,is the effective reke angle
™ q 18 the nominal reke angle
M 1is the angle of obliquity

Oblique bits mey be of two types (See Fig, 32)

(2) Those in which the legs are effectively stepped

' forvand in the direction of cutting,

(b) Those in which the lege sre effectively stepped
back from the direction of cut,

Type (), initielly considered to be & meeans of allowing
more backing materisl behind the cutting edge, was not tested since
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planing tests indicated that the cutting forces would be increased.
Stress would be directed towards the solid wall of the borehole and
Serve no purpose. :

Several bits of Type (bj:\?eiz(geai@ed and tested, The
leg cross=section at the base had been reduced in stepping back the
lege end failure soon occurred in the msnner of the standard types
wnder thrusts below 1000 1b, Although not further tested this type
is of interest in view of the stress-directing effects observed in
the plening tests, It has been demanstrated (Appendix 3) that the
obliquity increases towards the imnner radius, 1.0, as the core is
approached, Consequently the stress will be directed acroes the
core, resulting, it is thought, in more efficient core destruction.,
Thus, whilst oblique cutting with one free face results in higher
cutting forces, it mey be possible in practice to increasse the
permiseible core diameter (i.e, that which cen be effectively broken)
and hence the actusl width over which cutting tekes place, 1In this
wey it may be possible to increase drilling rstes for a given thrust,
Whilst the writer himself has been unsble to test this theory it is
now being investigated by a fim of drill-bit manufacturers on the
basis of the above reasoming,

Having investigated the modes of bit failure it was then
necessary to design a bit in the light of information obtained,
Fallure of the legs could be overcome by increasing the cross-sectional
ares at the base, The probability of carbide failure, however, can
be reduced by several means as the following snalysis shows,

Tt 18 now welleostablished that the magnitule of impast
stress waves is directly related to the velocity of impact, The
veloclity of impact of a bit tip on the rock surface after fracture |
nay conveniently be considered to be affected by two components,

1, Velocity due to accelerstion of the rod wpon
releass of stored energy.

2. Velocity due to acceleration of the drill bit
upon release of energy stored in dsfleetion of the
tip.

Of these the higher velocity will be that resulting from
56,



deflection of the tip, Tip deflection also induces tensile

bending stresses in the front face and consequently reduction of

tip deflection will have a two-fold beneficial affect,

_ The calculation of tip deflection (y) wnder load has
been made for a somewhat idealised bit form and is shown in Appendix 5
to this thesis, This shows that the principal faatozjs affecting
deflection are:

() Loading (W) seeey ¢ W
(b) Wedge angle (‘?)... y &« cot 3 ’q
(¢) Length of leg (L), y & L2
() Point angle (2f).. ¥y oot §
(o) Youngs Modulus of
Elasticity of Bit Yy
108 (E) eocsce J «

Reduction in deflection may therefors best be obtained in the
following wayss

(1) Increase the wedge angle, i,.s, reducing
clearance engle, snd uss of negative rake
angle bits,

(11) Reduce length of lega,

(113) Increase point angle,

(iv) Increase effective Youngs Modulus, 1.e.
increase carbide thickness,

(v) Reduce loal on tip, e.g. increase mmber of

cutting edges, or use pilot and reamer bits,
Method of attachment of bit to rod,

Most manufacturers have employed the slot and pin
sttachment between bit and rod, which, whilst useful for rapid
sttachment and removel of the bit, is msstisfactory in that considerabl
play may often occur in the slot, Thls allows the bit to be tumed
through several degress relstive to the rod and may be considered not
connected to it from the rotational aspect. Thus on sudden release
of load whilst drilling the bit acceleration is determined by the low
inertia of the bit alone, with a consequently high impact velocity.
Where the bit is rigidly connected to the rod, the acceleration of the
bit body is governed by the acceleradion of the rod and is much lower
then in the previous case dus to the increased inertia, It igthus

b Y

A B 1 L s 8, 0
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desirable that the connection betwsen rod and bit should be rigid as
may be obtained, for example, by the use of a screw attachment,

Of the design festures so far noted, increase of wedge,
reduction in length of legs, increase in point angle, and screw
attachment, are relatively easy to introduce, Increase of carbide

‘thickness is not recommended unless essential since it is a very
expensive means of increasing rigidity, Multi=leg bits are of
naximm advantage when core drilling, or drilling large diameter
holes where more space is available for clearance of cuttings,
Modified bit designa,

Having considered the factors affecting bit performance,

drill-bits incorporating some of the above features were designed
and tested, These are shown in Fig, 36(“)
Modifications aret-

(1) Increased cross-section st base of legs.

(14) Reduced clearance angles ..... 15°,

(111) Increassl point angle ...... (150°),

(iv) ‘ Shorter lags.

(v Tnoreased carbide thickness (¥/16" = usually
| spprox, 3*)

(vi) Screwed sttachment. (§* B.S.W.) ‘

H2. One feature in the sbove bits which 1s not recommended, but
' was incorporated by mistaks, 4m,the position of the tip points.
These should prefersbly be situated closer to the axis of
‘rotation in order to reduce the peripheral velocity and
minimise impact stresses on this wulnersble region,
Tests with modified bita,

The rocks used were:

(1) Perkgate sandstons, an sbrasive and
moderately hard carboniferous rock, and

(11)  Derbyshire Limestons, a nansbrasive but
hard and brittle rock much more resistant to
penetration than those previoualy used,

Early tests in the sandstons indicated that the maximm
thrust of 4800 1b, could be used without damaging the carbide, but
it was soon spparent that the screw attechaent used had certain
defects,
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1, The male thresd an the bit was initially
too narrow (8¢ B.S.VW. thresd) end sheared off
under heavy forques'.

2. Increase of thread dismeter (to # B.S.W.)
hecesaitated removal of too much materlal from
the 1* diapeter round rod for the female thread,
with the result that the materisl around the
thread on the rod flowsd plastically wnder
heavy thrust,

The design was therefore modified and a §" diameter

B.S.W. floating stud of 28 Bi-Crio alloy of high torsionsl strength
used to connect femals th:;'esis on the bit and rod., This proved
satisfactory and no further trouble was experienced, even at torques
in the reglon of 270 1b gt (B seen in ¥y 360i))

A further altemative which may be used, but which was
not adopted whem the stul proved satisfactory, is to have the female
thread on the bit, Since the bit is overall larger in diemeter
than the rod the intemmal thread could be made larger axd the male
thread on the rod could be correspondingly increased with no ille-

" effects,

Although considersbly strengthened, the carbids inserts
gtill showed a tendency,at high thrusts,to flake and chip &t the
inner and outer points, although not at the rounded ti§ where
previously it had also beem prevalent, Points are regions of
stress concentration snd are generally to be avoided wherever
possibles thus rounding off of all tips is necessary vhen drilling
hard rocks, The writer is of the opinion, however, thet the pointed
imprint caused by a bit with pointed tips will also result in stress
concentrations in the rock, which may ald rock fractures to develop,
and 1t vould be interesting to carry out tests to deternine whether
drilling rates are significantly affected by the use of bits with
rounded profiles,

Multi-leg bit,

A further bit type designed by the writer and not yet

tested is shown in Fig, ¥6) It is similar in most respects to

- the previous types but,
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1. has four legs instead of the usual two,
the legs am  Shottet to coumtr+
2. the loss in rigidity which arises as a result
of reducing the backing material to allow
adequate clearance,
Cholce of carblide grade, '
| Tungsten carﬁide is menufactured in several grades of
varying grain size and cobalt content, these two factors combining
to produce carbide alloys of differaent wear and impact resistance
properties,  Unfortunately increased wear resistance sppears to
be possible only at the cost of reduced impact strength, although
research is being carried out to increase thesefaluss. Care must
be taken to select a carbide having adequate impact resistanse,
together with wear resistance, Thus, in a medium hard, abrasive
rock such as the Parkgate sandstone described earlier, a fairly low
cobalt allay (e.g. 6% ©°) with high wear resistance snd moderately

high impect strength msy be used, whereas for the non=abrasive, hard

Derbyshire Limestons more satisfactory results will be obtained with
a 9% = 10% alloy of higher impact strength, but sonewhat reduced wear

resistance,

1, Standard type rotary drill bits are wnsuitsble
for hard rock drilling, although there appears to
be no reasm why the eccentrie bit principle, with

. 1ts inherent advantage of higher drilling rates for
a given thrust, should not be used, provided it is
made sufficiently rigid,

2. Spearhead bits are very inefficient but are much
stronger than the U~types. The principle of having
the two cutting legs solidly commected across the
centre strengthens them considerably and helps to
reduce fallure, This principle mey well be used to
advantage in pilot and reamer bits where the central
core 18 destroyed shead of the main bit,

3. The prineiple of cblique cutting msy be
edvantageous vhere it is necessary to destroy a rock
core, 0.3, vhen drilling with hollow or tubular rods,
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or when using U~type bits.

4o The slot attachment used with standard type
rotary bits and rods is unsatisfactory far drilling
hard rocks, A more rigid oamection,- 6.8+ 8CTOW
attachment, is necessary.

5. Al points on the cutting edge profile should be
radiused off to avoid excessive stress concentrations,

6. Maximm rigidity is essential for hard rock

© drilling bits, 'l‘hg most marked improvements may
be obtained by (1) Reduction in clearance angles,
with maximm thickness of backing
naterial,
(11) Reduction 4in length of legs.

7. Multi=leg bits nay be advantageous where the
additional legs may be introduced without reducing
rigidity or impairing the efficiency of flow of
cuttings from the tips, |

Notes on Tests II,

- The effect of reduced rigidity may be spprecisted from
the results of Test Series II,  Drilling tests were csrried out
using a bit with alloy stud comnection, Tests eppeared successful
wmtil II(£), vhen vibration and noise considerably increased, and
the wattmeter readings became more variable than usual, Cuttings
were also noticesbly smaller then in the earlier tests, It will
be observed that although the tm and thrust were considerably
increased the drilling rate was practically unchanged, Examination
of the bit later showed the carbide to be undamaged, The bit had
been internally threaded too close to the base of the legs and
exmmithhat a crack had developed from the core base to
the bese of the internal thread, the nett effect being to increase the
1@ef§holmandhememorigﬁiw. This appears to
indicate that increased impact results in less efficient rock

breakdoun, as shown by the higher power consumption end reduced sisze
of cuttings,




Anglysis end tion of Rock Cutt

Later drilling tests were carried out using plain
round, 1% dismeter drill rods, with water flush, It was considered
that the cuttings would thereby suffer almost no comminuticn as they
passed elong the bore~hcle, and that an examination of them may
indicate some deteils of the rotary cutting action, Samples were
accordingly collected from & series of holes drilled in Derbyshire
Limestone st varying thrusts. These were then dried and sieved,

Results of the sieve snalysis are shown in Teble 12,
Photographs of a typical sample, together with a selection of large
size cuttings, are shown in Figs, 37 and 38,

The snalysis leads to the following cbservationss

1, = Cuttings are larger in size than those
obtained in percussive drilling,

2. Most sizes of cutting ships are
characteristically wedge shaped,

3. | The original ®upper aﬁrtac&' of the chip

nay easily be distinguished from the fractured
surface since the former is alwmys lighter in

colour (and occasionally shows the bit profile) -
See Fig, 38, = than the latter., Rock crystals
are clearly visible cn the frectured surface
vhereas the other has a "powdery® appearance ond is
lined with numercus redlsl stristions, (These

are visible on seversl of the chips in FigJ38,
especlally.

4. Two fracture surfaces, characterised by the
darker colour, msy be seen on each chip. The
first starts at high inclination to the upper
surface, the other at a lower inclination,
forming the under surface of the chip,

Striations on Upes Surface




The difference in coloration mgg be seen on
the lower parts of the chips in Fig, 38, the darker
part being the high inclination fracture line,

It 1s also apparent in Fig, 37.

5e The core often forms pert of the chip and is
usually broken off as it develops, See Fig, 38,

6. Fracture occasionally occurs across the full
width of cutting edge at one time, even though the
strain rate varies with the radius of rotation of
each element of cutting edge.

7. The sieve analyses s{mw that the aversge weight
of chips of a given sleve size increases with
thrust, This indicates that the thickness 1s
increased with penetration/revolution as would
be expected,

Two impoM inferences which mgy be drawn from these
observations are:

1. The rock fractures in a manner similer to thst
observed in plening tests, Thie is deduced from the
shape of the chips and the steeply inclined fracture
line before major fracture,

2¢ The stristions and powlered eppearance are dus to
heavy impact of the bit tip on the rock after fractwre,
2 sinilar sppearance has been noted on tie surface of
rock after percuseive impact by Prootor 7, The
®powder® is considered to be due to pulverisation of
surface particles,

The above corroborates views held by the writer that the
rotary cutting action is essentially planing, and that cutting tips
undergo frequent severe impacts during the drilling of hard rock,.
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In view of the low cutting speeds of the milling machine
used for planing tests, it was considered sdvissble that further
tests be aarﬁ.ed out with full scale drilling epparatus to obtain
corroborative evidence that the cutting sction in drilling was
fundamentally similar to that observed in plening, and hence Justify
the spplication of planing test results to rotary drﬂling at
comparatively high speeds,  The spparatus required would have to
be ca:pable of messuring very repid fluctuations, accurstely recording

events occurring over periods of the order of milliseconds. This
considerstion led to the edoption of electrical resistance strain
gauge spparatus in conjunction with a cathode=rsy oscillograph,

A 1" diemeter round drill rod 3' long was machined smooth
to & finished size of /161 and threaled intemally st ame end to
it  serewtype drill bit, The rod surface was then clesnsd end
prepared to teke the resistence strain gauges, arranged as shown in
Fig. P. The gauges, supplied by British Thermostat Co. in matched
pairs, each 2000 °ohms resistence, were mowrted in pairs symmetricelly
placed st 45° to the axis of the rod, cne pair diametrically opposite |

to the other, The gauges were cemented to the rod, lightly elamped
using a felt lined wooden clamp, and allowed to set in warm alr for
48 hours, The technique of fixing the ganges was that recommended
by Dobie and Isa,taacl.8 (P10),

The four gauges were comnected ,tq ‘fom a closed
Whestsbone bridge network, Strain effects due to bending and axial
compression of the rod by the drilling thrust ave eliminsted, the
effect of tensile bending straing in geuges A and B for example
being cancelled by compressive bending strains of C end D; amd all
gauges being mifornly strained by direct compression, thus having
no nett effect on the signal output from the bridge cireunit, The
bridge was energised from a 60 volt dry cell battery and the output 1
Ted to a Southern Inetnm@t strain gange bridge panel via copper slip ‘
rings rotating in mercury, The elip ring assembly is shown in Fig.k0,
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This consisted of four copper discs, " thick, 43 dj_met@, o
mounted on circular 'Perspeac“seatingts‘on a 1* bore aluminium shaft
and separated by ®Perspex spacer rings, thus belng insulsted from
the shaft and each other, At each end of the disc-spacer ring
assembly was fitted a ball-bearing to suppoft the outer "Perspex®
casing, Two nuts, tightened sgainst the inner rase of esch bearing
sius fimmly clamping each disc between the seating anl spacer, The
base of the casing was divided (as shown) into four compartments,
agein by Perspex, ensuring that each was electricslly insulated from
the others, Stainless steel rivets set in the base of each |

compartment cormected with terminals on the widerside of the casing. ’
S1gnal wires were connected to the dimcs via holes drilled in the |
wall of the aluminium shaft and connecting hales through the Perspex
8pacers. The compartments were £illed with mercury to provide
electrical contsct between the discs and the steel rivets, When .
in use the assembly was electricelly screemned (to prevent pick—up
of stray electricel charges) by a sheet steel casing, part of which
can be seen in Fig. 4. The assembly wes then mounted on the drill
rod, being held in position by grub screws through the aluminium
ghaft., The output signal end input E.M.F, were fed by screened
nComaxial® ceble to and from the Southern Instruments Strein Geauge
Bridge unit, as can be seen in Figs, 41 and 42,

The bridge was balanced using a variable high resistence
on the bridge penel in parsllel with one amm of the bridge,

The output signal from the bridge was then amplified
through the Southern Instrument DL, Pre-Amplifier from whence it
was epplied to the Y plates of a Southern Instruments M.950 Universal
Cathode Ray Oscillogrsph, Fig.42

Records were obtained photogrephically using the I Mr3l
Universal Variable high speed drum camera, shown sttached to the
oscilloscope in Fig, 43,  Sensitive photogrephic peper was plasced
around the periphery of the drum which was then set rotating. Wen
running at full speed a switch on the camera was depressed which,
through a cam arrangement in the camera triggered the beam,
(oscillating wnder the action of the variable signal from the strain

genge circuit), onto the oscilloscope screen for ane revolution of the
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drum, thus avolding repetition of the trace over the Phot ographie

papeTe

Static Calibration of Gauges.

A cantilever bar, clamped to the drill bit, was loaded

with weights to impose a torsion of known magnitude. The output
signel of the gauges and the corresponding deflection of the
oscilloscope trace at various gain settings were noted, This

provided a vertical calibration scale for the dynamlc oscillations

during drilling,

Test Procedure,
1.,

2.

3.

he

5¢

10,

Thé Pre-Amplifier heater umnit, pre-emplifier
and oscilloscope were switched on, cantrols being
set to Resistence Capacitor Coupling in order that
only oscillaticns of torque about the mean were
Tegistered,

The strain-gauge bridge circuit was balenced
uging a micro=emmeter to indicate zero output
signal from the strain geuge bridge.

The pre-emplifier was checked for drift and
the hum~correctors adjusted,

The beap wes triggered to ensure correct
positioning on the screen.

The camera drum was loaded and started at the

Tequired speed,

The drill motor wes sterted and the desired
thrust spplied,

The camera shutter was opened and the beam
triggered = The shutter was then closed,

The drill wes stopped and withdrawm,

The beam was djwbedtothebabm;rtho
wm@a@mmmmefm
frequency applied to the I input from the Beat
Frequency Oscilletor (B)(Fig, 42),

The camera shutter wes opened and the

to provide a time-base for the recoxd,
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FIG 43. OSCILLOSCOPE -CAMERA
ASSEMBLY,



-1, The shutter was closed, the drum stopped, and

e R P

the photographic trace removed for developing.

Regults, ;
Tests were carried out using Derbyshire Limestcne, a

hard, non sbrasive, very brittle rock,
Typical oscillograph traces are shown in Fig. 44 (a) (b). 1
The traces immediastely reveal the highly oscillatory

nsture of the drilling torque. Fig, 44 (c) shows in more detail

the characteristie form of the torsicnal force/distence cut which is

of exactly the same type as that observed in planing, The force

builds up with slight drops when minor fractures occur, until the

pesk value is reached., Fracture then occurs with a repid fall in

force, This rspid fall represents the period during which the bit

and, to a lesser extent, the rod is accelerating due to energy

stored in deflection, The bit hits the rock and the force then

bullds up egain to another pesk value,
This analysis reveals seversl importsnt details relating

to rotary drilling.

1. M‘hﬂed’ Force Oscillation,

Tests were all carried out at 1200 1b, thrust in view of
the posglbility of shearing of the bit thread which had to be
reduced as a result of the reduced rod diemeter., The mean torque in |
Derbyshire Limestone et this thrust was spproximately 60 1b. f£t,

The fluctuations about the mean, as measured by the gauges, is also
of thie order (50 = €0 1b.ft.)  When it 1s considered that this
result is measured spproximetely 12" from the actual bit tip, 1.e.
after damping of the strosses due to intemal frictiom, it will be
apprecisted that the oscillstions are extremely high, probebly of
the order of : 75% £ 100% even at this comparatively low thrust.,
These fluctustions will undoubtedly incresse with thrust, as is shown
by planing tests on depth of cut variation,

This may be regarded ss conclusive evidence of the

necessity to design bits able to withstend very severe impact shocks,
2. Froquency of Tpact,

If 1t is accepted that impact ocours after each major
fraocture then it 1s possible to form some idea of the fmqumuy of

. . ;
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impact, In Pig. 44 (b) one fracture occurs approximately every

3/_500 gsec, = 0,006 secs, The drill rotational speed was 125 R.P.M.
i.,0. 2 RP, sec, (approx.). The nunber of major fractures here is
thus of the order of 80 = 90/revolation,

Talkdng this a step further, a bit will endure 10,000
severs impacts per minute, drilling time,

This reveals the possibility of impast fatiguo about
which very little is Inown in relation to tungsten carbide alloys,

Although designed initially to establish that the rotary
drilling action was similar to.planing, thesa tests have thus
revealed other very important data.

Conclualons,
i. There is no fundamental difference betwseen
rock planing and rotary drilling,
2. Rotary bite undergo frequent and very

gevere impacts and it is felt that the ,
ultimate limitation of rotary drilling is the
abllity of the bits to withstand them, The
striations observed on the surface of fractured
rock chippings are a further indication of the

froqnmt i@ms‘



flush water supply circuit,

Mequate water supply to the bit tips is essentiel in
rotary drilling to facilitate evacuation of the cuttings and prevent
over heating of the bit tips, Experiments originally designed

solely to calibrate the water flow rates agalnst water pressure
at entry to the wet drilling attachment revealed certain points of
high pressure drop in the supply circuit and tests were consequently
extended to locate the principal sources,
Test Procedure,

Water under pressure from a supply tank (See, Fig.3l)
was passed via a water flowmoter and control tap through a standard
wet drilling attachment and slong the central $® diameter bore of
416" long drill rod o the bit, Two §" diazgeﬁer holes were drillel
316" apart on the rod to commect with the cantral bore, and Bourdon
gauges fitted to measurs the water pressure st these poiats. A
further gauge (Fig.45) was also fitted at emtry to the wet attachment,

Readings of the three prasméo gauges were noted for

various flow rates under various conditions, vixz,

1, Using a slot in type bit with two 3" diameter
side water-holes fed from a central 4" dismeter
hole connected to a normal plain round drill
rod, having a $" central water bore and a
standard wet drilling attachment,

2. Similar to (1) but replacing the slot-in bit
wvith a screw in type having similarly placed
holes 3" diameter,

3. Sintlar to (1) with modifications to the
standard wet attachment, The standard
attachment is as shown in Fig, 45, water
entering at 1, passing around the annular space
between the rubher sealing rings (B) via the
diametral hole (C) ecmmecting with D, and thence
along the drill rod water bore, Modifications

%o this design were
(2) enlargement of the space between the rubber
69,
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sealing rings, by 4" in diameter,
(b) A second hole was drilled at right angles to
the existing one (C) to connect with the water
exit (D).

Pressure drops wers noted for wvarious rates of flow and
the resistance of each part of the system determined, Values for
resistance were obtained by plotting values of P agalnst values of
@2, where P is the pressure drop in 1b, per sq.in, and Q 1s the rate
of flow in gallons per minute,

Detailed results are tabulated in Section 6, fram which
the following values were caloulated,

Resistance ( (P/& ) units )
Standard wet sttachmeat ,.... 295

Modified * " 1.20

4" bore drill rod (1) 0437 per foot length,
W e m v (11) 0,54 * " "
5/16u r w n 02 L ]

Bit Type 1. (3" dia,wmter holes) 7.0
nowo2. @ v m)om
The effect of these resistances on flow rates may best
be sppreciated by considering the pressures required for various
rates of flow under differing conditions, e.g.

(a) Normal wet attachment, 6 £t, long 1 in, bore diemeter drill rod
and Typs 1 bit,

(b) Modified wet n 6 £t long 5/1611 n " " n
: and Type 1 bit,

'(¢) As (a) but using Type 2, bit,
(@ As(b) ® * 8o .
Results are shown graphically in Fig, 46, These
clearly demonstratet
i. That as much as 80% of the total pressure
drop may oceur in thé bit water holes and that
modification of these is the most effective way
of increasing water supply,
24 Thst the required water pressure for a given
rate of flow may be reduced by the order of 25%
by modifying the wet attachment mdinomsmg.

Mo
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the rod water bore from 3* to 5{6. .

3. That water pressures for high rates of flow
may become exccesive with standard equipment and
bits having 3* water holes, It should be noted
that the wat;r Jot at exit from bits having the
larger diameter water holeas will be reduced,
vhich would be disadvantageous under low rates of
flow., Where the higher rates are required for
transportation of cuttings, e.g. in fast drilling,
the jet velocity would, it is thought, be adequate,

Trouble was experienced early in tests as a result of

using drill rods with shanks slightly longer than the wet attachment
was designed to take, Although water flowed normally whilst the
machine was running idle it stopped immedistely as soon as any load
was put on the drill 11'71. It was discovered that the drill rod
shank, approximately 16?' too long, engaged in the chuck drive as
soon as drilling started and compressed the rubber sealing washer
E until the hole in it was completely closed, thus preventing water
flow, Removal of the washer causes water leakage at the chuck so
that it is essential to ensure that the rod shank is exactly of the
required length,

Conclusions,

Alpan end others have stated that fallure to remove
cuttings as they are formed during drilling may be a serious limit
to the drilling rates attalnasble in practice., Tests indicate that
this may be largely overcome by the modification of the component
parts of the flush water clrcult,
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SUM/ARY OF MATN CONCLUSIONS,

Rock Planing Tests,

1.

2e

3e

4o

5e

7.

8.
9e

10,

The rock cutting action in rotary drilling is
characterised by brittle fracture of the rock, resulting
in rapid drop of force and consequent rapid release of
energy stored in the tool,

Local inhomogeneities influence the direction of
fracture, Fracture usually occurs by shear fallure bul
may be initigted in tension,

The direction of the resultant force on a tool is

. detemined mainly by the coefficient of friectlion on the

front face which also varles widely and may aftain high
values,

 Since the frictional process has such influence on the
resultant force direction, which in turm determines the
thrust required for a given drilling rate in rock, it
should be simulated in Drillability tests, The mechanism
of this frictional process requires further research,

The magnitude of the resultant force in rock cutting
is directly proportional to the width of flat on the under
face,

Increase in Tool Mo Angle reduces the mean forces
required for cutting., .

Increased Depth of Cutting results in high instantaneous
force fluctuations and tensils initisted fractures become
more frequent,

The mean forces are directly proportional to the width
of cut over the usual practical rangs.

Considerable reduction in forces is obtained by increasing
the number of free faces in cutting,

The use of the Oblique Cutting principle should be
adventageous in Rotery drilling, especially when in
conjunction with"two free face” cutting as in pilot end

reamer bits,
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Rock Drilling Tests,
1. Standard bit designs are unmsuitable for hard rock,
20 Improved designs must be as rigid as possible.
This may be obtained in several ways, viz.
(a) reduction in clearance angles,
(b) heavier backing to the insert.
(¢) useé of shorter bit legs.
(@) rigid attachment to drill rod.
(e) wuse of multi-leg bits with as many legs
as posgible commensurate with adequate
clearance for cuttings,
3 Pointed edges must be avoided since it is here that
failure first occurs.
he Rock cuttings obtained from drilling tests indicate
that the cutting action is basically the same as that in
| rock planing,
1's The characteristic force oscillation in rotery drilling
is exactly similar to that in planing.
1 Rotery drill bits undergo very severe and frequent
oscillatory loads,
Water Flow Tests,
1 By far the greatest pressure loss in the water flow
circuit of a rotary drill usually occurs in the drill bit.
s Modifications in the circuit may reduce pressure
requirements by the order of 400%.,

The above thesis represents the results of three years
research into the very complex problem of rotary drilling.
Practically no previous research had been published on the application
of the method to hard rocks, As will have been observed from reading
this thesis the problem is complicated by the large number of
interacting variables and it has been necessary to determine to some
degree the nature and effect of the more important of them.

The writer considers the information contained herein
to reveal several factors, previously not considered to be of major

importance in determining drilling performance e.g., the frictional
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process on the front face of the bit, the frequency and severity of
impacts on the brittle carbide tips,

The developed theory of rock ecutting will lead to a
clearer understending of the fundamental principles involved and,
- 1t is bhoped,form a basis for more detalled research into this
aspect. Rock cutting has been shown to have basic similarities
ﬂ%ﬁ netal cutting and,provided the ststed limitetions are
caonsidered, much benefit mey be obtained by the epplication of metal
cutting theory to rock,

Equipped with this kmowledge it i1s possible to invent
and design so that the range of application of rotary drilling may
be extended and present performances congiderably improved,
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BRIEF SUGGESTIONS FOR FURTHER WORK,

The research has revealed several aspects of the problem

which the writer considers of importance and upon which information

is at present lacking, These are detalled below in the hope that

future workers may perhaps be spurred to attempt their solution,

1.

3.

Practical full scale testing of the effects observed in
the planing tests.

Whilst the effects observed in planing will also be
present in rotary drilling practiecal difficulties not
envisaged by the writer may make the application of
suggested improvements impracticsble.

A detailed study of the frictiocnal processes in rock
cutting of the planing or rotary drilling type.

The importance of this work cannot be over emphasised
since friction has been shown to be the main factor
determining the drilling thrust which is a limiting
factor in application of the method, The use of
lubricants may possibly result in improved performance.

A study of the temperatures attained by rotery drill
bits under various conditioms,

(1) to indicate the risk of igniting methane oil in
oil bearing strata, etc.

(11) As a mamner of determining the overall efficiency
of the drill bit, i.,e, by obtaining an "energy - balance
for the process'. Since most of the energy will be
liberated as heat this would appear the most suitable
method. The maximm tempersture may be calculated from
thermo-~couples set in the bit or, since the temperature
gradient will be highy and errors probably large, it
mgy be posaible to use "artificial rocks", i..
concrete blocks (with added abrasives) through which
are preset small diameter metel rods, These rods
would be so placed that contact-between the bit tip and
rod - was made every revolution, The two dissimilar
metels (i.e. tungsten carbide and the metal rod) would

form a thermo-couple and the maximum temperature would

75,




be

5e

be obtained, Alternatively this mgy be used in
conjunction with inset thermo=-couples as a temperature
calibrating device (1.0, to determine tip temperatures
for known inset thermocouple signals),

Correlation of Drilling Speeds with basic physicel
quentities such as the Modulus of Rigid;ty ard Youngs
Modulus, together with rock abrasiveness and friection
characteristics, These tests are suggested in view
of the demonstrated dependence of cutting forces on the
shear strength of the rock and its friction
characteristics, This research may well be carried
out in conjunction with suggestion 2, '

Photoelastic determination of stress concentrations
due to various point engles and rounded tips, etec.

Investigation of the upper rotary speed and depth
of cut limits using the rigid bits suggested,
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Leg Rake An

! APPENDIX I,

TERMS USED_IN ROTARY DRILLING,

(1) Apparent Leg Rake Angle, Angle between
front face of bit leg and plene through cutting
tip parallel to axis of rotation,

(11) Effective Leg Rake Angle,  Angle between
front face of bit leg and plene through cutting

- tip normal to direction of cutting.
' Point Angle,
Included engle between cutting edges on front face
of bit leg.
_ élearame e

(1) Apparent Clearsnce Angle,  Angle between
wnder face of bit leg and plane-through cutting

tip normal to sxis of rotation,-

(14) Effec Angle betveen
under face of bit leg and plane through cutting
tip parsllel to direction of cutting.

Other terms have been defined as used in the text,



ATPPPNDIX 2,

Cutting Action of Eccentric Bit

Ebﬁbbn

_AB = (W-a) cot¢ W = width of inserts

CD = a cot ¢ a8 = distance to tips

BD = from outer end inner
=P periphery (resrect.)

CE = 2p 2p == Penetration/revolution

- - DB

AC = AB - CD =D 2 = Point Angle
= (W—a) cot@ -~ a cot@ -7
= (W-2a2) cot? -7

overlap = (W - 2a) cotp =- p

»e For full cutting edge to be operative
p & (W~ 2a) cot¢
Also thickness of flaske on this portion when cutting on full

edge
t = p - (W~ 2a) cotq

e.g. 1f W = 13"

a =%H

¢ - 60°
Total penetration (Rp) _ 3 1.732 _
for '"full cuttingJ P T 3 m. 433"/ rw.
R.P.M, Drilling Rate

180 78.0" / min,
320 138.5" / min,
500 216" / min,
700 303"/ min.

- (1)



APPENDIX_3

Oblique Cntting in Rotary Drilline

Consider general case where bit edge is inclined at to
the radius passing through its centre, (liost pgeneral way
of expressing obliquity)

Definition The angle of obliquity at any point is the

angle that the element of cuttinz edge at
that point makes with the resdius to the
same point.

Varistion of obliquity sngle scross bit edre

Let 'A1, /\2"’">‘n be the angle of obliquity at any required
position along AC.

)‘c is the angle of obliguity at centre of insert.

From A C£3

To Te
sin(180° = Ac) = sin

1
r
. p = L
s sin)\1 T, sin )\c
where r, eni r, are radius to centre and bit

diameter resvnectively.

Cslculation of obliguity at centre given bit radiug, core
radius and perpeniicular distance 'D' between leos

8]
r - J(—2r22+ 2r12-b' )

5
D/ 2.2 4 2r,2 - bd)
2 °Ty 1 |
5
D
Afpﬁf+ or,? - v°

(1)

Hence sin )\ o

i

i



APPENDIX )

Effect of Variation of Point Angle on Effective Wedre Anrele

(andi hence Effective Rake and

Effective Clearance anoles)

See sccompsnving diagram (Fig.(b

Let plane BCK be px + pq + rz + d
p,q,r are direction cosines
¢ is (o0,0,c) end is on plane

K is (a,b,0) and is on vlene

Directions - cosines of normal to

altitude of & 40C) sin &« , O

Direction -~ cosines of BCK - p,q,r

But BCKX and ACK are 1. .. 1p
.. Eliminate p,q,r,d from (i) end
(to find equatlon of BCK)

X ¥ Z 1 =

0 o] c 1

2 b 0 1

1l o] m 0

x 1o ¢ 1| =-y] o ¢ 1+ 2
b o 1 a o 1
o 0 l m O

x (bm) =y (cl + am) + z (-vf
(bm)x - (cl1 + am) y-(bl) z

Tn determine an~sle 377

Direction cosines XKC

KC joins (a,b,0) to (o,0,c)

Direction ratios 8,b,-c

Direction cosines g, h, =c
Y BOK R

where fL = 82 + b2 + 02

(1)

)
= O LN (1)
RCK ... rc + d = o (XN ] (ii)
BCK .’ ra + gb + d =0 ssee (iii)
vlane ACK (i.,e. of ON
y co8 o .
+ mr =0 PP (iV)
(iv) ;
o o 1}]=-1 |lo o = 0
a b 1 b
l1 o O o m ;
) -9 (—"bC) =0 g
+ ble = 0 XEE I %

(sez diagram )



But BK joins B to K

Co-ords _of B

Substituting x =0, y =0 in I
ble

% = e = A (sa)

K is (e,b,0)

B is (o, A,o0)

Direction ratios of BK are a, (b ~-A), o.
Direction cosines of BK are % , b;)‘ » O
Where w2 = 82 4 (o - )\)2
b -c
D-Cs for X = &, 2, =¢
| R R R
D-Cs for BK = -%, b;} y O.
2
cos LBKC = cosf - 2., b(v-) cees II
| A
From ceometry of diagram
a
tan 7? = B sec & cece (V)
c
ten € = Py ceon  (vi)
. A i} ble = b 1 ‘ = Db. 1 1 = sin &«
lc + am 1 + am m = co8 &
le
= 2
A - b Sin d seoe (Vj.i)
_ a seed
b = —————tan,,z eees  (viii)
c = a tan7 e ¢ 0 (ix)

Substituting in II

: 2 2
1 2, ,2 2 a sec 2
cos @ =}W ga +b cosggzﬁf‘l "',_Zitan 7 . CO8 0(3

= _&_1__2, cosecz'rl_

P
’szz = (82 + bz + 02) (82 + (v -A)z)
2 2 2 2 sec? & 2
a~ 4+ = >
b + ¢ a(1+.m + tan“e )

et Rt
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2
82 + (b =-A)% = a2(4 +—23::; 1 cost o )

: 2
82(1 + ggrslz‘l?)

2
2 0 _ uﬂ 2 - 4 cC03 &X
/J_ w = a'sec” X cossc ’fI ('1 + —"Z—tan 7?
= ab' cosecz’q (se02°< + cotz’)?)

a2 cosec 7? \/seczoi + cot27z

/J.W

9 82 008602
cos = =5 4—-——7—
a“ cosec ’77‘\/-sec“o( + cot"o{
cosecC
- seczo( + cot277
cos &
CcOS =
cos Oyftanz'r] + coszo(
N—» 70° 60° 50° 1,0° 30° 80°
¥ |
70° . 68.9° 58.3° u8.4° 33.3° 23,a° 79.4°
60° 67.3° 56.4° 146.0° 36.0° .26.5° |
50°  64.6°  53.0°  u2.4°  32,9°  23.5° 76.8°

bo®  60.9° 48.5° 37.9° 29,0° 21.1° 74.5°

Above table shows values of @ (effect. wedge angle) for given
values of 17 (2')7 = point anzle) and & (actusl wedge angle) in
#n plsne 1 to face of bit end normel to cutting edge.

N.B. The leg rake angle of a bit is always measured in the
plene of the'effective wedge sngle" and consequently
this value of rake should be used in conjunction with
the effective wedge sngle, Thus the effect of
decreasing the point angle is to reduce the effective

wedge angle and increase the clearance angle.

(111)



APPENDIX §

Deflection end Stresses of Bit Leg unier Ioad

N.B. Csalculations are all besed on a ststic lead. The effect

of impact loading is considered lster.

In order to simplify calculations the bit is considered to be

of the form shown in the accompenying diagram,

1. Moment of Inertia of travezoidal section (through centre
of gravity)

Area of strip of width Sx, at distance 'x' from YY is

[+ e Lo 6
Iy =Z baa §6x- <2

3°
= f ax dx + -[ ) x3dx
o o}
d |
- _53 1 (h-a) !
- 3 d L
o o
a’ |
Tyy = 35 (a + 3p)
By theorem of parallel axes: %
2
I, = Iy - mwr
But m - Ll o gt
3 3 2
d
S Igg, = 33 (a+30) - S5 (asd) éaa’:gbg
3 s 1&2 + 9b2 + 128b - 282 - 8ab - 8b2 ;
= 3 (a + b)
. 43 (282 4+ Lab 4 b2
35 CRR

_ : 2 2
C.G. 8>  where /H. = (223 lhsb + be —)

(a + b) |
(1) o ____ME

o




Cutting edge of bit = (R)(S)(T)

Consider bit as cantilever with uniformly distributed cutting

force 'w' per unit length__c:.ver length 1,

-
<€ X —>

\U44JT{%JU

Teke origin at free end, bit

considered rigid beyond 1.

At eny point x from tip the bending moment

EI dzv = WX, X
dx 2
q 3
and I = X where a = X tanq
ﬁ-—g-j b ¢
. d2v = wx2 . 36
e dx2 2 E/J.x3tan37z
a2 18w cot-;f)x"1
ay =
5 E
dx
18w cot
dy = (log_ x + A)
ax El“‘ ©
Now day = O, when x = f oo A = -loge-ﬁ.
dx
d = 151—99324—(10 x - log. €
E}% - E/u €e Be
y = 1-6-3—\’1--c—0t—31’(-(x1~:>g x - x - xlog{ + B) |
. EfA e e
Now Yy = 0O, when x =1 % B=- él(loge-id-loge{)gzi
3
y 18w cot ﬂ

= E/J- t—(x 1088 % + (f"'x)g

(11)



Idealised Bit Form considered in calculations
on Bit deflection

A2

-t—-((A
N8 This Potm is rot-
actually -Maliable but
involves very dttle etrof
Tip must be a
/ 'tm/xzia.m
'YB"
0 oy} z 1 ]
D 5 D
; 1
- A - T~ VAds considlered
vettical.
A = B - 2D Cot 6
View A ViEw "B
N
N
N
-

(111) _




L Ll s Ll

B.M at distance x from rigid section

- wda+fon
2
%E% = ———ﬁ (L + £ - x)
r . ¥l o(Lx + ix _ EE + A)
dx B EI 2 2
-qx = O when x =20 oo A=0
dx
2 2 3
L
g Edari-ox.a
y = O when x=0 ), B =0
_ wi (Lx2 . x> _ x2 )
y = BI V2 YL T %

Deflection maximum when x = L

w 3
E:jri (5 i)

y max

.._6.+

2 2
= K%L (Bllﬁl&) _ %ﬂ}-‘:dL (QL + }L)

TOTAL DEFLECTION

y, = 181 c°t 18y ooty g xlog, § + (- x)g

Yo gl—%‘-); (L + 39) L
= I%jﬁ?§§z (LL + 31)
) 3wn2§f553%?— (ur + 31)

(iv)




]

Vi * Y2

w_ggﬁ?_rz_ 18§x log, f-o- ({-x)g+ 3n2(l4L + 3£)

In above formula:-

Yy

X

—
=

deflection of tip

distance from asctual tip to "point" (i.e.
imaginary junction of two faces)

-%B. tan,B (See Viewn C) = 2 B cot B

length of straicht side

Ratio /%

loading/unit length (of £)

wedge angle

2

+ LAB + B2

A B+ (See View A)

The above solution would svpesr to be nearest to the sctusl

conditions in cutting.

Alternative solutions for special cases

CASE 1,

At any point

2

Y, _,.lP

< X >

EI %}%

joTR e N
N‘l\)

=1

x
s
Consider concentrated

force P, st extreme tip.

x from tip thebending moment -

= Px
= 36 P cotoy x2
EfL {
= 16 E COtBn (_x-1 + A )
£




Now dv
dx

Vit 92

= 0, when x =1 ) A = 1/£
3
= 365;01"’? (-logex-t-%d-B)
= 0 when x=1 % B = loge€—1
3
gt (og, 3+ 1 - 1)
3
= i——gﬂpcm’( (-’i-1-log3i)
N |
%4—2—-?'
N !
N P
M P(L+ ¢ -x) a°
2
=§%(Lx+fx—%-+A)
= O, when x =0 o.o A = 0
2 2 3
P
51 BB -
= 0, when x =0 % B =0
3 2 3
N S SR fuf N
=5 G+ -F)
2
=%—(%+%)
iy
3
_l____jspLz(_L_ +i) L l’fil
= E/b(.d 3 > =
- 36 Pn‘?i3 (2 +’&)
E/.id 3 2
36 Prlcot N n . _1_)
E/.e, Vv 3 2
=yt-36Pcot-5q(log _£+ n




CASE 2.

(c) Tapering width and depth (eg. at tp ponts.)

=

View ‘A" View B’

o’
B Al
Consider section distance x from tip.

width "b" and depth "a"

2 3
B.M .= M = E I A%y T = hd
x X 3x2 x 12
b = 2£Ctan¢ d = X tan-f(
. E_ tand tan’y 3%y Px=3
.o -6-v L g dx2 = X
E tan¢ tan3‘)7
Put ' ( = K
a4y _ Px7
o'e dxz - K
-2
a P,
R a‘;f = ?( _21_ + A)
Now & - 0, when x=¢, & A = /207
y _ P -2 _ =2
5 = g (T =x
. P
- y = -é—'k (zxz + % + B)
y = O, when X = {' o.o B = - 2/t
P rx 1_2
y = 3% (22 *x 1)
_ P (t-x)?
- 2K X
y . 3P cot’n  ((1-x)?
E ten M 1ex

(viti)




(D) Assuming constant breadth

i}

L]

n

< X
|
\
M = EI d&%v
dx?2
E. b (x tanﬂ)3 . a°y
12 ! ax2
12 P . x2
E.bta‘n‘z'll
12 P -1 3
(ZC-—+A 254 = 0 X =
Ebtan3¢7 -1 ) dx 1
A = %
12 P (1 _1)
Ebtan3 1 X
12 F (x-logx-o-B) y.o= 0 x =
Ebtan377 j4 e - log. d-41

12 P

m—;{ (% - logex + logef - 1)

12 P (X
z
Eb tan’q?

12 P cot3

55 ’7(%-105;{3%-1)

L el >

Qe .
\ <l

2
PL L
Ts:"f‘(?*'g)

2 3
12 PL cot?} L P
12 Pn°
> Pn_cot (2 +j_>
EDb 3 27

> 1
et énz(_z% +3) +§ - log g - 1}

(viii)



Having calculsted the deflections under various conditions
of loz2ding for various bit tvpes, it is informative to consiier

the stress conditions st the tip, esrecially on the front face.

1. Assume constant width tip,

Consider bit with tip of constant width,

Neutral axis OC passes through centroild of individusl elements,

ft = B_T.Z where M 1s bending moment at 8 given section;;

I
I - Moment of Inertis of section

(sbout neutral axis) = b d3/'12
ft - Lonzituwlinal tensile stress st a

distance y from n=utral axis

i

Consider a8 section at distance x from tip where

y = -’é:-tan'l? snd M = Px
£y = E{_X = Px. x_tan x —12
I 2 b x3tan377
o £y = 6 P/ bx tanzyl

i.e. STRESS e 1/bxtan27

The stress 1s inversely proportional to tan27{, distasnce from

tip, and breadth.

1

N.B. Stress o« Sresdth

When considering the bit with point sngle = 2}5

then £y = 61)/ 2xtang x tanz';{

ki

SP/ x2tan2¢{ tan ¢
(1x)

r - g




i.e.  STRESS o 1/x2tan2‘7 ten ¢

. Stress reduced by . 1. Increasing 17

2. Increasing ¢.

N.B. tangent of an angle increases rapidly et high values

e.g.  tan 70° = 2.7475 tan® 70° 7.55
tan 75° = 3.7321 75° 17.93
ten 80° = £,6713 80° 32,2
tan 85° = 11.43 85° 131.0
tan 90° = oo

O Stress can be considerably reiuced by increasing

tan?/ and tan p

Consider two components as

(Force P) and Direct Com-

pressive stress (Force W)

w
Can consider P constant and Varying W (from W = P say)
W =20
Consider section distsnce "x" from tin. Assume constent breadth
'Compressive Stress
Compressive stress £, = W/ox tanvz
Tensile stress ft = 63/bx tan27
Resultant stress = 1 ( &P Zw)
T bx tanr( tam{
fw o —— and & @ —t—)
W
Let ? = X
ltant Tensile St P (6 - Xt )
Resultent Tensile ress = m’( an,l

From observations by writer )K,of order 0,5-1.5

tan usually of order 1.5-2,5

. Effect of W is negligible (in reducing stress on
front face)
(x)

A
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N.B. Any bending effect of W (e.g. with positive rake tools)

hss been neqglected since will not occur in examvle taken,

i.e, zero rake (nor, in fsct, with negative rake)

e

Imoact Velocities

1., By consideration of motion of tip on suldden

release of losad.

2., By consideration of stored strain energy. 3

1. Force = Mass Xx Acceleration
W 42y w L et
wi =3 * 52 (1) W = weight of bit
But wl « ¥ (previously derived equation)
. ‘ 3
N.B. ¥ = L’%‘ﬁi—’(—%s(t log t + (1-t)+ 302 (I + 3))2Let i =t
o y=Xuwl (1i) (X is const. ﬂ’/“—fl(m(u,y...;),-fi - A
substituting (11) in (1)
o.o y = .K.—W hd -—--l‘-d2v
g dt2
j.e. Acceleration o Displacemant ;
A Motion is Simple Harmonic. ;
For S.H.M.
QEE = = p2x o = £
at2 = KW
Velocity = ~% = .J—_ﬂ———_— where a = maximum
disnlacement
X = displacement
at time 't'}

Maximum velocity

1]

pa
= .
yJKW
£ . Kg
KWIH = wl W

N.B. This considers only release from deflection csused by
static loading,

(x1)



Strain Eneray

Work done by average force %% in cansing deflection Kwl

= K (w1)?
2
X _(x1)?
?

y Strain energy stored in besm

At maximum velocity deflection is zero snd totsl strain

energy converted to kinetic energy

2
le%ll— = %‘ g v2 v = maximum velocity
Ker
v = wl ’Tﬁ (Confirms previous result)

If load P epplied dynsmically without imrcact,

i.e. Case 2 instead of Case 1

P P Strailn energy
@) . = (2)% x Static strain
energy
Dynemic Loading Static Losding Sy o= 2wl %ﬁ

(xi1)




APPENDIX 6

Determination of "Ideal" Profile for Cutting Edce

of Rotary Drill Bit

The so-cglled "Ideal" 3it is that which wears uniformly all slong

. the cutting edge.

B
134 by
ax
|}
i
\
A p
g_'x —>{ X
0

Let OY be axis of rotstion

A3 be profile of bit

Consider element " §1" Jdistsnce

"x" from sxis of rotation

Assume wear is proportionsl to

distance travelled/revolution.

i.e. Wear o¢ (27 x)2 + p2

where "p" i3 penetration/revolution

For uniform wear the length of cutting edge " §1" over given

element of cutting path, width " §x" must bve proportional to

the distsnce travelled, i.e.

§1 o J(27Tx)° + p°
_% « Jer 2+ p?

§12 = 8§x°% + §y° = x2§(2r x)2 + p2).§ x
6x§ = K2 (2 T2)2 4 ) - 4

24:~

n

dy

K j(zﬂx)z-rpz-—l—

X2

K ’(27(:(5.5: (I_(lz - p?). ax

Let 22 1= (oK) 2
L 7c2 K2

2
21(fo2- i—;‘?—éﬁé{%— ax

vttt o 15 £ EH RS




ZI'K/x

hig = 2TKj(X-3)

.
o®
[eN)

t<

n

—,
for
<<
]

. v - 21L‘Ka [  x2 -a - cosh _Jg_]+c ceee (1)2
X = 0, when y = S C = 3271.' X
y = a KK[X - --cosh-1 f} 1] eees  (2)
As a = 2-n' K
. 5 5 -
e (1 __)_
2.2 | 1 32K%x LK - :
1 - p°K 1-1PK2
9 -p2K2 2TTKx \](2 71‘Kx)2-(1 -;p2K2) -cosh-1 23wKx + 1
L K 1 - p< K2 1 - p2K2
-
2
X 2 2 -pzx cosh ZTer 1-};K2 .. (3)
= X J(2wKx)<-(1~- - + |
v 5 V(27Kx)"-(1-(pK)°) - = Ji - p2x@  LxK .:

Alternative solution of Equation 2

aznxx\)xz-aQ -cosh-1_ng_+1 eees (2)
y = T a2 a
- 2
But cosh 13(_ = tlogeg.’i + X -1) = '-tlog (x -Nxz--ax2
a a 82 e( a

for x> 0

[2__2 2.2 2.2y

2 x{x°-a% + by 2K 2x -(1-p°K%)

Ng = a“NK ") (1°ge(x+ ’-}7[‘2 ) )

22 |
Jfi-o%k
- loge Tk 3 * 1] ' .

2 2 X+ 5= 2 2
a°XK X-J"a =8 ilogeé——-—-%‘('-&—)’}ztx (27(1“;( =0-p%%) . 1
2 , 1=0 ﬁ

2K

(i1)



a2 x| X xz-a + log, n‘Kﬁc +\f(27er)2 (1~ '021(2);
82 \ﬁ - p2K2

_ 1-02K2 QﬂxJ(?ﬂxja-(‘i—pQKZ) + loge(21Kx +
LK (1 - p2K?) - p2K2
iglgﬁéli - 1§‘+ 1
y 1 - p2k2
X 2 2 1__3___ 2 _Kx
y = 5 |[(2xkx)-(1 -(pK)°) = log, )=—==
Zj . LICK € {1-p2&r2
2 1 - n21<2 |
2 TKx "’13 —_—cr sesoe !

Minimum Velue of Constant K (Dimensions L™', i.e. units/inch)

1 hes & minimum value = 1 when x = O
$x

. 51 2

** < = K g0 + p = Kp = 1
6X X =0

. Minimum velue of X = =

‘e D

TIf this value of K is substituted in Bjustions (3) and (4)

y = K-R:xz coce (5)

ot Idesl profile spproximates to a pesrabola

Exsmple "
Let p = %/revolution
Then K 8 units/inch
A Flattest curve is y = 87rx2
Values of y = 87 x2
x = in '127" %n A" %
y = 1.56" 6.28" 14.3" 254" [le 'dia ke would be
28" on ng.

Several authorities have described ideasl bits and some have

attempted to design types. (See overlesf) The above analysis

demonstrates that the i1deal profile is not practicsal.

(111)
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APPENDIX 7.

Basic Mechanics of The Metal Cutting Process. M.E. Merchant.
Journal Applied Mechesnics A.S.M.E, Vol.66 (1944)
ppo A¢168’A0175o ‘

1. Determinstion of Shear Angle Relstionship
Considers idealisesd model of shearing proc-ss.
Shear in "plates" thickness $x.

(In practice &x -~ 0)

displaced relatively distsnce 68
ToodL
From this it is easy to prove

B —-é—i' = cot¢ +tan(¢—o()

%%% = shearing strain (e) undergnone by chips.
Considers shear gngle to be determined by minimum value

of "e" (Called "Minimum Energy Theory")
de = - cosecz¢ + sec:2 (cp - &)

K3 = & 0 de _
<prn:i.n 2+L&5 (w_o

This represented first exnression vsed for Shear Angle in
Metal Cutting.

Force Relationships

The cutting chip must e in ejuilibrium under the action

From the sbove snalysis the resultant forece may be

resolved into

Fc = cutting force - responsible for total work
done

FT = thrust force - does no work

Fn = Normal, compressive force on shear plane

Fs = Shear force - responsible feor shearing work

(1) '



o Fg17,

These forces may be represented on 8 circle diagram as shown.A
This circle disgram is still sccepted as accurate by suthorities
on cutting.

Diseontimious Chip Formstion (Field & NMerchant)

Trans. A.,S.M.E. July 1949, Vol.71
p. L21-430

Authors observed that chip started to shesr (without
fracture) at a high angle to the previous fracture line., They
attempted to derive equations based on the minimum energy
principle, relating the initisl shear angle to the final fracture
angle but found poor agreement with experiments. This paper
demonstrates that there appears to be similar ties between this
type of cutting and that observed in roeck, although the processes

are not completely understood.

(11)
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APPRNDIX 8. .

Notes on article "The Mechanics of Three-Dimensional Cutting
Operations". M.C. Shaw, N.H. Cook and P.A. Smith.

Trans. AQSQMQEQ Augo 1953

pp. 1055-1064

Stebler hoted that angle of chip flow up the tool face
with obligue tools was not in the direction of maximum slope
as would be expected, but slong a line inclined at some sngle

.
to it.(Nc)
The effective rake anrle ( Xg) of
the cutting tool is determined by

the slope of the lins of chip flow.

Stabler's observations led him to
N assume that Ne = X where >\ =
Angle of Obliquity

curTing O EDGE. resulting in the Equation
sin X, = 8in? A + cos® }\ sin ®a.
where O(a_ = rake of tool when

is 0 (i.e. orthogonal cutting)
This is shown plotted (from Stabler's
paper).
The authors tested the validity of the relstionship N, = A
using lubricents.
Found 1. Nc decreases as rake angle (o(a) is increasei.
2. Nc increeses when more efficient lubricant used.
3. N, incresses as friction chsracteristics of the
metal cut improve,
From these the suthors conclude that
Stabler rule (NC =\ ) is only an approximation which

is most nearly true for high friction values,

The above paper demonstrates thst the direction of chip
flow is considerably altered by oblique tools. Chip flow
direction and maximum stress directions are almost collinear

and it thus follows that the "directing of stress" effect

(1)
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OBLIQUITY OF CUTTING EDGE, Y—DEGREES
Fig. 8. Curves of §

STABLERS CURVYES.



of oblique tools may also be considerable. Since the writer
has shown that rock cutting involves high friction forces, it
seems possible that the relstionship Nc =A is arproximately
true. This would suggest thst obligue tools may prove to be
of advantage since the effective rake sngle ( Xg) nredicted

by these eguatlons (sand curves) may be considerably higher than

the apparent rake (Xa).



AFPPENDIX 9,

Shear-Angle Relationship in Metal Cutting, M.C. Shaw,
N.H., Cook and I. Finnie,
Trans. A.S5.M.E, Vol. 75. TFeb. 1953,
pp. 273-283
This peper discusses the various assumptions underlyiﬁg
the expressions derived for the Shesr Angle vslue and demonstrates
the inadequscy of them, e.g.
1. Minimum Energy Principle

2., Assumption that Coeff. of Friction is independent
of Shear Angle

3. The direction of Shear is in the direction of
maximum stress

Assumption 1., 18 not necessarily true and many procesces are
known where it is not so.

Assumption 2. The authors show that it is vossible for the
coefficient of friction to be reduced with

decressed rake angle by consideration of the
"restraint" and "effective hardness" of the
wedge shaped area between tool face and shear

plane (called restraining surface).

~
; HIP
| Coi
i ,
: '7‘7 Toot 4\_”
; ~~ (\,\ hey
;

AL

RESTRAINING
SURFACE

RES TRAINING
SURFACE

.V\‘\\\ cHip

,\ T

NTooL Face A “Nro0L race
P [t

! F1a.9 Coxrantson o Drunrxs or Hrern st o lanovkss INoesTirix ox e Toot Faex or
! Nreasrins axp Posrreve fans Tuols
]

f {{&) Negative rake nngh. (5) Positive rake angle. (c) Condition of reatrain with w!l'o-nh toal. () Cone
l dition of reeiraint with pusstive-rake toul. |

Considers Tool Face as series of small spheres. Materiasl at
tool point will resist penetration of sphere A to greater
-extent in the case of Fig.9(c) then 9(d) owing to relative
positions of shearing strains, Metsl in front of A must flow

predominantly to the right‘in each case, Metal flowing in

front of sphere A will move into the way of sphere B and hence
the effect of the restraining surfesce will be trensferred from
sphere to sphere to the right, It is evident that the influence

of the flow from one sphere to the next will be far greater in

(1)




the case of Fig.9(c) than 9(4a).

The negative restraint is greater and the effective
hardness greater, Thus the authors conclude
1. The coefficient of ffiction 15 not independent of the

shear angle,

2. In view of the gbove it follows that the stress field
ig determined by this friction value and neced not be

in the direction of Maximum Shear Stress.

By this gnalysis the authors are able to explain previous
conflicting results.
"Rock cutting experiments have not allowed verification

of this due to the extreme verlability of cutting coniitions.

’ (11)



AFPENDIX 1O,
DERIVATION OF BESIGK & KUHNE FORMIIA ,

= Depth of penstration of carbide stamp (in om)
= drilling press. in Kg/or?,
= eritical drilling press. in Kg/cn?,

Fopomoe

= cylinder pressure resistance of rock in Kg/om?,
(infinite loeding time)
= totel drilling thrust (in Kg).

w, o

= flake thickness per revolution and one cut. (in cm)

= drilling speed cm/min, '

= Effective thickness of hardmetal insert,

= bit, dis, in enm,

= Core dia, * "

= No, of load changes on borehcle face at aversge bit dia,
= Bit RP.M,

- B NPP U o n

= Area of contact between effective hard metal lsyer and
face of bore hole in ca?,

v = Average peripheral veloeity in om/sec.

“al = base ofllegarithmio curve, .7

log 2 100 with Widla hard metel inserts.

ey = base of expanential curve,

log o2 = 0,00125 ‘

(a3 and ey arve values found in experiment)

' Basic equation, o '
: * R 1 (This 48 from pen/
e=10g 57 Eg ecececnrcecccese(9) Load curve with steump)

81 = e , ..00..0'0.0'0.'(]‘9)

2 -"2'%— 2—‘%& ooo-ootco:bo(u)

Subst. for 2 in (11)

4 (D « D .......-.‘;.(12)
Substitute this expression for e ia (9)

2_8lp  =logy E eeeld
T (D + Dy) K




S aslie - O AR

.
£

 d— s sk et = T T

Subst,
a1

g

Q
Substitute F for K

2 #lb . =loga R aieeeee. (18)
* (s X ¥

8
n

z L = log i o000 (15)
5§ B 1 gr

bg al K-;Lr L XX X (]-6)

u=§ n(D + Dy)

8=00157 » (D+D) log, .2
b P 1% BT “ueee (160)

(N.B, Apparently g teken as 0157 instead of 1,57

v

But K=Ky, 8, ecceccececees (17)

;1.@. 108 E =108 az v = oml25v seccncsscsee (17&)
Ko

,'Al;o v= T D+ 25

2 2
0.0262 n (D ’Bk) 00000000000 (18)

)
i
i

“ 108 Ek = O.mmms n (D + Dk) eece000ccoene (19)

. Ko

— —
—— —

‘ From this latter formula (19) velues of a are plotted
for various rotaticnal speeds and a given bit diemeter (here 267 mm)

and core dlameter 30 mm.

Thus if Ko is known then Ki can be calculated and

" substituted in equation 16(a) from which the drilling rste "&" can

be determined,

The suthors claim that by this method the drilling rate
for eny Tock may be predicted, although they do not eppear to have
tested its validity by actusl experimenta.

Thie method of caloulation of rotary drilling rates has
boen presented in full sines it has been quoted by Sievers & Fellveiss
a8 though valid whilst 4% 1s open to sevoral serfous objections.

v




High Speed Drifting in the Ruhr Coalfield
with Special Reference to Drilling Techniques.

Trans, I, Min, Engrs, Vol, 114

Jan . 1953,
2. H.S. ALPAN
The Speed of Penetration of Bit in Electric
Rotary Drilling.
Trans, I, Min, Engrs, Vol, 109
Sep. 1950,
3. R, SHEPHERD
Thesis (Sheffield University)
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In 211 testst= .

No, of free faces 2
Angle of Obliguity o°
Séeed of Cutting M /min,
Wath of Cub 025" (Nominal)
Depth ef Cut o, 00
State of Vear Tool Sharwp ¢t Ctort of
Sach Test,
Dynsnoncter Tool Setting 1 + 0,0500 (% 0,005")
Rock Veariable
Rake Angle Voriable
Toot Mymber 3= XI 1
Rock Darley Dale Sandstona (Zo0.5.)
Reke Angle + 20°
Tracture o, ' Detodls of Proctura  Direction Tpmades
of Resultant
Toma
1 From Tool Tip + lgtlg ‘c'n' -510

then + 559 for O O3
then # 120 for 0,660

To Surface.
2 From Toal Tip + 550 =30 Lock crystals
To Surface breckling opart
shead of tool in
zone bounded by 559
linet= {racture
along this lina,
thaon brenking
beyond this line
before fractured
rlcce removed, ;
3 Fron Tool Tip + 259 =540
To Surfece :
3 (a) From T T + 550
To provious fracture
line (i.e. 3)

A From TJ, + 11° =450
To Surface
5 Fron T.T. + 15° =450 Frocture comnenced
To Surface ond then sppeared
to stop for 3
frames, eventually
reaching surface,
6 From TQTQ + 300 -“,"30

To Surface



Trochure Yo, Details of Frackure Directian Paelobaide

of llesultent
Foxca
7 From T .T PY + 4’00 -550
To Surface 1
8 From T.T. 0° =439 Arpears to end by
out of field of view plece being lifted ond
tool faco end broken |
off in bending,
ant YF1~he :
Tock Darley Dale Sandstone
Rake Ab_.glé , + 10°
Treaturs IIQ".‘ Retaila of Frocture Direction aanarla
of Resultont
vg-—.:a
1 From Tool Tip + 10°  =40° |
To Surface F
2 Fronm Tool Tip + 100 =370 ;
for 0 233" Cod
+45° for Q133"
To Surface
3 From Tool Tip + 150 ~37°
To Surface
yA From Tool Tip =470
00 for 0,150
450 1 0.133!!
To Surface
5 Fronm Tool Tip =570 Tracture developad
=250 for bayond field of view,
+200 ®
To Surfeace
Teost Numbers X1 3 |
?z
Rock « Darley Dale Sandstone §
Reke Angle 100 g
Frocture o, Datalls of Trocture Direction Jenaxig
- of Resultant
Toxce
1 From TJT. + 150 =33
To Surface
2 ' FProm T.T. ~-30°
- 20° for 0 0500
+ 350 Q367
To Surfeace
3 Fron T T ' -2 50
+ 100 n O3 '
To Surface
L From T.T. ; -35° Variable fracture line
- 20°for 0,067 between + 15° and + 20c
+ 2000

To Surface




Rock Darley Dale Sandstone
Rake Angle - 200
"‘ia rnc‘h]m rQ l!nt ﬂj !6‘ QI: 'ﬂ'xng"-vrﬂg Direcction TDamarlea
of Resultand
T:'nxg»\
1 From Tool Tip + 150 =060
To Surface
2 From T, . - 20° =/,50
Swinging to + 20°
To Surface
3 From T.T, + 10° =340
To Surfoce
4 From T.T. + 15° -350
To Surface
5 From T.T. + 5° =00
+20° Juast
on recching surface
To Surface
~ Ty
Rock Darley Dale Sandstone
Rake Angle 0°
Fractuxe No, Detgils of Frocture Direction Renaxka
of Resultant
torga
1 From T.T. + 10° =190
To Surface
2 From T.T. + 10° =340
To Surface
3 From T.T. =400 * for - g0 * Vory appro:d:nata
0161 values
0o for 03
+100 for 0,133"
Suinging to ~100
Out of f£ield of view
4 From T.T. 15° for 200" =17°
70° for small
dist,
Then almost horiz,
Rock Hard Whlte Linestons
Rake Angle 0°
. Direction Ramaxia
of Resultant
TQree
1 From Tool Tip =11° Inclined surface et eng

Initially zround grain

boundary, C,033%
- 1!30 for 0 2000

To inclined surface,

of fracture appears to
be line of wealmess in

rock,




Tect Mpbor XT 6 Cant'd,

Tracture o, Detnils of Tracture Direetion Qamark:
: : of Rosultan®
Tc‘gxng
0233
To Surface
3 Trom T.T. ~330 VWhen frocture at 35°
=10° Q233 starts it appears to
+359 0,083 go eeross grains then
0° 0033 ceeningly in tension
300 0,067 (00) then agnin in
To Suxrface chear,
yA From T.JT., 30° =320
To Surface
5 From T.T. -850
+ 250 0 Joon
- 20° 0Jg0Mm
+ Q° 4{ransition
+ 100
out of field of view.
6 Fron T.T. =299
+ 100 00
500-550 Q117
To Surface
7 From T,.T. ' =270
+ 100 for 0, 0GM
- 200 n Q050"
+ 230 n 0a0m
To Surfece
8 From T.T. N =350
00 for 0 200N
+400 " 00500
To Surface.
Tect Mumbers X1 7
Rock Hord hite Limestone. Fossilferous (2)
Rake Angle + 10°
Frocture lleo. Detaoils of Trocture  Direction wsnarka
of Reswltant
Targe
1 Fron T.T. =540
+ 150 for 0 0540
+ 650 w0 00"
To Surface ;
2 From T.T. -390 Very irregular fracture
= 100 for 0,084 :
350 ] 0.0SOQI
Q° " 0,050 (75° oppears to be
- 750t Q,033¢ around grain boundary)
100 w Q. 133¢
To Surface
3 Fron T.T. 09 for 0,016" =25°
550 n 0.0{372:
To Surface
Z From T.T,  10° =400 Actually swings wp
To Suxface

stosper ot surface.




Togt Tumber XL 7 Contld,

Tracture Ho, Dotails of Frocture Direction Dennxic
: of Resultant
T?anp
5 From T.T. ~360
- 159 for 0,0500 Interosting, clear
+ 350 ® Q200" fracture,
To Surface
6 From T.T. /50 Very interesting, :
+ 300 for 0,010 Various small fractures
+ 150=2Q0 " Q 167 elong grain beundaries |
go w0 a3z cte, wvell chom,
250-300 & 0, 116"
To Surface 1
7 From T, + 59 =450 Fracture mundulating” . |
: out of field of view Velue given is overall
' value, ’
g Fron T.T, 00 =250 Tracture "undulatingt |
out of field of view value given is overall .
value, j
ant T a }
Rock Haxd White Limestone, Fossilferous (2)
Rake Angle -+ 200
Erocture Jioa Dalolls of Frocture  Direction Ranaxk; i
of Necultont 5
1 From T,T,. =320
0° (v.small distance) Very good Tenslon =
+450 Shear Fracture.
To Surface
2 From T.T. +10° for 0,100" =250
: S=H00 v ooz ;
=150 t Q116" i

.,.550 f 0.116" )
To Surface

3 From T.T. =152 for 0,000 220
+400 " Q200"
To Surface
JA From T.T, =20° for 0,050" =-25°
.,.400 " 0333"
To Surfece
5 From T.T. +15° for 0,384" =259
To Surface
6 From T.T. #+ 5° for 0 233 =27° Overall inclination
+350 " Q233" approx, + 15°
To Surface
i From T.T. 0° for 0,307 <R30 Shows peth around grain
then Around grain bounds boundaries very well,
aries.
. To Surface




og"' “_"» ot Q

Rock TTerd White Linestons. TFoscilforous (2)
Rake Angle ~10°
Trogture Q. - Details of Fra Direction Domaxiz
A of Jesultont
Loxde
1 From T.T, +20°or 0,300" ~15° Very gool, well
To Surfoce defined fracture,
2 From T.T. +17° for 0,333" -18°
To Surface
3 From T.T. +25° for 0.184" =490
Q0 un Qoo
+200 T C16m
To Surface
L Fron T.T. +10° for 01340 =550
0° n Q.16

Rising up at end
To Surface

5 From T.T. +10° -38° Fracture starts
To Surface initially from
7 erushed grain,
6 From T.T, =250 for 0,050" =20°
+ 50 o Q00"
+350
to Previous Fracture
1ine (+ 10°)
Rock | ‘ Durhem Post (Perpendicular to Bedding)
Rake Angle ~200
Direction Remarks
of Resultant
Tarca
1 From T,T. =20° for 0,058 =430
+300 n Q23 Fracture started
To Surface bohind Tool Tipe.
2 From behind T.T, + 10°  =30°
To Surface
3 From T.T. =20° for 0,000 =43°
0° n 0100
25=30° n Q,06m
Qo#n @ 200" * 09 around graln
+500
To Surface
A Approx,. O6" below =520 Tool had reached
Surface on tool face, inclined (50°)
+ 50 for 02000 surface,
To Surface
5 From T,T, =10° for O 167" =340 Very definite line
“‘352 " 0Q,51" of fracture,
0

Out of field of view,




Rock Durliam Fost (Ferpenliculer to Dodding)

Rake Zngle +200
Trocturs 2o,  Deloldls of Trectise Direction piladntehuts] :
of Neenltant
Loxog :
1 Small #Tensicn~Sheaor -330 No detoils piven of !
Frocture®" to inclined Tracture ongles,
surface,
2 Fron inclined swrface  =33°
+150 i
To Surface, i.e. from A. !
3 Fron T.T. Q0 for 0 007" =340 '
300 n o .134“
- To Surface
A From T.T.259 for 0207 =290
To 3urface i
5 Tool Tip 00 for 0,100" =320 (Almost 00) i
330 L o) ozmﬂ
To Surface
6 From T.T. 15° =30°
To Surface . _
i From T.T. k =300 (1) to (11) 1= !
(1) =200 for 0 207 Swinging in 0,100
(i1) +250 w0 200" lctes Uould be
To Surface interesting to observe
fow fromes ofter to
8 From T.T, 25° -3° note £211 of forca,
To Surface
Teast Tymhor X1 10
Rock Durhan Fost (Perpendicular to Bedding)
Rake mgle +10°
Frocture lo. Detasls of Iractura Direction wanaxda
_ of Resultant
Zorcg
1 From T,T. ~620 Good Tension Shear
-17° for 0,100" Fracture
+300 n Q67
To Surface
2 From T.Te | “‘340 |
=150 for Q,233%
+300 % 0,133
To Surface
3 From T.Te 230 for €267 ~25°
To Surface




Zock Durhan Post (Perpendiculsr to Bedding)

Relee Magle o°
;
Trootie Jlo, Delaila of Toactara Direction Jiloinlaby ol
: : of lesulteont
Fron T.T. =5° for 0,050" This fracitum
+0° n 0200t onitted in Force
To Surface nalycis,
Actually II = 7 dive
V = 4 ddvs
From T.T, +13°
To Surface |
2 Fron T.T. +15%o0or 0,300" =~31° Very good cicface g
To Surface ’
3 From T.T. + 129for 0,333 =47° .
' To Surface »
A Fron T.T. =20° for 0,007 =20
+300 " 0,033 ‘
0° o .
Out of field of view
5 From T.T, O° Swinging =200
up to approx, 450 at
surface, ;
To Surface !
Teogh Jhmben ZX 14 ?
Rock Durham Post (Perpondicular to Dedding)
Rake Angle -10°
Letual Tool Width
Fractune Mo, Dokolls of Proctuse Direction Rlciatebuiest
SR : of Nesultant
Lorag (
1 From T.T. +20° for 0,067 =270 Long, low inclinatien
=200 0 007“ fracture overell +50
0% n 0,03 but. varying fron
+450 " o 017 snall Tension =
+ 50 shear fracture,
Out of field of view.
2 Fron T.T, =200 for 0,050" ~41°
0° 0.06711
-..250 1t 0 .067!!
To Surface ’
3 Fron T.T, +250 for 0,200" ~25°
To Surface
L Trom T,T. =20° far 0,167" 230
+250 n Q33
To Surface
5 Fron T,T. +18° -43° Appeared to cormence
To Surface as = 20 for 0,050#
and then +13° for
0.333" but next
frane =200 orack
still there aml ;
eppear to be ¢
) - from tip, ;




Tegt hmber ZT 14 Conttd,

Tracture Je. Dotails 0 Tyeatirn Direction Risintobuies}
of lecultent
!i g:mﬂ
6 From T.T, +15° for 0,350t =34°

To Surface

7 | From T.T., +15° for 0,330" -10°
To Surfece

3 Troa T.T, +13° for 0,300 =350
To Surface (overall)

Toct Muher T 15

Rock Durhan Fost (Perpendicular to Bedding)
Doke Angle ~20°
Troctura Mo, Dotadla of Tr~ctira Direction fabatde
: of Resultony
Toren
1 From T.T, 6° ~230 Overall horizontals
Out of ficld of vieuw Broke off ot OQ°
' epproxt= In Danding,
2 Fron T,T. +89 for C 567" =320
To Surface _
3 From T.T. +9° for 03340 =39° This fracture ;
+250 " Q016 aoparcatly travelled
-130 ® to clgo of rock and
Out of field of view therefore chould be

ignorod,




TABIE 0. 1 2

rzr | ramoruat cortiit| ¥ ftenly
rnBIx | mmpEn]_ DIAL 3RS roes 1 oH a
Divisians 1b,

XI1 1 A 1k 25 20 125 | -51°
2 3 A 50 5345 |0D35] ~43°

3 9 2 56 27 RO7 | =640

A 10 Lk 62 .5 €0 1,04 | =450

5 9 4 56 535 J1.05 | =45°

6 10 5 62,5 | 6045 094 | =430

7 9 3 56 40 140 | =-55°

) 10 5 62 5 66,5 J004 | ~43°

XI 2 1 9 5 56 66,5 034 | =40°
2 9 5% 56 73.5 |06 | -37°

3 8 5 50 66.5 (0,75 | =37°

A 12 5 75 66,5 1.3 |=49°

5 10 3 62 .5 4 J1.56 J=57°

XI 3 1 17 1 106 160 o.éé -330
2 10 8 62,5 | 107 0,584} =30°

3 8 8 50 107 0467 | =25°

4 % 5 &7 66,5 |04705 | =35°

5 6 3 7S 40 0937 | =430

I 4 1 13 13 83 173 o8 | -20°
2 12 10 75 75 1,00 |-45°

3 10 7 62 .5 93.5 (0.67 |-34°

A 13} 9 84.5 120 {0,705 | =35°

5 14 8 8745 107 jo.R =400

6 15 9 94 120 |o,784 | -380

XI5 1 )A 5% 25 73.5 (034 |-19°
2 5 3% 31 46 0,675 | =340

3 a1 7 |1 | 935 loan
4 3 L; 19 60 0.316




TEST - | FRACTTRE Tows? | et | ¥ | tadty
NOBER | NUMBER | DIAL  RERADTIGS ™0 LT 1 i
Vs H Y b

Dizl | Dial

Divicions|Divisions| 1b. b, 9

X1 6 1 2 5 125 | 66,5 |oacs|-110°
2 5 6 31 20 0,333} -21°

3 5% 4 34 5 53.5 | 0.845] =330

4 4 3 25 0 0.625] =329

5 4 3z 25 46,5 10,533] =230

6 6 5 2745 €6.5 104565 =290

7 7 6% L, 85,5 | 0,510} =27°

8 6 L 3745 5345 | 0J700] =350

XI 7 1 6 2 NS 27 1.39 | =54°
2 14 g 75 | 107 fo.o18) =m0

3 4 4 25 53,5 | CALT| =n50

4 16 9 100 120 ] 0.334] ~40°

5 14 9 875 | 1m0 | 0,730] =360

H 6 16 | 7% 100 100 1,000 | =450

7 15 7 9% 9345 | 1005 =450

3 6 6 NS5 go 0470 =250

XI 8 1 6 Ly 37.5 0 ] o0,625] =320
2 8 8 50 107 04671 =250

3 7 8 &, 107 | 0.410] =220

4 5% 5% 34 5 735 | 0470} =259

5 7 7 A, 9345 | 0.470] =259

6 6 5% 375 | 735 | 0.510) =27°

7 6 6% 375 86,5 | 0.A34] =230

XI9 1 1% 20 72 266 0271} -15°
2 5 7 A 935 | 0,331} ~18°

3 14 10 3745 75 167 =49°

4 17 10 106 75 1.415| =559

5 10 6 62 5 80 0,780} =38°

6 10 13 62,5 | 173 | 0,361} =200




TZST | FRACTURE TIRUST| CUMTIIG | T tanl ¥
TnDIR | OB D};AL l‘E..";D:}I?ES I‘O;..E *’C?E;‘E I I
Disl Di2l (¢
Dividos| Divislons 1b, b,
XI 10 1 VA 6 87.5 0 11,093 =480
2 17 15 106 200 {0,530 -30°
3 23 1 175 137 |0.935 ~43°
A 16 6 100 g0 1,250 =520
5 19 13 119 173 0.633 =30
XI 11 1 55 A 3445 53.5 ] 0,645 -33°
2 6 r 3745 L65]0.007) =390
3 5 3% 31 46,5 | 0,667 =340
4 7 6 A 80 |0.550 ~29°
5 8 6 50 80 [0.625 320
6 5 4 31 53.5 1 0,580 =300
7 8% 7 53 93.5|0.567] =300
8 6 5 3745 66,5 | 04565 =300
e | 1 10 2} 62,5 33 [1.99 | =620
2 10 7 62,45 93.5 | 067 =340
3 3 3 19 0 | 0475 -259
XI 13 1 17 4 106 53,511960] =63°
2 9 7 56 .5 93.51 0.605 -31°
3 9 4 5645 5345 | 1406 -47°
4 7 8 L, 107 |0ALL] =220
5 7 6 174 g0 | 0,550 =29°
XI 4 1 A 14 9645 187 | 0,516 =270
2 9 5 56 o5 65,510,861 =A1°
3 7 7 4 9345 0470 =259
4 8 7 50 93451 0535 -2801
5 11 10 70 75 | 0934 ~43°
6 10 7 62 5 93451 0,669 -340} |
7 10 8 625 107 | 0.585 =300
8 9 6 56,45 80 | 0706 -3§ﬁj




TEST | FRACTURD st {eurrnG| ¥ fenly
mnomR | MUBE | _DIAL RRADIIGS _roacx Ironem 1l I
a i i 3

Dial Dial )
PDivisions | Divisions 1b, 1b,
XI 15 1 3 7 50 9345 0535 ~230
2 8 6 £0 0 |oses | -0
3 11} 7 765 | 935 |0.819 | =30

e e

o o




TADL 104 2

™as L

29 Satnpidng Dofaak ¢f Teristion of Tool Dol sagle onZlores Syolona

Cut | 0 075"
£ Cutting o"/min,
Uidth of Cub C 02500 (lioasnal)
o, of Froc Faces 1
Obliquity o°
Test Mo, Rake lngle Rock Lo, of =Ty hapOrt Tv T Ty i‘:l-I
Ieadings  Dial divuu oo Diol divase Dial divns, Dinl divns. 1bo, 1bs. Lennrks
VII 1 + 10° 1 110 257 203 4,00 3,71 202 405 Tool Widthi= 0,250

” ’ % o1 137 219 1.51 2134 94 310

3 L L 114 191 211 13.02 3061 c1.3 3.0

4 " 5 106 2135 04 20,1 3.3 1260 510 L2331 voar ®

5 - 10° 1 109 1644 707 25,03 60 1570 30,5 Widthi= 0 2400

6 " 24 142 1193 &0 80 471 52.5 630

7 " 4 o7 1410 433 1/ .50 93 ¢05 ¢G5

8 n 5 100 2173 524 21,73 5 2 1357 700 025" wear

0 c° 1 103 631 451 6,13 L33 294 53, Uidthi= 0 237
10 " 2A 57 0 313 695 2 09 43,5 28,0
1 " A 43 Al 127 5 o77 28 61O 9.5
12 n 5 &3 1592 365 21,50 L 1240 55,0 0189 year
13 + 200 1 123 649 . (05 5423 492 330 65,5 Widthi= 0,250"
1 L A 85 62 270 0,71 307 e 41,0
15 . o A 99 1063 294 10,20 39 675 530
16 " 5 g2 1449 321 1766 391 1105 52,0 Vidthi= O.204"
17 - 200 1 & 1143 455 24,35 947 1520 1290
13 o 34 51 331 150 G L9 353 05 470
19 u L 65 742 301 11 .40 463 710 (1,5
20 L 5 7 1526 569 19,42 5457 1215 73.5

% Ulnart 25 21th of £1~% o andlorfoce oZ tool ok 21 of toaote,




TANTTY Ty 9
AP IDREII

ok Toxdon T ST T mQ Lotoiming 2f8fach of Voriciion dn Dopth of Culting,

T13th of Cut 0227 Tool Nakte Angles + 200 Yo, of Proe Tocos 1,

Joeed Cutting 144 /ain,

Test o. | Depth of Cut| o, of ST Ty Ty T N
in, 2ial Zfeadings | Dilal divas,.|Pial divns.(Dlal divas.|Blal divas,.| lbs, 1be. Rock Ko, ienaris
V1 0,070 280 831 573 3.0 220 - 200 ] 9.5 1
2 0.075 276 1732 1510 A 547 05| 7340 1
3 0,1C0 265 2075 3012 7432 11,37 /9.0 |152.,0 1
A 0.050 27D 1705 1057 6,11 3479 370 | 0.5 1
5 0075 270 179 nn | 6o 404 33,0 | 54,0 1
6 4100 274 2109 1003 7470 Rste 3o | oo, 1
7 0.02 131 »1 171 208 1.31 136 | 17,5 1
25 0,050 R39 4545 040 19..02 393 190 | 5245 4
25 0,025 | 202 am o1 1274 221 75 | 2945 )A
30 0,160 176 3854 733 | 214 L J5 1370 | 5945 5
31 0.075 266 326 1136 23473 AN 100 | 9.5 5
32 0.050 275 6157 972 22453 353 140.5 | 47,0 5
33 G.025 109 2435 359 22,0 359 143.0 | 440 5
334 103 2005 216 21,15 293 1220 | .0
35 0,050 2065 706 851 n3..22 321 1760 | 430 6
36 C.025 270 7119 735 26,37 2472 1647 | 260 6
27 CL75 274 7352 1137 26,33 L5 - |30 | 5545 6
333 0,100 233 5637 7¢0 nJAVAL 326 1530 | 43.5 6
VIx3 | 0,50 73 15 163 233 2,09 1.5 | 22.0 2
9 0.025 75 01 150 4 01 2,00 250 | 27.0 2
10 0,100 73 424 250 551 6,30 36,5 | 34,0 2
1 0075 0 323 300 owid 600 | 0,5 | 0.0 )
12 0.050 36 632 22 7435 2466 46,5 | 3545 2
13 04075 51 695 550 3,50 6,79 5345 | 90.5 2
1 0,100 135 1207 2200 9.3 - 16.50 5345 |220.0 R
15 0.0%0 33 10 10 C,20 1,21 20| 16,0 3 ;
16 0.100 29 L0 129 1,03 356 Go5 | 47.5 3 .
15 0,050 ¢r 016 ol 1367 3.0 85,5 | 43,0 4 '
19 6075 100 13 03 14 43 303 90,5 | 40,5 4
. — — | P 14 D o z
20 0,100 75 1526 359 20.35 4.9 1270 | 64,0 4
21 0,050 50 | 762 146 15 24 292 9545 | 390 4
22 | 0,100 50 897 192 1794 394 1120 | 5235 4




MATYT ™ o~
TARIZ Yo, L.

At mgwad

b-1

oot Samtea T2 1R Tofnnt o Tagtakdian @8 AL a8 febd e o1

Tool Nolie Angle oo A -
Spoed of Cubting - 0,0"/min,
o, 0f Troe Frees 1
Obligudity co
T1dth of | Depth of | Tock | o, of I Ty o Tr Ty Tr T |Vear of Deanris
Cut .Ja.] Cut ,.in. Dicl Zecdinge | Dicl divne P10l divas Dial divas.|2ial divas.) 1be. | 1ke. Tool
T 1 0,375" 0.050 1 113 12006 623 9,70 5451 C05 | 73.5
2 " 0.050 1 151 1199 re 9.15 st | s1o| 530 ]
3 " C.0:C ! 10 1505 575 T3 LAY 53451 55.0
4 n 0.050 ! &7 1167 434 13.41 5456 840 | 740
5 n C.075 / 124 2201 1246 1745 9,20 111,5 (1240
6 n 0.,1c0 ? 151 3168 371 20,50 12,00 129,0 |110,0 ‘
7 " 0.050 2 34 1505 507 15.54 508 | 97.0| oo,
11 " oL | 4 124 2532 27 16,8 Lol |105.0] 5345
12 ; 0,075 + 126 2750 524 22,06 6.62 2.0 | a3,
13 L 0,100 + 123 230 (99 19,36 5468 1210 75.5
. /02" 0.C50 1 113 1701 217 16,03 692 100,55 925 .
15 " C.075 1 153 3225 2105 22,53 14,20 1210 |190,5 Attempted 1000
. liotor stolled
16 " 0 050 2 103 2045 2027 13.°03 13,36 113,5 | 2510
17 " 0.075 2 119 3L 1550 26 /0 13,03  |165.0 |174.0
13 " 0,050 A o7 1501 50 19,5 5,36 1240 715
n 0,075 L 5 2050 553 21.57 5652 1245 | 7745
0,744 ool 1 151 3303 1951 2143 13,12 1270 |175.0
iy 0.C75 1 121 425 2919 3512 2412 [219.5 | 321.5
n 0,020 2 120 3229 1727 25,01 12.79 160.5 | 1770
n C.075 2 151 3320 2237 25635 Rea ! 153.5 19745
n ¢ .00 L 10 343 1CCO 54431 10,00 217.5 |133.5
0.075 A 5 1574 537 34432 12,76 2140 {1700
0.075 A 7 3103 1029 L1456 1249 25945 |120.0 Yore reliable
then 25,
0.24 0.020 1 93 - WA 458 800 | 407 500 | €20
t 0,075 1 125 1353 1126 1036 9 409 68,0 [121,0
m 0,850 2 128 1066 34 833 | 2.4 5240 | 3840 C e
- ~owrs—— |72 I | 198 T 1630 T8sl | LG 5340 |168.5 T i
n 0,050 4 92 1092 351 11,37 | 382 740 | 510 § %w
n 0.075 2 107 1354 3 ] 1265 L A7 .0 | 9.5 =




manyn ¥ ”

Tork Samiss VITT To dotorine Befact af Yoapiction of Iirhar of Troe Fages,
Tool Rake Angle 0o
Speed of Cutting 9 Ot/min,
Cbliquity Q°
Test No. Rock Nos Mo, of  Width of Depth of No, of Dial STy " Ty Fa Fy Ty
Tres Faces Cub (in) Cut (in) Readings Dial divns,. Disl divns. Dial divns, Dial divns.  1lbs, 1bs,
VII1 3 0490 0,100 s em 250 841 346 525 460
2 2 " 0.100 134 2325 941 1735 7402 108.5 923.
3 1 " 0.100 33 o713 442 2176 1147 1360 1530
A 3 u 0,050 7 957 300 12 A3 4 &7 770 6245
5 2 m 0.0%0 67 1213 357 18,10 573 1130 710
| 6 1 " 0.050 61 1105 371 1511 6083 1130 31,0
7T 5 " 0.050 83 1309 254 1577 3454 930 47,0
3 3 u 0.050 61 1717 348 23,14 570 1750  76.0
9 2 n 0,050 54 1229 367 2 2 6420 214 0 9045
10 1 ! 0.050 76 2757 53 3627 7 40 260  93.0
11 3 - 0.075 9 2358 522 AN 757 259 40 100,5
1 2 Ul 0075 L5 1502 23 33.33 6,31 203 .5 "84 0
13 1 n 0.075 151 6413 1350 4395 10,31 306 ,0 137.5
VA 1 2 0,235 0,100 43 243 85 576 1.9¢ 36,0 26,5
15 3 " 0,075 65 152 A 2 o34 1,14 o5 15,0
16 2 " 0075 67 4e5 167 723 249 450 33,0
17 3 L 0,050 63 304 95 b AT 1440 R340 1345
13 2 " 0.050 91 426 157 6437 2,16 43.0 29,
19 5 3 " 0075 61 09 135 13,26 221 29 5
20 2 n 0.075 45 1202 | 206 27 16 4 o583 109.5 (19
21 1 L - 0,075 31 2257 437 27 5 iR 174 .C 720
2 3 " 0050 62 533 151 115,13 2 b 94,5 325
23 2 r 0.050 54 '7512 166 1299 - 307 310 AR
24 1 " 0050 Tilm overexpoged ~ could not be read.

——,
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AARTH IR O

o] s 2 hid g NN R Ko PR R o oTr $ a2 2a. "
eoct Jorion o Ao Gotamiing llont of oxdciion of 0blio it Ancln,

AP

3

Pool doks ingle 0°
Socad of Cutting  9.0%/xmin,

llo, 02 Treo T'aces 1

‘ 111th of Cub 03750
Teot o, Chlinuity Dapih of ‘Tock  Ilo.of Dial 27y Z Ty T, T *;'-v ; .EI Usar of Temarks
(Dogreesj Cus (_,1) o, Tesdings Dizl diwvns, Disl divng, Dialidivns. Dizl divac, 1bs. lbs, Tool
;X 1l 4C0 C 050 1 162 2CE6 674, 245 4 a6 795 5545 Shorp H
© 2 C.C75 1 157 2410 1345 15.2 57 060 1140
3 0,10 1l Ho repults rocorded on £1ln - by aceilent -
A 0.050 5 155 6771 1256 37 .63 673 2330 90,5
5 0.075 5 103 Ja5L 933 39.% S04 2260 115.0 . _
6 0,100 5 9 068 1122 Ly 22 209 2760 1620 :
7 o 0050 1 164, 2556 1455 15459 3457 97.5 1180  Sharp
8 0.075 1 102 2079 VA3 70,33 1415 127.5 133,
9 0,100 1 163 3472 2703 21,30 156,061 1330 221,5
1 0,020 5 o results recorlcd on £ilm = Ly cceldent
u 0.0%0 5 13 4628 15% 53 65 12,53 3570 1250
12 c075 5 116 6291 1333 5941 15,84 3710 2110
13 c.ace 5 I 2299 500 6100 1702 3355 22005
5)A ~c° 0050 1 102 1111 A3 10,3 573 3,0 63,5 Sharp :
15 0.075 1 105 1534 774 15,08 7427 03.5 93,
156 0.100 1 95 2134 1007 22,93 10,60 1440 1410
17 04050 5 A 152 332 21,71 4 54 1260 60,5 Trial run only
13 005C 5 92 2225 £21 R5.32 5406 1530  75.5
19 0.C75 5 103 3541 743 32778 693 2045 9245 é
20 0.,1C0 5 ¢3 767 933 45,39 1.2 283.5 150,5
21 o 0,050 1 65 %0 63 5,50 4,05 345 540 Chawp )
o) 0.075 1 96 1170 857 1198 503 750 119,0
© 23 0,100 1 96 1631 1465 1699 15,26 1060 203.5
. 24 0.050 5 77 1061 L10 2547 5432 153.0 710
25 0.975 5 75 2354 105 31,30 660 1960 330
26 0,150 5 92 2540 1362 A7 471 14,50 1730 197.0
7 660 04050 1 &7 513 283 590 325 370 43,5  Shamp
a3 i 6,100 5 63 R o ris1 Mw:?elf 15554 ,W.,j..:?_ww,(,,..mjm e P e e i L s
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mASTT s
el 04 7,

Tast Samise TTIT o T To dotaralan af8n0f of Tevtabion 30 Soaad of Cibtia~
Ti3th of Cut: 0.2501
'
o of Troe Docorns 1
Donth ol Cut: G050
Chliyaity: .0°
(2) Re%e Angla 3 = 200
Tect o, Cubting Spoed Rock o, of Dial P ] 2 Tv ™I b o
’ in/=in, 7o, Seadings Dizl divas, Dial divmg, Dicl divas,. Dicl diwms, lhs,  1bs. - JenoXks
III1 55 1 _ _
2 2,0 1 103 1921 726 T 17,79 6472 11,0 2.5
3 A VAVA 1 173 2630 1033 21,33 3 133.5 112,0
) 55 2 111 2770 1 20445 7613 123,06 ©5,0
5 2.0 2 120 2316 771 10,20 6 L3 10,0 26,0
54 2.0 2 13 162 43 0 400 2 07 510 35.5
6 14 L 2 255 252(€ 1067 Se8 4415 2045 55,5
7 545 3 110 739 201 7 17 2437 454 0 3145
S 2.0 3 101 1c71 437 6,65 302 5 400
1C 545 A %0 813 269 9409 2 99 5645 4040 -
1 9,0 A 134 1514 576 11,20 3455 705 A7.5
12 14 4 4 124 1507 410 12,15 3.1 760 445
13 545 4 59 Qs 239 16,00 L 05 100 &4.C
pVA 2.0 2 129 2559 .62 19 ,C4 443 23,0 64,0
15 144 A 206 2731 1001 13.35 2 430 1,5 65,0
15 55 5 2 2013 456 26.72 508 W7o 800
17 9.0 5 129 2945 618 22,0 4379 130 640
8 VA 5 223 5512 1026 2413 4450 1510 (00
19 5ed 6 1C9 ” 2563 502 23,51 Z 6L 170 615
20 9,0 6 i) 6962 %02 36 420 7 30 226.5 97.0.
21 14 4 6 137 3295 517 244,73 3477 155.0 50,5
204 2.0 7 20 1594 277 53,15 923 " 1btor
273 144 7 176 . 7293 097 1573 6429 " Stalled
(b) Noke tneles C° N
Ir1 24 L 2 : N . _ Tool Sharp
1 13,0 2 171 511 g 10.59 L6 660 635
1 14 A4 2 73 509 221 6 Al 240 L0 3745
15 5 o5 2 271 2274 - 39 , 52 &5 _
15 22 0 6 94 2453 215 26 14 229 163.0 30,5 Vear 00201
17 15,0 6 155 3607 353 232 231 45,5 31.0
3 10.0 6 135 2273 356 24 L7 2 3L 150,5 23.5 .
19 14/ 6 o7 2253 225 23,2 2632 145,5 31,0 .
20 55 6 24 5034 533 20,22 2156 121,5 29 '
2 240 6 132 3035 393 26,35 2,52 13,0 47,0  Wear 0,040
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Lez Qcksy 095 Clocronce, 79 Depth of Cub, %U in,; Lok, Darley Dale Sanlstone,

Yoe OF Dictonco cut ihon Wilth %1 Tores e MJ«M
m (in.) of Tlct .
(in.) Thrust Cutting
Foren Torce

(1) (1»)

1 1.00 0.0110 1270 G2

2 3;,-3 C.CLL4

3 505 0.0233 C 185 7l
L 707 0,022

5 10.00 G054 27 553
6 202 €.024

7 14,03 € .02L0

3 16.C5 0 C269 273.1 300
9 12,03 0.0271

10 20409 0.0232

1 22,10 : 0.0250
12 24,12 0.0232 2721 55,0
13 26,16 0.0273

Since o large part of the wear cccurred in the flrst 2 in, of travel the tool
w23 ro—shazponad and o further run nde to daberains the indtlal rote of development of
wear, measurenonts being male ab froquent inbervals throuthout the cub.. he reoults

*
rre chom balow,

Distence Cut (in,) lieen Uear (in.)

0,102 0,001
0.502 0.C059
1.018 .0,0071
1,503 0,0093

1 D4 0,0110
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BIRS corliT
Yattnebter Jeadings
W1 Wa W Touer I v Zalance Corrcetion Coirected Torgue Speed nenarks
wetts \Serie wotts  watts  arps volts Ieading Looding
ze x 20 > 20 15, oz, 1h, oz, lb. o0z, 1lb, ft., 0.0
& - 57 110 11.3 139 6 9 bA 3 2 1 s 2 515 Correction to
74 L 73 1500 11,0 120 7 14 n a 3 6 13 50 510 balence readings
ol 12 9 1360 12,5 120 S S n " 4 0 1 o 2938 ineludes weight
95 32 127 250 13,9 1 10 4 0 1t 5 10 22 50 269 of broke and amn
103 43 156 3120 15,5 138 11 10 1 " 7 2 283 £0 431 cte, cnd zero
112 £9 173 L0 167 125 12 10 " a S 2 32 0 09 exrror of balance
2nd TEST
o -, 65 13C0 11,5 12 7 1 2 3 2 9 10 25 510 Brake arm radius
71 3 7 1420 11,5 15 7 3 n A 3 0 12 O 502 in 211 caces =
74 7 2 1620 11,7 129 7 L L w3 6 13 £0 496 4 ft,
7C 11 4 1740 1,2 120 o3 A u n 3 00 14 = 439
o 22 106 212 12,4 127 9 4 L " L, 10 13 50 470
33 20 3 2360 13 .O 133 10 0 i n 5 3 22 Q0 260
9L o 122 2640 12,2 127 10 11 n n 6 3 25 00 442
100 45 146 2020 46 126 11 3 " n 6 1 26 75 423
104 51 155 5100 15,1 135 11 5] n n 7 ¢ 28 00 02
117 o7 124 263 17,5 133 13 2 n n o 10 L 50 345
31rd TZST
¢, ] L3 560 12,4 10 5 10 ) 3 1 2 4 5 531
7 =14 53 1060 12,1 140 6 3 " mo1 11 6075 513
7/ +2 76 1520 12,0 140 - - n n ot glven - 512
45 -12 54, 1C0 0 120 72 n L 2 10 110 5 515
74 +2 - 76 1520 119 140 7 10 t u 3 2 12 5 510
32 15 o7 154 2.3 10 3 13 n n A 5 17 25 yAS)A
e 26 14 Q2R3 3.0 129 9 13 n n 5 5 21 25 475
. 39 136 272 4.0 120 10 12 . n n 6 L R 0 452
Lth TLOT
63 -12 =6 1120 120 140 6 11 A 3 2 3 S 75 523
0 -7 63 w0 12,0 140 6 12 L L 2 L 9 Q0 512
73 +3 26 1720 a1 10 S 5 " Ul 3 13 15 25 501
o4 13 102 200 10,5 140 3 12 " n 4 4 17 00 436
32 13 95 12Co 12,3 140 S 12 n a A L 17 @O 402
o0 25 115 32 12,0 10 o 11 0] a 5 3 20 75 L2
150 20 10 22C0 4.3 139 e 12 n it ¢ L 2 0 4o
Similer totie vere corrial out for noninal robary spaeds of 000 LFPelle, 430 Da.IL, 320 R,
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Srolin Tock o BE , Toandmic Toncl 1oton,

Corried oub on rotor chalt 1.2, no reluction pearing used.

The gear ratio for the (2,5 X!

M, geor wma 23,5 sl

Rotor Power Total Line Line Dclance Qorroctad Dobtor Drill  Drilling
Spead Totts Pover Voltopge Current  leading Tecding  Towqus  Chmek Torous Lemariks
Relolls * 3 Tale - volts, Amps. b, oz, 1b, oz. 1b.JSL, OSpesd 1b, ft.
- - 1 3 0 0 0 Y 0
ottnacter
1490 25(x:5) 0,375 41 275 1 3 0 0 0 034 0 Scole
Hadtiplier

23 0 (420 - = 0 o 13 1,03 - 25 J (x5)

5 n C.075 3.05 30 1 13 241 - 56 6
A5 63 C 945 3420 o0 2 13 374 0630 33,0
73 o 1.135 3.50 5 0 3 13 507 (2,3 1190
LiCs 94 o 1.410 3450 6 0 L1z 0JO G4 1505
141 113 = 1.005 403 7 © 5 13 703 (2.2 1013
1440 130 " 1920 L 0 S 0 6 13 9,06 622 2126
150 17 @ 2 205 470 9 ¢ 7 13 .9 (14 2440
142 160 o 2 .00 5400 1 O 3 13 172 614 2756
1440 15 = 2475 5455 11 0 9 13 12,05 Cl.3 3064
1430  2cC o 3.000 - 5.33 I 0 10 13 142335 09 33B.5
112 223 ¢ 3245 6J/0 12 0 11 13 15,71 602 39.5
1210 240 @ 3400 6,50 %4 0 1 13 17C4 GO0 4000
1410 £42(>20) 2430 6,63 14 0 12 13 1704 60,0 4000 wfttneter
1402 51 ® 2000 7,10 15 0 13 13 18.2 5940 421 Iﬁélielier
e 53w 3,100 7.5 15 8 L 5 1904 5.6 AT0 (=20
b ple 57 0 3420 770 1% 0 14 13 197 9.5 4630
1295 o » 3.6C0 8 e17 17 0 15 13 2103 594 4950
1200 ¢ 3900 840 13 0 16 13 22,36 98 5250
1335 0 4o00 1Ao7 9.3 19 0 17 13 2309 590 550

7.2,  Thero is an obvious error in the 20 Sscole smlbiplier which Teads

low in comparison to the =5 mltiplier, This 4id nobt introduce
error in the drill tects since the readings were all in the =5

ronge, the sone "wattneler' being used ylien drilling as vhen

ClAL 9% LA.VJ-*U [F99¢s A icpvio s e ’ T it st s ek e L A e e
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Purpose of Test Dit Type Dock Thrust} Tower | Torque | Rotary | Drilling] Dod Durestion
Ibe | Inpub | Ib £t ,] Spead Rate Detalls | of Tect Deanrks
Kole RE 1. nin, gees,
To deternine tormue] Standaxd U Loninated 600 0575 2460 631} 156 Seroll X Bit Sharp; Undemeged ot end of test.
end drilling rates,|Concentric (1} Shale .
1 u 12C0 1200 |119,0 62 7 173 u 0 o visible wear, Undamazed at end
’ of tect,
H " 1680 | 1455|1500 (25 | 270 " 10 Both legs failedi= by bending
. i invards,
To doternine torque| Spearhead n 600 0lI2 | 25,3 633 90 n 20 Cit Sharp; Unlemeged at end of ‘cestl
and drilliny rates |Bit (2) ‘
‘ " 1200 10,6501 55,0 | 63,22 | 131 L €0 Yo visiblo wear " M # w n
1 1800 975 92 -5 62..9 12 5 1] 40 it L} i n ] LI | B
2 1.125 1110,5 6243 .2 " 50 " " " Speed fell towards
3 end of test,
u 3000 1,200 12040 62.1 19,5 " 30 Carbide bally fleked,
To compeore oblique [Ublijue bit ‘ 5 v _
bits with stonderd | (4 " 000 [OL00L 72,5 | 630 | 0,6 u 40 Leefing leog falleds by bending,
bits, . \
. (B) ] 600 0.615 | 50,5 632 11.3 " 3 ® " " nooon
To deternine torque]Spearhesd exloe B i
and drilling rates,.|Bit (2) Sands 1200 06381 54,0 63,2 067 n 50 Bit Sharp; Undamaged at ond of tes
. lt} il 15 0 .()75 92 .5 62 .C) 2 .10 1 70 Sli{;h'tly o™ n n " T u
1 " 2/00 1,10 133.0 62 J L5 1 o0 " " ] ] 1" n n
L u 3000 {1425 {1460 | 6245 55 i és Uear eccily visible; Undameged at
. Ond of 'beS‘b.
) " 3600 - ~ - 695 n 100
" 1 4200 - - - 79 n 50 Slight flaking ot tips,
= n 4300 - - - 9.5 " 70 Tips badly flaked, ,
" U 4300 - - - 7R n &0 Worn bit (Similar to other Spearthead
To test Alloy Dody {Alloy Body ‘ '
L1t for leg Strengih|i3A u 720 - - - 12,5/ n 70 Drilling rate fell continuously
(Concentric) 6 o diring test,
u 1200 - - - 15,7 n 50
n n 1500 - ~ - 20,6 " 40 Carbide badly flaked (but legs
widenaged) due to collaring hole
too small,
To deternine Torgque|Standaxd U ‘ :
end drilling rates,|Zceentric Dit " 600 0525 400 | 63.3 3.3 " 50 Test successfully completed,
" 1200 - ~ - Lego "folded up" ot start of test,
To checkt results Allagy body ~ _
of Tests 5, 13\ n 600 0435 | X0 633 - I a0 -
. " 1200 {0,705 | 6,0 | 63.1 - ; 50 -
i 15C0 1,565 {102 5 A - u 20 Baeking was "blued" through heat,
i 2200 2520 (2760 | 61.4 - " 35 Carbide completely removed from one
lecg bubt legs stlll intact,
To deternine toryus|Improved Hard Flain ‘
and drilling retes,|Design (1) Limectone | 18CO0 |0927 } 82,0 | 63.0 743 Round 150
‘ -20° 2ale _
( n n 30C0 1,305 {1330 6256 12,6 n 110 A
i " 3600 1912 |205 0 62,1 13,3 ': 150 Driving lug of rod scheared off,
As & O nak " 1300 1.125 110 62,8 et '
(45 ) 5" fake 2400 - g 0 : - Water swpply blocked immedistely at
start, Coused binding and shear of
thread .
(1s ) =17%erroy; " 1300 0580 | 940 | 629 - "
Core n 2200 1,170 |112 0 2.8 125 " Screw thread sheared, )
(4 3) ~10° Narroy n 1800 o340 | 7r6 | 630 756 " 110 B%t 1&!Ifxarp. Using 2F Ni Cr Mo Allogy
Cors ' . stwd,
t " 2200 0945 | 9.3 62 9 94 n 70 Torque value sppears low,
n n 3000 1.290 |19 3 62,;6 13,3 n GO
" " 3000 {1,650 |171% | 62,3 | 138 " 0
n n 4200 1,935 }206 a 62,0 19,5 n 25 Stopped due to lack of water,
n " 4300 2 460 270 :3 61 19,3 " 50 Vibration much more pronowmeed,

Power readings very verlsble
Fracturs (crack) between legs,
Carblde undamaged, |
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Troportion by weisght ‘Porcentags of Total Veight cof £C porticles of
L_‘;-q) Wat et 39 Taricys Sican yoricus sisan
Oarmyle| Semple| Sample| Sample
Sicve 3ize () (b (c) (2 (=) (r) (c) () (2) (v) (c) (a)
on 1 3,3.3, 0 0 0 0 o | o3 o e’ - - - -
LA OO 0 0 DO 75 0 0 09 1.3 - - 550 162,500
moeoow ARCH I VA 23,0 | 20,0 04 1,6 19 3.5 3,36 3701 4107 7.1
it » .
LN TCRE 143 | 15.0 346 | 253 1.3 1.7 29 b e 24,66 125,00 [29.32 33,29
oo 232 | 4537 0o | 292 240 561 59 5.0 | 1493 [14.065 17,362 |0.0O
oy :
L FER 7 | 66,1 | 1200 | 8242 64,6 7.3 11,5 | 143 3831 7713 | 7.862 1,668
noln o w 326.3 |197.1 | 3000 |1C3,5 20,3 0,0 254 | 138 1745|224 | 2422 [ 3.125
"5 T.LMLSievd 23.0 | 22.8 200 | 267 e 245 2.5 46 1274] 1401 [ 12503 | 14600
ng oo "o 133.5 | 1323 | 1453 | 7544 127 14,6 12,3 [ 1343 0,420| 0,593 | 0,618 | 04630
"0 1 50,5 | 429 53,7 | 22,6 L6 5. %3 39 0.173] 0,133 | 0220 |0.234
wiy v a | 435 | e | 430 | 0 4.0 Lo 37 | 35 0.100| 0,105 | 0,110 |0,121
T:].I‘O' ].2 I.::.I;‘ . .. . .. . i
Sleve 33 .7 320 05 335 hs) 153 ") 3409 35 oJ 23 J{— 27 05 hd - - -
TCTAL 1093.4 {9C0,3 5758 |100.03% 100,05 | 100.05 |100.C5




Gauge 3 had previously been calibrated by a Bourdon Press
Gauge calibrating unit end found to be accurate, It is
therefore used as Standard in the following tests.

Gauge 2 1b/sq.dn. | 12.0f 55| 71.5]54.3]44.5]36.0{23.71 0.0} 32.8
moo3 0w o figgl 35]60.5052.2040.8l%01210 275 P2

" 13531410 53.0156.0]15.8] 9.7|20.8 13151332
t 3w omov 133001390} 51,0|53,6]11.8] 6.5118,0]29.0) 362

Gauge 2

Gauge 2 " " " 5001530 57.0[62.0[06.3}710]71.6 }63.45 | 43.0
noo3 onowoun Ay slel 0155,00000)04.30692(6947 16745 | 4640
Gauge 2 @ " ®n |33,7[32:2 | 40237

3w o won 2671302 (11.0[21.5

A Calibretion chart was then drawm wp ond all indicated values
of Gauge 2 reduced to the stendord values, All prescure readings

given below are reduced veolues,

2¢ Toots to datorming totor Mlaw Nocictonga of trot Dridling
eitqc!‘mayﬂ'f“

(o) Stondond Vet Attachment

Gauge 3 nmeasures water pressurec at entry to the wet
attachment,

Gauge 2 " u i " exdt fron the wet
attachment,

vater Pressure. 1b/sqJdn.| PressDrop 1b/sq. in, | Lcte of Flow
Gaugoe 3 Gauge 2 Gauge 3 = Gauge 2 galls/ain,

430 13.5 29 45 3.0

370 1345 2345 : 333

2,0 11,5 20.5 2,66

200 70 13.0 224

3540 2.5 22,4 2 &30

14.5 40 10,5 1,90

21,8 75 14.3 2 04

30,5 11,0 19.5 2.0 -

0.5 15.0 2545 2 84

4 0 1645 27.5 3.6

49 45 19.0 30.5 306




Resistanee was deternmined by plotting values of 'Pressure Trop!
eroinst velues of (Rate of Flow) 2 and ncting the gradient of
the streight line through the points,

Pactatonean of Diendend Vot Drdllin~ ALt achmont

- 295 (1 1t ’ 1h -ni:12 )
=295 (in units o inz.gall"‘

(b) lUodifi~l Toh Ldtoohmont

Tnter Precaure 1h/on,in, | Precsure dron 1b/ov.in, ] ote of Flow
Gauge 3 Gauge 2 Gouge 3 = Gaugoe 2 Galls/:dn.

v | 9 45 223 |
L5 1.5 ; 3,0 1.0 1

17.5 122 543 2903 |

2345 172 643 2 A0 |

290 20,3 8 262

35.5 260 9 o5 270

39.0 28,3 10,7 307

L5 0 330 13.0 3.33

50.0 260 14,0 | 35

5540 JAcKs) 15.0 | 365 |

56 45 40,5 - 15.0 3.7

Resigtance was deterained in the same nanner oo previously,

Naatictonnn of 1odified Yot Drillines Attachrand

= 1,20

o Bt b WO 8 BB a oot

Using 4" bore steel plug in place of bit,

Gawre 1. neasured water prescure on supnly tank,
g on oupr

Cruge 2. " " n bt drive end of dxill rod, g
Gauge 3. oo n at bit ed " ¥ "

Dictznce between Gauge 2 and Gange 3 = 3160




Vater Precsures l'!J?q oin. | Fresere diop 1n/s~dn, | oilste of Flowv
Cauge L Gauge 2 CGauge 3 Gauge 2-Gauge 3 cells/zdin,
80,5 1.1 743 6.5 229
L 17.5 10 0 75 235
860 2677 1545 112 303
L 3147 13, 12 o4 3.1
u 6.2 21,5 147 341
&1.0 41,5 2445 17.0 3.9
" S e el ARG 1,77
u 146 745 7.1 2.17
i 210 117 93 243
87.0 23.5 12.5 10.0 249 |
L 06 1745 12,1 3.9
L 32.3 19,5 13,3 3.19
n 353 21,0 1440 342
" 33 227 16,1 352
n 403 R37 16,6 3.64
87.0 10.3 5e3 : 5.0 2.01
" 15.3 33 : 75 | 2435
L 22,5 10.5 12.0 247
" 202 | 1645 1247 3,04
" %9 | ol 14,3 3.5 |
n Yo lis) 24 0 16,3 341

-

T nlobdine,

Jecictonee of Bore of 1% »ompl Axt11 red 386N ono

(1) Using <" bore steol plug in plece of bit,

Gauges 1, 2, 3 as in Tests 3,




Uster Froscure 1b/sq. in,

Preceure dyop 1b/50.in.

~obe of Tlov

Gance 1) Gonee 2 [Crovro 3 Gonme 2 = Gooen 3 grllo/nin,
87 120 7.0 110 2.10
" 6.0 15.0 21,0 3.01
u 300 |.17.5 2145 243
" 3NS5 17.5 22,0 AR
" 31.0 110 12,0 259
L 310 13.0 150 337
n 17.0 6,0 11,0 225
n 2345 RS 137 2406
" 29.0 2.2 15,3 2471
n 42.5 12.3 232 3455
L 8.0 20 6.0 1,57
n 1345 s oy 158
u 20 140 12,0 3408

- » - 1
(ii) Usiner Stoandend Jehiih 1204k 25 f3dnetmtor Halac annl) =8t At amatar
Yronchine Crom cortral hala 3 dis-ctor,

Weter Precsure 1b/sq . in,

Precoure drop 1b/s1.4n,

acte of Flow

Gauge 1] Gauze 2 |Gauge 3 Gauge 2=Gouge 3 galle/min,
S7 240 20.0 40 1.33
n 13.5 150 45 1.0
" 14,0 11.5 245 087
" 2.0 2545 4.5 142
n 3448 2977 5.1 1.1
" 41.5 3540 6.5 1.3
" 43453 VAR 748 1.8
n 54 .0 4545 55 192
n 64,0 53 40 11.0 226
n 640 530 11,0 224
86 63.0 50,0 13.0 274
&7 51,0 ARG 16,0 2.2
u 3640 300 6,40 1,70
" 24 0 21,5 245 1.22
" 15,0 16,0 2.0 1.22
" 11,0 10,0 10 1.2
u 15.5 16.5 20 1,16

Contld ...,




Vater T rescure 1b/sq.in, Froscure drop 1b/sqJdn. |Rate of Tlow

Gomze 1] Genge 2] Gauze 3 Gouge 2=Gauze 3 celle/nin.

Conttd P . N »
o7 23.0 20.5 25 1,33
" 290 253 37 By
" 38.3 330 Se3 1.02
n 450 33,0 70 2 0
" 500 41,0 9.0 198
n 64,0 52 45 11.5 234
" 54 0 450 S L 2420
" 6.0 55 0.5 0,73
" 10,0 20 10 00
" 175 | 1545 2P 1,03
" 20,0 130 2.0 1.2
n 26,0 23.0 3.0 1.72
U 23.8 B0 20 1,54
" 355 21.0 AN 1,76
" 22 3642 60 192
" 51,0 430 8.0 203
n 56 0 L6 .5 9.5 243
" 620 51,0 110 343

By plotting,

Doaictoqes of

bora of -1 drill rod 3N lone,

i

130 unita,

Gange 1 = on bank

Gauge

2 = measures water pressure at exit from web

attachnent (L.e. drive end of drill rod).

Drill Rod -~ 1" diomoter round (es tested).

oty o i

1525 B,



Toter Prosoure 1b/an in, Rate of Flow
Cauge 1 Gruge 2 galls/min,
87 21,0 296 )
" 11.5 2 A4
1t 15.0 n 50
With ¢
" . 540 1.00 enlargenent
" 2.0 1.40
" 13,5 2 34 -
" 22.5 -~ .3 h
" 16,5 2 bk .
n 12,0 220 ¥With no
' enlargement
" 2.0 1.2 (
" 245 1,56
" 234 324

By plotting ZTotal Resistancs of Rod and Bit

= 2,6 units (for both vith and without
enlargenent)

Resistence of Dod = 1,90 walts

o% ZDocighonce of XL = Q.70 unlita

Similarly by plotting values of Gauge 2 acainct (Rete of
Flow)® for results of Tests 4(11) tho water flow recistonce of the
Standard U-bit moy bo determinod,
7.3. The water pressure on Gauge 2 is nmeasured at a polnt vhere
the bore Dismeter 134", Since the bit has 3" dlameter holes
there is an inereaso .’;n Valocity Pressure, (’i‘his is not =0
for the bit of Testa 5.) which must be considered.
e.3s Yalooity preamura of Jeb ob ortt fran Bik (& 4o dia,) for floy

Teloclty ob extt fron bt = % 2 21% %32 &

Nt® Sp®
&
~
)
D
[¢)
L ]

= 157 £t/sec.
Veloeity Pressure = 1873 = 00434 = 1,67 W/sadn.
| 23 - L)

P D



Similorie Velceity proseure for 1 g:ﬂllon/:ﬁ.zmte throush -:;"

diometer hole (ontry to weot attochamt)
= 042 lb/ o0 Gin
. o Gain in Velocity prezmure for 1 gallon/aintte = 1425 1b/zq.in,

L] 2 d ﬁ
For = gallomnt Godn dn Veloedtsr Dramavpa = 1 OFw /o dn.

Yeter Pressure Nate of Flow Gain in Veleccity Dron in Total
1b/5q .40, cells/nin, Fressure 1b/m Jn. Proscure
Gauge 2. 1b/5q.in.

24,0 1.33 2.1 21079
13.5 1.29 2 03 162
1440 0.5 112 12,722
0.0 142 2482 iy ¥ Ac
3.3 1,01 34 3156
1.5 1.03 352 31907

ete, ete, ete, cte,

Dy plotting Drop 1In Tolal Fressure agalnst (Rate of Flow)z

Nasichanoa of Uabit «d4h M1 1olaa $o~nthan

1rith T g ameter 31411 rol .

i

|

= 5.0 units ' %

Resistance of Nad = 1.30 wnits i

Necighonee of Stantorl Ushit yikh 1 Afaoator halos

= 7,5 mits

’ ) Lz 3 |

~ealotonces (Units  in® f gall) ) i

—— ".' Se— . !

Standard wet ettaclment 1= 295

Hodifisd " - 120
71 arill rod t= 0,37 unitg/foot *
1n n i t= 0,04 n / fool *

Standard bit with ¢ dla, water holest= 7,50 wnits

Serew bit with 4 % 344, water holes 3= 0.70 wnite

* Discrepancy bstuesn valuses is duo to nan-circuleridy of water bores.

foke on Chemr Foxaula for Pive Flou,

todificd Chesy Formulae for pipe ruining full

he =4f1v2




vhere £ = crperimentally deterained constont
1 = length of pipe in Loot
v = velocity of water in 2t/scc.
g = acceleration due to sravity (£%/soc?)
d = diameter of pipe bore (in foot)

he = head lost in friction in faozt of wcter

i
1]
™~
tey
H
on
i)

vhere § = quantity of water in ciJft/sac,
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1hers p = pressurs locs in 1h/eq.in,
1

= length of pipe in fee!
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d = diancter of pipe in inches
£ = erperinentelly doternined constant,

-
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Dy comperison vith p = 1L Q<
£
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Thus inerease of hore diazmeter froa 0 to __;"
4 16

will roduce recisionce (55 = 3,07 tines,
7,
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Thus ' drill rod 2' bore 1All have

’




RN

ROCK 1.,

~m 2

PR e T S

ROCKS IN P

Soft te L cne A heterogeneous
oolitic limestone, weakly bonded, Non—sbrasive.

Similar to Rock 1
but more strongly bonded; contain occasional
large shell inclusions, Non-gbrasive,

Fine grained .
weak rock with shell inclusicnas, Non-ebrasive,

Durham Pogt , Fine gralned, Micaceous,
Bedded Sendstone, Moderately sbresive.
L1 t= cut teken perpendicular to the bedding
413 3= cut " parallel with the bedding

Darley Dale Sandstone, Modium greined,
homogeneous, abrasive sandstone, moderste hardness,

ngritgtone" (Quartz Conglomerste) .  Very
heterogeneous rock.containing large quarts crystals.
Very sbrasive, ‘

"Syenite o Very hard, heterogeneous rock
with free felspur.
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High Speed Drifting in the Ruhr Coalfield
vith Special Refersice to Drilling Techniques.
| Trans, I, Min, Egrs, Vol, 114

- Jan, 1953,
H.S, ALPAN |
The Speed of Penetration of Bit in Electric
Rotary Drilling,
Trans, I, Min, Engra, Vol, 100
A Sep . 1950,
. Thesis (Sheffield University)
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Sep. 1941 (Expet

On the use of Hardness Reducers in Drilling,
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Mg, 1954
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Tectondes of Mining,
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SHAW COOK AND FINMIE
o Shear Angle Relationship in Metal Cutting,
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Fundanentol Geometry of Cutting Tools.
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