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(57)  The invention provides a rotary drag-type drill
bit in which the relationship of torque to rotary bit speed
is such that torque generally increases with bit speed.
Such a bit has a reduced tendency to exhibit the phe-
nomenon known as "stick-slip" while drilling, when com-
pared with bits having a different torque /speed charac-
teristic, as a result of the positive damping effect of the

Rotary drag-type drill bits and methods of designing such bits

torque/speed relationship. One method of designing
such a drill bit comprises ascertaining the torque/rotary
bit speed relationship, or other correlated relationships,
for a number of different drill bit designs and then se-
lecting from those designs a design having the desired
type of relationship. Examples of drill bit structures spe-
cifically designed to achieve the desired torque/speed
relationship are also disclosed.
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Description

[0001] The invention relates to the design of rotary
drag-type drill bits for use in drilling holes in subsurface
formations.

[0002] As is well known, drag-type drill bits comprise
a bit body having a shank for connection to a drill string
and a plurality of fixed cutters mounted on the bit body.
A passage in the bit body supplies drilling fluid to nozzles
in the surface of the bit for cleaning and cooling the cut-
ters. In one common form of bit the bit body the leading
face of the bit comprises a number of circumferentially
spaced blades extending outwardly away from the cen-
tral axis of rotation of the bit, cutters being mounted
along each blade. In polycrystalline diamond compact
(PDC) drill bits some or all of the cutters are preform
cutters formed, at least in part, from polycrystalline dia-
mond or other superhard material. One common form
of cutter comprises a tablet, usually circular or part-cir-
cular, made up of a superhard table of polycrystalline
diamond, providing the front cutting face of the cutter,
bonded to a substrate which is usually of cemented
tungsten carbide.

[0003] The bit body may be machined from solid met-
al, usually steel, or may be moulded using a powder
metallurgy process in which tungsten carbide powder is
infiltrated with a metal alloy binder in a furnace so as to
form a hard matrix. The general design and methods of
construction of such drill bits are well known and will not
therefore be described in greater detail.

[0004] It is well known that rotary drag-type drill bits
may under certain conditions, particularly at low rotary
speeds, and high weight-on-bit, be subject to torsional
vibration as a result of a phenomenon commonly re-
ferred to as "stick-slip".

[0005] In stick-slip the situation arises where the bot-
tomhole assembly is rotating more slowly than the upper
end of the drill string due, for example, to frictional
torque acting on the bottomhole assembly, with the re-
sult that the drill string begins to wind up. Eventually, the
torsional energy stored in the drill string is transferred
to the bottomhole assembly and accelerates it to a rotary
speed faster than the steady state rotary speed. This
transfer of torsional energy from the drill string to the
bottomhole assembly can occur periodically giving rise
to torsional vibrations.

[0006] Such torsional vibration is undesirable since it
can lead to rapid wear of PDC bits, particularly in harder
formations, due to damage to the cutters as a result of
impact loads caused by the torsional vibration. Torsional
vibration can have the effect that cutters on the drill bit
may momentarily stop or be rotating backwards, i.e. in
the reverse rotational direction to the normal forward di-
rection of rotation of the drill bit during drilling. The effect
of such reverse rotation on a PDC cutter may be to im-
pose unusual loads on the cutter which tend to cause
spalling or delamination, i.e. separation of part or all of
the polycrystalline diamond facing from the tungsten
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carbide substrate. It would therefore be desirable to be
able to design rotary drag-type drill bits which will not be
susceptible to stick-slip, or to be able to select from ex-
isting or proposed bit designs those which will be less
susceptible to this phenomenon.

[0007] Hitherto, it has generally been considered to
be desirable for rotary drag-type drill bits to be as dy-
namically stable as possible in order to minimise all
types of vibration during drilling. It has also generally
been considered desirable for drill bits to be dynamically
balanced for the same reason, except in the case of so-
called "anti-whirl" bit designs where a deliberately out-
of-balance bit is designed so that the part of the periph-
ery of the bit which is urged against the wall of the bore-
hole by the net out of balance force is free of cutters so
as to slide over the surface of the borehole.

[0008] The presentinvention is based on the surpris-
ing discovery that bits exhibiting lateral vibration which
increases with rotary bit speed may be less susceptible
to stick-slip than bits which do not exhibit this character-
istic. It has been found that increase in lateral vibration
with increasing rotary bit speed is correlated with in-
crease in bit torque. When a bit having this characteristic
is subject to the rapid increases in rotary speed which
occur during stick-slip, the increase in torque which re-
sults from the increase in speed serves to provide pos-
itive damping of the torsional vibrations, with the result
that the bit drills more efficiently and is less susceptible
to damage. The reduction of torsional vibrations may al-
so reduce the risk of fatigue in the drill string.

[0009] The present invention makes use of this dis-
covery in the design of drill bits, either by allowing to be
selected for development and manufacture those pro-
posed bit designs which are found to have the above
characteristic, or by specifically designing drill bits, or
associated downhole components, in a manner to en-
sure that the bit or component will exhibit such charac-
teristic.

[0010] According to one aspect of the invention,
therefore, the invention provides a rotary drag-type drill
bit in which the relationship of torque to rotary bit speed
is such that torque generally increases with bit speed.
[0011] The invention also provides a method of de-
signing a rotary drag-type drill bit comprising the step of
ascertaining the torque/rotary bit speed relationship for
a plurality of different drill bit designs and selecting from
those designs a design where the torque/rotary bit
speed relationship is such that torque generally increas-
es with bit speed.

[0012] In such method the plurality of different drill bit
designs may comprise a series of modifications of a ba-
sic bit design. Thus, the effect of a series of possible
modifications to the basic design may be compared, so
that the version of the design likely to have the least sus-
ceptibility to stick-slip may be selected.

[0013] The torque/rotary bit speed relationship for the
plurality of drill bit designs may be ascertained by cre-
ating a computer model of each drill bit design, applying
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to the computer model of each bit design motion corre-
sponding to increasing rotary bit speed, determining the
forces generated by each bit design during such motion,
and correlating with the rotary bit speed the bit torque
consequent upon said forces. It is common practice to
use computers to model and analyse bit designs and
various methods of analysis have been proposed and
are available. However, for the purposes of the present
invention a particularly suitable form of analytical soft-
ware is that of the kind which uses the methods de-
scribed in U.S. Patent Application No. 09/160,282, the
content of which is incorporated herein by reference.
This software takes account of the movement of a PDC
bit (such as rotary bit speed and rate of penetration) and
then calculates the total forces acting on the bit by sum-
ming all forces generated by cutters and other bit fea-
tures. Such software may thus be used to correlate bit
torque to rotary bit speed, under various conditions, in
any particular PDC bit design.

[0014] Alternatively, the torque/rotary bit speed rela-
tionship for a plurality of drill bit designs may be ascer-
tained by acquiring data on torque and bit speed from
actual drill bits while such bits are drilling earthen for-
mations. The data may be acquired during laboratory
testing or during field drilling.

[0015] Since it has been discovered that increase in
torque with increasing rotary drill speed correlates with
increasing lateral vibration, in drill bits which are less
susceptible to stick-slip, the invention also provides a
method of designing a rotary drag-type drill bit compris-
ing the step of ascertaining the lateral vibration/rotary
bit speed relationship for a plurality of different drill bit
designs and selecting from those designs a design
where the lateral vibration/rotary bit speed relationship
is such that lateral vibration generally increases with bit
speed.

[0016] As before, the lateral vibration/rotary bit speed
relationship may be ascertained by creating a computer
model of each drill bit design, applying to the computer
model of each bit motion corresponding to increasing
rotary bit speed, determining the forces generated by
each bit design during such motion, and correlating with
the rotary bit speed the lateral vibration consequent up-
on said forces. Alternatively, again, the lateral vibration/
rotary bit speed relationship for the plurality of drill bit
designs may be ascertained by acquiring data on lateral
vibration and rotary bit speed from actual drill bits while
such bits are drilling earthen formations.

[0017] It has also been ascertained that increase in
depth of cut exhibited by a drill bit with increasing rotary
bit speed is also correlated with increase in torque with
bit speed. Consequently, the present invention also pro-
vides a method of designing a rotary drag-type drill bit
comprising the step of ascertaining the depth of cut/ro-
tary bit speed relationship for a plurality of different drill
bit designs and selecting from those designs a design
where the depth of cut/rotary bit speed relationship is
such that depth of cut generally increases with bit speed.
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[0018] In using these methods, the design of a bit ex-
hibiting a low tendency to stick-slip, in accordance with
the invention, is passive in that a bit design having the
required characteristics is selected from a plurality of al-
ternative bit designs which have been designed using
other parameters. However, the present invention also
allows drill bits or associated downhole components to
be actively designed specifically to achieve the desired
characteristics which have been found to reduce the
tendency to stick-slip.

[0019] Accordingly, the present invention also pro-
vides the combination with a rotary drag-type drill bit of
a device responsive to rotary bit speed and adapted to
increase the bit torque with increase in bit speed.
[0020] The rotary bit speed responsive device may be
provided on the drill bit itself, or may be provided on an
additional downhole component which, in use, rotates
with the drill bit.

[0021] In either case, the rotary bit speed responsive
device may include brake means adapted, in use, to
bear on the formation being drilled with a force which
increases with increase in rotary bit speed. The brake
means may include elements which are displaced out-
wardly, with respect to the axis of rotation, to bear on
the surrounding wall of the borehole in the formation be-
ing drilled. For example, the brake means may comprise
a number of formation-engaging elements which are
displaceable outwardly under the action of power
means selected from: hydraulic pressure of drilling fluid
supplied to the drill bit during drilling; a source of elec-
trical power; axial motion of the drill bit under weight-on-
bit.

[0022] In an alternative arrangement the rotary bit
speed responsive device may comprise means to mod-
ify the orientation of a number of cutters mounted on the
drill bit. For example, the device may be adapted to re-
duce the back-rake of cutters mounted on the drill bit
with increasing rotary bit speed, since such reduction in
back-rake will increase the bit torque.

[0023] Alternatively, or additionally the device may be
adapted to increase the depth of cut of cutters mounted
on the drill bit with increasing rotary bit speed.

[0024] In an alternative arrangement, the rotary bit
speed responsive device may comprise means to in-
crease the effective cutting diameter of the drill bit with
increasing rotary bit speed. Such increase in effective
cutting diameter will also increase the bit torque. In this
case the nominal diameter of the drill bit is preferably
the maximum effective cutting diameter permitted by the
rotary bit speed responsive device. Thus, the drill bit will
drill a full diameter hole when rotating at maximum
speed, and will drill a slightly undersize hole when the
bit speed drops below the maximum. Since the variation
in effective cutting diameter will mean that some parts
of the borehole will be undersize, it may be necessary
subsequently to ream out these portions of the borehole
to the full diameter.

[0025] Insuchanarrangementthe drill bit may include
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a number of cutters or abrasion elements mounted on
the bit body for movement inwardly and outwardly rela-
tive to the axis of rotation of the bit, the cutters or abra-
sion elements being moved outwardly in response to in-
creasing rotary bit speed.

[0026] In another alternative arrangement according
to the invention, the device responsive to rotary bit
speed in order to increase the bit torque with increase
in bit speed may comprise a mass rotatable with the bit
and located outwardly of the axis of rotation of the bit.
Such mass may be mounted in the bit body itself or in
a further downhole component which is rotatable with
the bit.

Brief description of the drawings:
[0027]

Figure 1 is a graph illustrating increase of lateral vi-
bration with rpm in a rotary drag-type drill bit of low
susceptibility to stick-slip;

Figures 2-5 are diagrammatic representations
showing the increasing pattern of vibration with rpm
in another drill bit of low susceptibility to stick-slip;
Figures 6 and 7 are graphical plots illustrating the
correlation between torque and lateral vibration in
a drill bit;

Figure 8 is a graph showing a plot of lateral vibration
in a drill bit over time compared with increase in rpm
over time;

Figure 9 is a corresponding plot of bit torque against
time showing again the correlation between bit
torque and lateral vibration;

Figures 10 and 11 are graphs showing torque plot-
ted against rotary drill speed (rpm) for another de-
sign of drill bit,

Figures 12-14 illustrate diagrammatically three pos-
sible arrangements for achieving increase in bit
torque with increasing rpm;

Figure 15 shows diagrammatically one possible
method of powering the devices of Figures 12-14;
and

Figures 16 and 17 show diagrammatically arrange-
ments for increasing the effective diameter of a drill
bit with increasing rpm.

[0028] Figure 1 shows the lateral vibration of a partic-
ular drag-type rotary drill bit (Bit A) plotted against rpm,
the vibration being plotted as lateral acceleration in me-
tres/s/s, and the data being acquired in laboratory drill-
ing tests. This shows that Bit A is not stable, experienc-
ing lateral vibration that rises quickly with rotary speed
to 60m/s/s. However, contrary to the conventional
teaching in the drill bit art, which considers that bit sta-
bility is required in order to reduce torsional vibrations,
Bit A is found to exhibit a very low incidence of stick-slip
while drilling.

[0029] This characteristic has been found in other
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PDC drill bits; and Figures 2-5 show the patterns of lat-
eral vibration in an 8% inch unbalanced drill bit (Bit B)
with increase of rotary bit speed from 210 rpm to 300
rpm.

[0030] Figures 6 and 7 show the correlation between
lateral vibration and torque in Bit B. In Figure 6 torque/
weight-on-bit, in feet, is plotted against lateral acceler-
ation, in m/s/s, and it will be seen that increasing torque
is accompanied by increasing lateral vibration in Bit B
over three different tests, whereas in a test of a similar
fourth balanced bit (Bit C), circled in Figures 6 and 7,
the correlation does not occur and there is no significant
increase in lateral vibration with increase in torque.
[0031] Figure 7 shows this characteristic even more
clearly where a dimensionless factor = (torque/wob)/
(mm/rev) is plotted against lateral acceleration.

[0032] Figures 8 and 9 further show the correlation
between torque and lateral vibration in a further drill bit
(Bit D). In the graph of Figure 8 both rpm and lateral
acceleration of the drill bit are plotted against time. Com-
paring Figure 8 with Figure 9, where torque is plotted
against time, it will be seen that the pattern of variation
in torque corresponds generally to the pattern of varia-
tion in lateral vibration, this being seen particularly in the
correlation between the torque spike in Figure 9 which
matches the vibration spike in Figure 8 in the 7-9 second
time span.

[0033] Figures 10 and 11 show graphs of torque plot-
ted against rpm for Bit A, which exhibited low tendency
to stick-slip, and it will be seen that in each case there
is an increase in torque with increasing rpm. This is
shown particularly clearly in Figure 10 which shows data
acquired from laboratory test drilling. The characteristic
is still present, though less strongly marked, in Figure
11 where the data was acquired from field drilling.
[0034] It has been found that drill bits which are sus-
ceptible to stick-slip do not exhibit this rising torque/ro-
tary bit speed characteristic.

[0035] Analysis has also shown that positive damping
is achieved when the depth of cut increases with in-
creasing rotary speed. As will be appreciated, generally
speaking increase in depth of cut will lead to an increase
in bit torque so that a correlation between bit torque and
depth of cut is to be expected.

[0036] It is proposed that Bit A, and other bits having
the characteristics described, exhibit a low tendency to
stick-slip because of a coupling of lateral vibration and
torque which produces a positive damping characteris-
tic which may be referred to as "Dynamic Damping" be-
cause dynamic effects are providing positive damping
to prevent stick-slip.

[0037] To test this hypothesis, and to examine the
contrary conventional view that force balanced, low vi-
bration bits are less susceptible to stick-slip, two ver-
sions of Bit B were made: a balanced version with an
out-of-balance force of only 2.2% of weight-on-bit, and
another, unbalanced bit, with an out-of-balance force of
9.1% of weight-on-bit. In the testing of these bits, oper-
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ating parameters were selected to induce stick-slip.
These included drilling through hard formation, high
weight-on-bit and low rotary speed. The balanced ver-
sion of the bit demonstrated stick-slip while the unbal-
anced version did not. This test provided a result at odds
with the conventional force-balancing hypothesis and
hence support for the hypothesis on which the present
invention is predicated.

[0038] Laboratory testing with the same two bits
showed the force-balanced bit, which exhibited stick-
slip, to have low lateral vibrations and negative depend-
ence of bit torque on rpm (negative damping). The less
balanced bit showed stronger lateral vibrations at higher
rpm and a positive bit torque/rpm relationship (positive
damping). The torque/rpm relationship was also appar-
ent from data acquired downhole.

[0039] The appreciation of the above relationship be-
tween torque, lateral vibration and/or depth of cut and
rotary bit speed in drill bits which are less susceptible to
stick-slip has led to the concept, according to the
present invention, of using these characteristics in the
design of drill bits.

[0040] The simplest application of the concept in bit
design is to ascertain the appropriate relationships for
proposed or existing bit designs to select those designs
which exhibit the rising torque/rotary bit speed charac-
teristic, or correlated lateral vibration or depth of cut
characteristics, which have been shown to indicate low
susceptibility to stick-slip. The effect of modifications to
a basic bit design on stick-slip susceptibility can be de-
termined by ascertaining these relationships for the
modifications and selecting that modification where the
relationships indicate that the actual drill bit will exhibit
low susceptibility to stick-slip.

[0041] Although the data necessary to determine the
characteristics may be acquired from actual drill bits, for
example by downhole data acquisition, it will be appre-
ciated that the primary advantage of the invention is that
it will allow proposed bit designs to be selected for lack
of susceptibility to stick-slip before the bits are actually
developed and manufactured. In this case, the charac-
teristics of a proposed design may be determined by the
use of analytical software by which a computer model
of a proposed design of drill bit may be created, as pre-
viously mentioned. For the purposes of the present in-
vention a particularly suitable form of analytical software
is that of the kind which uses the methods described in
U.S. Patent Application No. 09/160,282. This software
takes account of the movement of a PDC bit (such as
rpm and rate of penetration) and then calculates the total
forces acting on the bit by summing all of the forces gen-
erated by cutters and other bit features. The software
may therefore readily be used to produce torque/rpm
data, or lateral vibrations/rpm or depth of cut/rpm data,
in respect of any proposed design of drill bit.

[0042] A further application of the present invention is
to the active design of drill bits, or associated downhole
components, to produce the rising torque/rpm charac-
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teristic which is now indicated as being desirable to
avoid stick-slip.

[0043] One simple method of providing for bit torque
to increase with rotary bit speed is to provide the drill bit
or an associated downhole component with a simple
centrifugal governor. For example, a 100 kg mass rotat-
ing at 400 rpm at 8% inch radius would provide a torque
of 1415 Ib ft, and such an arrangement may provide suf-
ficient positive damping to reduce the susceptibility to
stick-slip to a useful extent. However more preferred ar-
rangements are those which use other power sources
to actuate a braking device. Such power sources may
include drilling fluid pressure, stored energy (e.g. elec-
trical energy stored during smooth drilling), or axial mo-
tion of the drill string under weight-on-bit.

[0044] The braking device may interact with the cylin-
drical borehole wall or with the cutting face of the bore-
hole.

[0045] Inthe case where the braking device act on the
borehole or, it may take the form of brake elements
spaced apart around the periphery of the drill bit or as-
sociated downhole component and arrange to be dis-
placed outwardly into engagement with the borehole
wall with increasing rotary bit speed.

[0046] Figures 12-14 show diagrammatically typical
forms which such brake elements might take.

[0047] In Figure 12, the device is in the form of a
curved pad 10 pivotally mounted at 11 adjacent the pe-
riphery 12 of the drill bit, the arrangement being such
that the pad 10 trails the pivot 11 with respect to the di-
rection of rotation indicated by the arrow 13.

[0048] In the arrangement of Figure 13 the pad 14
leads the pivot 15 with respect to the direction of rotation
of the bit or component. Such arrangement would pro-
vide a self-jamming effect and thereby increase the
torque.

[0049] Figure 14 shows an arrangement in which a
roller 16 is so mounted that it may be forced outwardly
by a piston 17 to jam against the borehole wall.

[0050] In each case power means of any of the kinds
referred to above are provided to force the brake ele-
ments outwardly against the borehole wall in response
to increase in rotary speed of the drill bit. Figure 15
shows diagrammatically one type of arrangement which
makes use of the hydraulic pressure of the drilling fluid
which is normally supplied under pressure to the drill bit
during drilling.

[0051] Referring to Figure 15: in conventional manner
drilling fluid is pumped under pressure down the drill
string 18 and is delivered to nozzles 19 in the leading
face of the drill bit which cause the drilling fluid to flow
outwardly across the leading face of the bit to cool and
clean the cutters and to carry the cuttings upwardly past
the gauge section of the bit to the surface through the
annulus between the drill string and the wall of the bore-
hole, such annulus being indicated diagrammatically at
20 in Figure 15.

[0052] Forthe purpose of powering the brake devices,
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for example of the kind shown in Figures 12-14, a pas-
sage 21 for drilling fluid leads to a control valve 22 which
may selectively deliver drilling fluid through a passage
23 to the nozzles 19 or through a passage 24 to an hy-
draulic actuator 25, such as a piston and cylinder ar-
rangement, for energising the brake pads 10, 14, 16 of
Figures 12-14.

[0053] The control valve 22 is arranged to divert a pro-
portion of the drilling fluid from the nozzles 19 to the ac-
tuators 25 upon increase in the rotary speed of the drill
bit or other component of the bottom assembly on which
the brake devices may be mounted. The power for such
a control valve could be generated from the flow of drill-
ing fluid, using technologies well established, for exam-
ple in mud pulse telemetry.

[0054] The control unit for the valve 22 is preferably
"strapped down" (i.e. attached to the drill string) and is
activated by rate of change of rotary speed. Slip-stick
typically operates over a period of around 10-20 sec-
onds, so a rate of change corresponding to doubling rpm
in 2.5-5 seconds would indicate the occurrence of stick-
slip.

[0055] Bit torque may also be varied by modifying the
bits' "aggressivity", defined as its torque/WOB. Torque
can be increased by, for example, reducing the back
rake of PDC cutters mounted on the drill bit and reduced
by, for example, engaging a depth of cut limiter. Con-
versely, therefore, torque may be increased by allowing
the depth of cut to be increased. The power to operate
such mechanisms is again preferably hydraulic.

[0056] Another approach is to vary the bit torque by
varying the effective cutting diameter of the drill bit. This
may achieved by using an expanding bit which is en-
larged above nominal size. Devices similar to the brake
shoes described above could carry PDC or other cutters
on an outwardly movable arm. Alternatively, cutters
could be mounted on an hydraulically actuated piston
member, such as indicated at 26 in Figure 16 and 27 in
Figure 17, which slides along an inclined ramp into en-
gagement with the surrounding wall of the borehole. A
similar arrangement might also be used for outward
movement of brake shoes for the arrangement previ-
ously described.

[0057] The piston members 26 and 27 may be hy-
draulically actuated, for example by using a drilling fluid
system of the kind shown in Figure 15.

[0058] In the case of enlargement of the affecting cut-
ting diameter of the drill bit, a short section of borehole
would be oversize. Preferably, therefore, the maximum
effective cutting diameter of the drill bit would be equiv-
alent to the nominal diameter of the bit so that the mov-
ing pads would withdraw as the rotary speed drops, to
reduce the borehole size, and expand to the nominal bit
size as the rotary speed increases during slip. In this
case a short undergauge portion of borehole would re-
sult. It is anticipated that a reaming device higher in the
borehole (not necessarily integral with the drill bit) would
correct this.
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Claims

1. A rotary drag-type drill bit characterised in that the
relationship of torque to rotary bit speed is such that
torque generally increases with bit speed.

2. A method of designing a rotary drag-type drill bit
characterised by the step of ascertaining the torque/
rotary bit speed relationship for a plurality of differ-
ent drill bit designs and selecting from those de-
signs a design where the torque/rotary bit speed re-
lationship is such that torque generally increases
with bit speed.

3. Amethod according to Claim 2, wherein the plurality

of different drill bit designs comprise a series of
modifications of a basic bit design.

4. A method according to Claim 2 or Claim 3, wherein

the torque/rotary bit speed relationship for the plu-
rality of drill bit designs is ascertained by creating a
computer model of each drill bit design, applying to
the computer model of each bit design motion cor-
responding to increasing rotary bit speed, determin-
ing the forces generated by each bit design during
such motion, and correlating with the rotary bit
speed the bit torque consequent upon said forces.

5. A method according to Claim 2 or Claim 3, wherein
the torque/rotary bit speed relationship for a plural-
ity of drill bit designs is ascertained by acquiring da-
ta on torque and bit speed from actual drill bits while
such bits are drilling earthen formations.

6. A method of designing a rotary drag-type drill bit

characterised by the step of ascertaining the lateral
vibration/rotary bit speed relationship for a plurality
of different drill bit designs and selecting from those
designs a design where the lateral vibration/rotary
bit speed relationship is such that lateral vibration
generally increases with bit speed.

7. A method according to Claim 6, wherein the lateral

vibration/rotary bit speed relationship is ascertained
by creating a computer model of each drill bit de-
sign, applying to the computer model of each bit mo-
tion corresponding to increasing rotary bit speed,
determining the forces generated by each bit design
during such motion, and correlating with the rotary
bit speed the lateral vibration consequent upon said
forces.

8. A method according to Claim 6, wherein the lateral

vibration/rotary bit speed relationship for the plural-
ity of drill bit designs is ascertained by acquiring da-
ta on lateral vibration and rotary bit speed from ac-
tual drill bits while such bits are drilling earthen for-
mations.
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A method of designing a rotary drag-type drill bit
characterised by the step of ascertaining the depth
of cut/rotary bit speed relationship for a plurality of
different drill bit designs and selecting from those
designs a design where the depth of cut/rotary bit
speed relationship is such that depth of cut gener-
ally increases with bit speed.

The combination with a rotary drag-type drill bit of
a device responsive to rotary bit speed and adapted
to increase the bit torque with increase in bit speed.

The combination according to Claim 10, wherein
the rotary bit speed responsive device is provided
on the drill bit itself.

The combination according to Claim 10, wherein
the rotary bit speed responsive device is provided
on an additional downhole component which, in
use, ) rotates with the drill bit.

The combination according to any of Claims 10 to
12, wherein the rotary bit speed responsive device
includes brake means adapted, in use, to bear on
the formation being drilled with a force which in-
creases with increase in rotary bit speed.

The combination according to Claim 13, wherein
the brake means include elements which are dis-
placed outwardly, with respect to the axis of rota-
tion, to bear on the surrounding wall of the borehole
in the formation being drilled.

The combination according to Claim 14, wherein
the brake means comprise a number of formation-
engaging elements which are displaceable out-
wardly under the action of power means selected
from: hydraulic pressure of drilling fluid supplied to
the drill bit during drilling; a source of electrical pow-
er; axial motion of the drill bit under weight-on-bit.

The combination according to any of Claims 10 to
12, wherein the rotary bit speed responsive device
comprises means to modify the orientation of a
number of cutters mounted on the drill bit.

The combination according to Claim 16, wherein
the rotary speed responsive device is adapted to
reduce the back-rake of cutters mounted on the drill
bit with increasing rotary bit speed.

The combination according to Claim 16, wherein
the rotary speed responsive device is adapted to
increase the depth of cut of cutters mounted on the
drill bit with increasing rotary bit speed.

The combination according to any of Claims 10 to
12, wherein the rotary bit speed responsive device
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comprises means to increase the effective cutting
diameter of the drill bit with increasing rotary bit
speed.

The combination according to Claim 19, wherein
the nominal diameter of the drill bit is the maximum
effective cutting diameter permitted by the rotary bit
speed responsive device.

The combination according to Claim 19 or Claim 20,
wherein the drill bit includes a number of cutters or
abrasion elements mounted on the bit body for
movement inwardly and outwardly relative to the
axis of rotation of the bit, the cutters or abrasion el-
ements being moved outwardly in response to in-
creasing rotary bit speed.

The combination according to any of Claims 10 to
12, wherein the device responsive to rotary bit
speed in order to increase the bit torque with in-
crease in bit speed comprises an additional mass
rotatable with the bit and located outwardly of the
axis of rotation of the bit.

The combination according to Claim 22, wherein
the additional mass is mounted in the bit body itself
or in a further downhole component which is rotat-
able with the bit.
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