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ABSTRACT

A method is developed for predicting cutter
forces, temperatures, and wear on PDC bits as well
as integraeted bit performance paremeters such as
weight-on-bit (WOB), drilling torque, and bit
imbalance. A computer code called PDCWEAR has been
developed to make this method available as & too)
for gerieral bit design. The method uses single-
cutter data to provide & meesure of rock
drillasbility and employs theoretical considerations
to account for interaction among closely spaced
cutters on the bit. Experimental data are
presented to establish the effects of cutter size
and wearflat ares on the forces that develop during
rock cutting. Waterjet sssistance is shown to
significantly reduce cutting forces, thereby
extending bit 1ife and reducing WOB and torque
requirements in hard rock. The effects of bit
profile, cutter placement density, bit rotary
speed, and wear mode on bit 1ife and drilliing
performance are investigated.

_INTRODUCTION

Research has been conducted for several years
at Sandla National Laboratories to foster the
development of PDC bits for geothermal driiling.
This work has been directed toward the high-
tempersture, hard-rock drilling environment that is
typically found near geothermal resocurces. We have
strived, however, to interpret the results to make
them generally applicable to drilling environments
of interest to the petroleum industry &s well.

Our previous experimental and theoretical
studies suggest a strong dependence of PDC cutter
wear rates on the frictional temperatures that
develop at the cutter/rock interface [1,2]. The
results indicate that sbove a _critical wearflat
temperature of approximately 350 C, wear mechanisms
that grestly accelerate cutter wear beconme
operative.  Such thermally-accelerated wear can

References and {llustrations at end of paper.
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reduce bit life by one or two orders of magnitude,
geneJally to an unacceptable level (3]. Below
350°C, wear is generelly very low eand {s
predominantly one of abrasion, without any apparent
thermal effects. Abrasive wear {s 8 strong
function of the sbrasiveness of the rock being cut
and the stresses that develop at the cutter/rock
interface. Designing and operating PDC bits to
perform effectively within the constraints
suggested by these concepts s the subject of this
paper,

Models developed to predict cutter wearflat
temperatures [1,4,5) and wear rates [2,3] require
an estimate of the penetrating stress for each
cutter of interest. This 1s the stress that
develops normal to the cutter wearflat during
drilling -(see Fig. 1). Becsuse of cutter
interaction and the non-planar placement of cutters
on a given bit body, accurately predicting the
stresses for egach cutter is not & trivial matter.
This point is tllustrated in Fig. 2, which shows a
typicsl sequence of sharp cutting edge profiles for
several cutters on the leading face of a POC bit.
These profiles are obtained during two revolutions
of the bit &s the cutters pass through a radiel
(x,2) plane conteining the longitudinal axis of the
bit. The shaded areas represent the steady-state
cross~-sectional sreas of cut for each cutter,
assuming that the cut profiles are the same as the
cutter profiles. (In tests done with brittle rock
et-atmoshpheric pressure, this assumption was found
to be valid [14].) Since the center of the cutters
are all assumed to lie st the same longltudinal
location on the bit body, the downward vertical
displacement of one cutter profile relative to a
preceding one {s due entirely to the advancement of
the bit as it rotstes. The shape of the cross-
sectional areas of cut are seen to be quite
complex, even for such & simple bit geometry.

In 8 typical bit design, the cross-sectional
areas of cut depend on the radial, circumferential,
and longitudial distribution of cutters .on the bit
face and on the cutter wear patterns and bit
penetretion rate. Although it is possible to
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duplicate some fnteraction patterns {n the
ieboratory, it is clearly impractical in singlie-
cutter tests to duplicate all the combinations of
cutter wear and interaction that could be
experienced by cutters {n any given bit design.

The objJective of this paper s to present en
approach to calculating cutter penetrating stresses
ifn general bit design. This approach is based on
laboratory single-cutter force data that describe
the inherent drillebliitity of the cutter-rock
combination and on analyticsl considerations thst
predict cutter interaction effects. The approach
requires that single-cutter data be obtafined under
the same operating conditions as those for which
performance prediction of the full PDC bit {s to be
made. The geometry of the cuts that provide these
baseline dritiabtlity date, however, is simpler
than the geometry of cuts obtained with &n actual
bit. -The standard test cut chosen for this
approach is a single cut on a flat rock surface.

It ts possible to achieve this simple standard .
cut with most drag cutter testing machines
currently in existence. Several machines are
available for obtaining single cutter data under
elevated, and in some cases distinct, borehole,
confining, and pore pressures [{6,7,8,9). The
approach .developed In this paper offers & method
for using such data to predict PDC bit performance
under downhole pressure conditions. In additton,
bit performance at atmospheric conditions can be
predicted using single-cutter dats obtained with
mathine tools such as modified mills, shapers, and
lathes. Although atmospheric-pressure, full-scale
bit tests do not provide an accurate gquantitative
measure of downhole bit performance, they are
useful In comparing &lternative bit designs and
determining whether or not field or elevated-
pressure lab tests may be warranted for a given
destign. Prediction of bit performance at
atmospheric conditions would be similarly useful.

The potential for using moderate-pressure
waterjets to extend the range of epplication of PDC
cutters is also explored in this paper. Previous
work by Hood [10,11) and others [12] with large
cemented carbide cutters used In hard-rock mining
epplications has shown that cutter forces can be
significantly reduced 1f waterjets are directed
onto the rock surface tmmedifately shead of the

. cutter. Penetrating force reductions of 50% with

2500 psi Jets and 75% with 9000 pst Jets have been
reported. Our previous analysis [13] indicates
that {f such reductions could be achieved downhole
with PDC cutters, they would be sufficient to
permit cutters to operate under more severe
conditions and in significantly harder rocks,
extending the applicability of PDC bits to more
types of formations. This paper presents new dats
obtained with POC cutters and cavitsting Jjets that
support that conclusion. The application of the
cutter/water Jet technique fn POC bit design s also
discussed. ‘ ) :
This paper is a condensed version of Ref. 14.
The referenced report presents further detatls,
such as raw experimental data and & user’s manual
for the computer code PDCWEAR. The basic approach
and all the pertinent equations are, however,
developed and presented in the present paper.
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EXPERIMENTAL PROCEDURE AND RESULTS

The data that must be obtained to provide &
measure of drililability ere the penetrating and
drag forces, F and F,, as a function of the depth
of cut, 6. This deptg i{s measured in the center
of the cut and should generally cover the range
0.005 to 0.080 fnches. These data must be obtained
with one sharp and one worn cutter. Single cuts
must be made on & smooth rock surface and must be
separated from adjacent cuts so that no {nteraction
occurs between cut profiles. Once these data sre
obtained, correlations of the following forms are
possible:

F/A, = C1801 (1
- Fu 026n2 ' (2)

where the constants, C, and C,, and exponents, nl
and n2, are determined f’-om a |€ast-squares fit of
the date in log-log space, Previous work [3)
demonstrated that these correlations can be used to
predict penetrating forces during cutter
|nteractlon by substituting an effective depth of
cut, §_, for §. A more complete and generalized
dlscusflon of the effective~-depth-of~cut concept is
presented in a later section.

In our previous experimental work [3], we used
a slngle cutter withf wearflat ares that ranged
from 0.030 to 0.040 in Dry cuts in three rock
types were made, and correlat!ons of the form given

"{n Eq. 1 were obtained. In order to explore the

effects of wearflat area and waterjet sssistance on
this correlation, further data were obtained in the
present study,

In this study, rock-cutting tests were:
conducted In two rock types with PDC cutters having

" verious smounts of wear. Berea sandstone (UCS=7100

pst) and Sterra White granite (UCS=21,500 psi) were
used In order to cover 8 wide range of rock

-properties such as strength, composition, and

ductility. These rocks were previously used and
&are described in more detall in Ref. 3. Single-
cutter forces were measured with & 1{near-
traversing milling machine and a triaxial force
transducer, as previously described {3]. Force
samples made during each cut were sveraged, and
these mean values ere reported.

Cutters in various stages of wear were used {n
an effort to determine the effects of wear on
cutter forces. New PDC cutters with sharp edges
were used, &s were cutters with machtne-ground,
laboratory~-worn, &and fleld-worn wearflats. The
machine-ground wearflats were produced by grinding
new cutters in & direction parsliel to the
direction of cutter travel. Cutters with field-
worn wearflats were removed from commercial bits
that had been run in oll and gas wells.
Laboratory-worn wearflats were obtained with a
vertical milling machine. Long spiral cuts on &
large specimen of Sferra White Granite were made to
allow cutters to wear naturally,

Cutter wearflats were measured as follows., A
piece of carbon paper was inserted between two
sheets of plain paper end placed between the cutter
and the flat rock surface. The cutter was then
statically loaded to & penetrating force level
typical of the level encountered in cutting tests
with the same cutter and rock. The portion of the
cutter wearflat that contacted the rock left e
carbon impression on the plain paper. This
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impressjon was overlain with a fine rectanguler
grid (1 mm x Imm) and the srea calculated by
counting shaded blocks. Cutters with meazsured
wearflats ranging from 0.016 to 0.040 In” were
tested In this study. These and other measured
wearflet dimensions ere listed fn Table |.

Two sizes of cutter were tested. Most cutters
had compact diameters of 0.5 inch, the size that
has been treditionally used in PDC bits. Also
tested, both new and laboratory-worn, was & cutter
having a compact diameter of 3.75 inch, All
cutters had backrake angles of 20 .

In the current study, the milting machine
table was 8180 fitted with a steel enclosure snd a
waterjet nozzle holder mounted ahead of the cutter.
A profilte of the nozzle holder and &snd its
relationship to the cutter are shown in Fig. 3.
The nozzle holder was designed so that the nozzle
standoff distance, d_, Inclinstion angle, ¢, and
Jet impingement distance, d'. could be adjusted
over limited ranges. Only one set of these
parameters was actually used in the test program
currently reported, as listed in the figure
caption. These velues were chosen to represent
practical values that might be used in an actual
PDC bit design.

The nozzles used in the test program were
self-resonating, cavitating Jet nozzles designed
and fabricated by Tracor Hydronautics, Inc. under
contract to Sandia National Laboratories [15). The
cavititetion bubblies produced in these jets are
crested by the vaporization of liquid in the center
of high velocity vortices that form In the Jjet
shear zone. When these cavities collapse near &
rock surface, high-speed microjets impact the rock
surface with pressures on the order of 150 kpsi
f16], substantially increasing rock erosion and
cleaning rates over certain ranges in nozzle
pressure drop {171. Two nozzies were fabricated
for the single~cutter tests: one optimized for &
pressure drop of 2000 psi and the other for s
pressure drop of 4500 psi. Both had orifice
diemeters of 0.1 inches. <Cuts made with PDC
cutters and jets operating at these elevated
pressures were compared with fdenticsl cuts made
with 80 psi Jets and cuts made with no jets at al)
(i.e., dry).

ry_ Non- ract! o

Shown in Flg. 4 &re the measured penetrating
stresses, F/A , plotted as &8 function of depth of
cut for the worn cutters. The curves represent
correlations of the form given in Eq. 1. The most
significant result is that all the data for a given
rock type collepse to approximately the same curve,
regardless of the size of the wearflat or the

~ diameter of the cutter compact. This suggests two

important conclusions:

(1) The penetrating force on & worn cutter
for a given depth of cut is directly proportional
to the wearfiat area. This implles that for a
given rock and set of operating conditions. the
values of C, and nl can be determined with a cutter
having am’ measureable wearflat, and those
parameters should also be valid for other stages of
measureable wear, ‘

(2) For a given depth of cut end a given
wearflat srea, & large worn cutter requires no
greater penetrating force than & small cutter, yet
the large cutter does remove more rock. This
suggests an improved cutting efficiency with
increased cutter size, at least within the range of
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Penetrating forces measured with sharp cutters
in dry, non-interacting cuts are shown in Fig. 5.
These data tndicate another interesting result:
the larger cutter requires no larger penetrating
force than the smaller cutter, even in the sharp
condition. In the tests with Beres sandstone st
0.08 inch, the larger cutter actually required
slightly lower penetrating forces than the smaller
cutter. Correlations of the form given by Eq. 2
were determined, and the resulting values of (:2 and
n2 are shown In Fig. 5.

The cutter drag forces, F ,, measured in the
dry, non-interacting cuts with q‘orn cutters sre
shown tn Fig. 6, plotted as & ratio with the
penetrating force, F. We define this ratic as the
cutter drag coefficient,

.

T By = Fg/F . (3)

As In the previous work with a8 more limited range
in wearflat srea (3], we see that the worn cutter
drag coefficient is a function of the rock tyre but
is relatively independent of depth of cut and
wearflat area. 1f a model Is avaiflable to predict
F, it is then possible to estimate Fd:

Fg = wgF (4)

where, for instance, 3€0.65 for worn cutters in
Sferra White granite and uy%0.95 in Beres
sandstone.

Drag coefficlents for sharp cutters are shown
in Fig. 7. When compared with the results for worn
cutters, as represented by the curves, it is seen
that sharp cutters have consistently higher drag
coefficlients. The larger cutter has slightly
higher drag coefficients than the smaller cutter
with deep cuts in both sharp and worn condftions.

- racti s with Jet Assistan
Shown in Fig. 8 asre the penetrating stresses

measured with waterjets impinging on the rock
surface ahead of the cutter. Note that the
stresses cbtained with 80 pst jets are similar to
those measured in the dry cuts, &s represented by
the upper curve. The Jet velocity with this low
nozzle pressure is not sufficient to affect

_ penetrating stresses, and the simple presence of

water at the cutter/rock interface also seems to
have little effect. At elevated nozzle pressures,
however, penetrating stresses are significantly
reduced. With jet pressures of 2000 psi, the
penetrating stresses required to cut Sterra White
granite to & given depth are reduced by 10 to 15%.
With assistance from 4500 psi water jets, cutter
penetrating stresses are reduced by 50 to 65%.

Passes made over the rock surface without
actual contact between the cutter and the rock
revealed that the 2000 psi Jet alone did not ceuse
visible damage to the rock surface. The observed
reductions In penetrating stresses in this case are
probably due to improved cleaning at the
cutter/rock Interface. Efficient removal of
cutting fines should help maintein greater stress
concentration fn the rock at the cutting edge.

At 4500 psi, the jJet caused considerable

' damage to the rock surface, even though the nozzle

standoff distance was greater than 1.5 inches.
Though not & continuous cut, the path left by the
Jet in the granite resembled & series of closely-
spaced irregular holes, some of which were up to
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0.08 inch deep. The assistance given to the cutter
by the jet In this case was due {n large part to a
reduction in the cutter cross-sectional area of cut
and In the strength of the remaining rock surface.

The drag coefficients measured in the Jet-
sssisted, non-interacting cuts are shown in Fig. 9,
where they are compared with the resuits for the
dry cuts. The drag forces are seen to be reduced
by the presence of water, but they are not greatly
affected by Jet pressure. This suggests that the
reduction {n drag coefficlent is caused simply by
the lubrication effect of water, which reduces the
friction component of the drag force. This
supports & model for the drag force which considers
the force to be the sum of two components [2]:

Fg = Fo + Fg , (5)
where F_ is the cutting force and F, Is the
frlctio‘i\ force. We may divide Eq. 5 by F and
recognize that the friction coefficient, 1 , is
defined as the ratio FFIF. The result is then

Ry = Fo/Fg + % . (6)

We thus see that & reducttion in friction
coefficient results in an equal reductifon in drag
coefficient. Measured friction coefficients
between PDC cutters &nd Sferrs White granite are
0.16 under dry cutting conditions and 0.07 when
cutting with low-pressure waterjets directed at the
cutter/rock interface [18]. The difference in
friction coefficient of about 0.10 between the wet
and dry cutting conditions 1s apparently translated
to & comparable difference in drag coefficient
between the two conditions, as predicted by Eq. 6
and confirmed {n Fig. 9.

Other Observations

Considerable scatter exists in the dats of
Figs. 4-9. Since these tests were conducted under
carefully controlled and monitored conditions, it
{s reasonable to assume that the scatter s
{nherent to the rock cutting process itself. For
this reason, tests were generally conducted st
Jeast five times st each depth of cut {n order to
determine mean values of the cutter forces.

The laboratory-worn wearflats created against
Sf{erra White granite were found to differ
significantly from the field-worn wearflats, With
the fleld-worn wearflats, the diamond portion of
the wearflat was found to have worn parallel to the
cutting direction.  The WC/Co portion of the
wearflats, however, was generally Inclined &t
sngles of 5-10" with respect to the cutting
direction, &s shown in Fig. 10. The length of the
wearflat In contact with the rock, &8s measured with
the carbon paper technigque, ranged from 0.05 to
0.09 inch and was approximately constant over {ts
width. . These lengths were thus only two to four
times the thickness (0.025 in) of the diemond layer
on the compact. It s likely that these cutters
were worn in relatively soft formations. The
relative wear resistance of PDC end WC/Co
apparently dominated the wear process. - The WC/Co
wore at a higher rate, thereby tending to keep only
the diamond and & small portion of the WC/Co in
contact with the rock. 1t {s probable that the
WC/Co wear {s attributable mostly to contact with

-ground rock particles passing beneath the angled

wearflat.
The Jaborstory-worn wearflats, on the other
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hand, wore very negr‘ly parallel to the cutting
direction (within 1"). Fleld-worn cutters worn
further tn the laboratory against granite exhibited
the same behavior. This indicates perhsps that the
greater impact loading associated with hard-rock
drilling, particularly in quartz-rich rock, tends
to fracture off any POC layers that are not fully
supported by the WC/Co backup material. This tends
to keep more of the WC/Co in contact with the rock,
creating & dulier condition. This wear mechanism
could be a major contributor to poor drag bit life
fn hard or fractured rock.

OEVELOPMENT OF THE PDC BIT DESIGN CODE PDCWEAR

In this section, & theory for predicting
cutter interection {s developed and Incorporated
into a-general computer code for PDC bit design.
Models used in the code for predicting cutter
temperatures and wear rates are also developed and

‘discussed.

Cutter Intersction Theory
Shown in Fig. 11 is & typical cutting pattern

for & cutter on the leading face of a POC bit.
This cutting pattern imposes s given penetrating
and drag force on the cutter, depending on the type
of rock, the wearfliat area, and the cutting
conditions, It is postuleted that there exists an
equivalent non-interacting cut that would impose
the same forces on the cutter as the actual rock
surface profile seen in Fig. 1l. The profile of
the flat rock surface in this equivalent cut is
represented as the heavy dashed line {n the figure.
The location of the equivalent flat surface
relative to the bottom of the cut is 8o, the
effective depth of the equivalent non-interacting
cut. By definition, the penetrating stress and
force of the equivelent cut are equal to the
penetrating stress and force, respectively, of the
sctual cut. Since the equivalent cut fs also the
same as & non-interacting cut, the effective depth
of cut 1s then related to the actual penetrating
stress:

F/A, = C1(8e)0T | (&)}
or, alternatively, to the actual penetrating force:

F o= Cp(8g)M2 . (8)

Inspection of the figure shows that the location of
the equivalent flat surface would probably be at a
location between the high and low points on the
actual rock cutting profile, as shown. A simple
estimate of 6, would then be the mean height of the
actual profile:

el
LR ch“x) ax . 7 (9)

Since A(x) can be determined from geometry
considerations, 8s shown below, It is possible to
estimate Sgand thereby predict cutter penetrating
forces according to Eqs, 7 end 8. '

©  This epproach was tested in our previous work
by messuring single-cutter forces during
interacting cuts, &8s {1tustrated in Fig. 12. In
these tests, & wide range in cutter interaction and
thus 8, was obtained by varying the lateral
distance, d, to adjacent cuts. The results are
presented in Fig. 13. The constants in the
equations used for predicting the interacting
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penetrating stresses were obtained from non-
interacting test cuts as in the present study. The
agreement seen here between measured and predicted
penetrating stresses suggests that the approach can
be used to estimate cutter performance under
arbitrary interaction conditions.

Extending this approach to cutters placed at
any location on a bit body requires the assumption
that the size end shape, but not the ori{entation,
of the cross-sectional area of cut controls the
penetrating stress that develops during cutting.
Shown In Fig. 14 is 8 cutter mounted on an
srbitrary surface of the bit body. The cutter fs
mounted at en inclinatfon angle, ¢+ with respect
to the longitiudina) (z’) exis of the bit. Because
of cutter interaction, the cross-sectional area of
rock removed by this cutter {s not necessar{ly
symmetric about the cutter’s longltudinal axis. In
this case, the penetrating force develops a side
component with respect to the longitudinal axis of
the cutter.

Consf{stent with the case of the cutter on the
leading face of the bit (Fig. 11), the eguivalent
flat cutting surface in this general case is
tnciined at the same angle a&s the overall slope of
the actuel rock cutting surfece. The cutter
wearflat s assumed to develop parallel to the
equivalent surface and is therefore also inclined
at the angle

T, ~¢C
-1 c2
¢ = tan - (10)
v ["cz Xa|

where (x .zu) and (xc 2, ) are the first and
last po s of contact %etwgen the cutter and the
rock, proceeding in the +x-direction. We define
the angle ¢ as the radial wear engle.

The penetrating force develops normal to the
equivalent flat cutting surface and {s thus
inclined at the radial wear angle with respect to
the longlitudinal sxis of the bit. The effective
depth of cut i{s also measured in this direction.
Use of £q. 9 to compute §. requires mathemstical
descriptions of the cut pro? 1les for each cutter on
the face of the bit under consideration. Shown in
Fig. 15 ts a reproduction of Fig. 14 with more
pertinent parameters fdentiffed. The geometry of
the cutter wearflat as It affects the cut profile

is defined by the radial wear angle ¢y (Eq. 10) and

the width of the wearflat, w (assumed known). The
coordinates (x .,z .) and (x ,.Z ,) define the
{ntersections 3'1“ tﬁlé wearfl!' w"eh the sharp
segments of the cutting edge. As shown {n Appendix
A, these ccordinates sre given by the equations,

x"1 =R + (xﬂ); cos ¢c + (zwl); cos B sin ¢c (1la)
£~ H - (x,)0 sin & +; (5,4), cos B cos &, (l_lb)
X2 ™ R+ (xwz); cos ¢c + “wz); cos B sin °c (11e)
L H - (xwz); sin ¢c + (zwz)‘; cos B cos c;c,(lld)
where
(x,)8 = 1, sin () -Yeos (g, (e
(z,0)) = T, cos (&) +§ sin (§))) (11F)
(x,)) = r, §10.(8)0 + 7 cos (&) (llg)
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N i .4
(zwz)o = 1, cos (0")0' -3 sin (Qv)o' (11ih)

’ 2
ey fr2 - (¥
L (2) (111)

(o) = tan  [tan(e) feos 8 (1))

Ww)o il Wy ¢ (11k)

end H s given by Eq. A-9 In Appendix A. The
cutting profile of the cutter can now be
determined. For values of x such that

i Xyl € X <€ Xy2 (12)

the cutting profile is that of the cutter wearflat,
and the z-coordinste is given by the straight-1ine

equation X - X .
= -z.).
=z, ¢ [‘_ﬂ'xﬂ = "wl] (g = % (13

For values of x outside this range, the cutting
proftie is described by the equation for an
ellispse [19]):

£=C3 [D(x-RB) +VE- (x- BRI +H (142)

- y=0 (14b)
(:3 = Eﬂ (14c)

D = -sin ¢ cos éc tr?2 - v2)/rb o (14d)

E = r2 cos? ¢ + b2 sin? ¢ (14e)

b = r cos BV . - (14F)

A computer progrem that implements the above
equations has been written and is called PDCWEAR.
The algorithm used In this program is fl1lustrated
fn Fig. 16. It is an extension of an algorithm
used in previous work {19). ODuring  one revolution
of the bit, each cutter passes through e radial
plane containing the x- and z-sxes of the hotle
coordinate system. The x-axis is divided into a
number of equal-sized elements of length Ax. At
each value of x corresponding to the midpoint of

these elements, & procedure determines which

cutters interact st that cutting radius by
comparing x with the dimensfonal 1tmits of each
cutter. For each of these cutters, the program
g:hecks'to determine whether the cutting edge at
that location is sharp or is part of the wearflat.
For values of x within the range given by Ea. 12,
the wearflat coordinate equation, Eq. 13, is used
to determine z,, the z-coordinate of the kth cutter

_encountered at'that radial position x. If x Is not

within this range for & given interscting cutter,
Eq. 14 is used to determine the z-coordinate of
that cutting profile. In elther case, the
fncremental cross-sectional areas of cut,

BAL = Bx(zy - Zx1) (15)
are sssfigned to the appropriate cutfers. depending
on the angular location of the cutters on the bit
face. The incremental volumes of cut,

aVp = 2¢ x (8AD) (16)

/0
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are assigned to the same respective cutters.

The effective depth of cut must be computed in
a2 direction perpendicular to the cutter wearflat.
The equivalent bottom of each cut is described by
the line

Tp = Tpe + (xpe - X) tan &y, (178)

Qhere Zpe = H = (Xpodo Sin ¢ + (Zpe)y co8 ¢ (17D)
Xpe = B + (Xpe)o €08 ¢ + (Zpc)o Sin ¢¢ (17€)

- (xbc)o'-'- r, sin (0)° (17d)

(ibc’o =[x cos (¢.):] cos 8 . (17¢)

At each point x, the z-location of the bottom of

the kth ut, (z,) fs given by Eq. 17. The
effective depth & %ut for the kth cutter is then

n
N (182)
e By su1 i
where A4 = [(gp)y ~ (2)_4) cos &y (18b)

and n_ is the number of Ax elements over which a
given cutter interacts with the rock formation.

Forces and Moments Acting on the Bit

+ . Once the effective depths of cut are computed,
the cutter penetrating force can be estimated using
Eq. 8 for sharp cutters and Eq. 7 for worn ones.
The algorithm asctuslly used in PDCWEAR computes
penetrating forces based on both equations and uses
the larger of the two computed values. This logic
fs based on the fact that Eq. 7 becomes invalid as
A_tends to zero. Since the lowest penetrating
firce possible is the one obtained with & sharp
cutter, it is evident that Eq. 8 {s more accurate
than Eq. 7 in cases where £q. 7 predicts lower
forces.

As seen in 2 prevlous section. the cutter
correlation constents C., ni, C . and n2 can be
significantly affected by' waterJe assistance. The
effects of other factors that control inherent
drillability, such as backrake angle, are also
contained within the values used for these
parameters . As & result, PDCWEAR 1= written so
that two different types of cutters (A &nd B) can
be specifled, each with 1ts own set of correlation
constants. In this way, the effects of different
design options, such as providing jet assistance to
selected cutters on & bit face, can be assessed.

After the penetrating force 1s computed using
the appropriete correlstion constants, it may be
resolved into radisl and longitudinal (vertical)
components In the bit coordinate system:

Fr = -F sin ¢y (19)
and
Fy = «F cos ¢y - (20)

The drag force on each cutter is estimated
using Eq. 4. This force Is directed opposite to
the direction of the cutter velocity vector. In
terms of the bit coordinate system, each drag force
ts & purely circumferential force sbout the
longitudinal axis. (See Fig. 17.)
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The resultant bit forces and moments arising
from the cutter forces can now be determined. The
total weight on bit (WOB) {s stimply the sum of the
Jongitudinal components:

’ nc
UOB - z ("r ) [
, jua v
where n_ s the number of cutters on the bit. The

drilling torque s the sum of the moments caused by
the circumferential drag forces:

(21)

n
¢
T - ‘j§1 (!’d)j (xbc)j . (22)

Unlgssvthe cutters are placed such that the
cutting forces balance each other, there will be &
net side force acting on the bit. The component of
the side forceé in the x’-direction is

nc
! = . (23)
Fy ji:l ((Fr)J cos (G)j + (F )j gin (e>jx

Likewise, fn the y’~direction,
nc
L] = . - ’ ‘
,F' 3§1 [(F.)y sin (e)j (%), cos (e):] 1,(24)

gliving & resultent side force of

* 2 L] 2
F, - /wx) +ap® (25)

A different mode of bit imbalance is the net
bending moment about the x’ and y’ axes:

n
c
' = - ' (26)
M le { (rr)j sin(e):l (tbe):l
o ' *
+ (Fv)j (xbc)j sin(Q)j + (Fd)j cos( ):| (zbc)j]
n :
' = d (27)
H jf], r“rr)j eos(e)J (zbc)j ’
- (rv)j (xbc)j eos:(O)j + (!‘d)j s:ln(e)j (:bc)J]’
where gt =g - f (360 ~ ©)/360 (28)
be be 4

and f_ ts the feed rate -of the bit (penetration/
revoldtion), defined In Eq. A-10 of Appendix A.
The resultant bending moment {s simply the vector
sum of the x and y componentss

[ 2 ] 2 .
lﬁ =\ ,(Hx) + (K’) (29)

Cutter Wearflat Temperatures

The cutter temperstures are calculated uvsing an
equation developed in our earlier work [1,4,5]:

1/72_ -1
£ o MFVE % Xy * (30)
Te=Te+ % [‘ + 5%, (“"z) ]

w
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The cutting speed of each cutter is dependent on
the rotary speed, N, of the bit and the radial
location of the wearflat, Xpe?

VelwWxp - (31)

The thermal response function, f, Is defined
fn our earlier work 8s the temperature rise of the
cutter wearfilat per untt frictional heat flowing
fnto the cutter. The numerical value of f depends
on the geometry of the cutter, material properties
of the cutter, and the cutter cooling coefficient.
Values of f computed with finite element thermal
models of stud-mounted, 0.5-inch dismeter compact
cutters are reported in Refs, 1, 4, and 5. New
results obtained with larger 0.75-inch diameter
compact cutters are reported in Ref. 14, These
results indicate that larger cutters run slightly
hotter than smaller ones. " Results for both cutter
sizes are tabulated and used fn PDCWEAR.

Cutter Wear Rates

To prevent thermally-accelerated wear, which
fs one to two orders of magnitude more rapid than
ordinary abraslvs wear, wearflat temperatures must
be kept below 350°C. For temperatures below this
critical value, 2 simple mode! developed in our
earlier work {3) concludes that the volume of
cutter material, V_, worn away per unit length of
hole drilled, Lh' is related to several design and
operating parameters:

av 2w F CH

I 4 _xi;___c 6
a - ROP ! (32)
where the constant (.t6 is defined as the abrasive
wear constant and {s a function of the abrasiveness
of the rock &nd the abrasifon-resistance of the drag
cutter materials. We may define & wear ratio (WR)
that describes the volumetric wear rate of each
cutter relative to that of & reference cutter. We
take this reference to be cutter 1, nearest the
center of the bit. Thus

m"mi—. Phe . (33)
(evsdn); g,y

This quantity provides & measure of wear uniformity
among cutters independent of the abrasive wear
constant C..

“The 'e&lstence of ‘8 wear ratio also suggests
the possibility of estimating relative cutter wear
and modifying cutter geometries to determine the
effects of wesr on bit performance. As & bit
drilis & distance ALy from point 1 to point 2,
the volume of material worn from the cutter changes
from (Vw)l to (Vw)zn where

‘wg,

qav
= —¥
(\V“')2 (Vw)l + “’h A,'h ’ (34)

1f av /4:!!h fs relatively constant over the drilling
distalice.” We may then divide Eq. 34 by the same
equation evsliuated for & reference cutter (r) and
define’ :

AV = (V) - (V) 35
(Y] LA v (35)
to get - .
Avw av /4
—— ’ (36)
, @v)5_ = (av 7885,
or, using Eq. 33,
' R .
Avw = (W‘)r (Avw)r (37)
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Thus, 1f we specifiy the change {n the wear volume
for the reference cutter, (AV )r' the wear volumes
of the other cutters cen also Se determined using
the computed wear ratios. If the value of the
abrasive wear constant C, 1s known for the rock of
interest, the distance ﬁthdrilled in wearing away
the volume (AV ) _can be determined. Combining
Eqs. 32 and 34,"wE obtain the result

(Av") ROP
8y =i ) cu

xbc r 6
It 1s more convenient to express cutter wear
fn terms of dimensions thet can be readily
measured. [t {s, therefore, necessary to determine
the relationships between cutter wear volume and
the other wearflat dimensfons. These relstionships
are functions of the wear mode. As discussed
previous}y, two distinct wear modes seem to occur.
In hard,”brittlie rock, the wearflat tends to
develop parallel to the cutting direction. In our
previous work, we showed that the length of such a
wearflat may be expressed as a simple function of

the wear volume {3]:

. (38)

L=c, v";‘ , (39)

or, alternatively, as & function of the wearflat
erea [1]:
nS
L= cs Aw R (40)

where C,, nd4, C., and n5 are functions of the
cutter ct rad?us and backrake angle. Valuez
of these parameters have been determined for 20
backrake cutters with 0.5-inch and 0.75-inch
diameter compacts, as listed in Table I1. This
analysis assumes that the wearflat is in the center
of the cutting profile, i.e.by=bc, but the error
for cutter side wear s not large with the backrske
angles generally used in PDC bit design (€307).
The width of the wearflast, measured at the dfamond
face, is

va=2Vr2 - (r-Lsin 8)2 . (41)

for the hard-rock wear mode, we may NOw
specify & new wearflat area for the reference
cutter, compute the associated new wear volume
using Eqs. 39 and 40 and compsre this with the old
wear volume to determine (AV ) . Eqs. 35 and 37
can then be used to compute the new wear volume,
{(V.),» for every other cutter on the bit. From
thgsg volumes, the new wearflat length, area, and
width for each cutter can calculated using Eqs. 39-
41. Re-running the progrem with the new wear
configuration then allows the user to sssess the
effectes of the predicted wear pattern on bit
performance. : .

In the soft-rock wear mode, the PDC layer

wears parallel to the cutting direction, but the.

WC/Co portion of the wearflat develops at &n angle,
as previously discussed. Although this angle
prevents most of the WC/Co from directly contacting

the rock surface, the engle is sufficiently small -

that Eqs, 39 and 40 are still approximately true,
provided we consider the quantities to represent
quantities related to the total (t) wearflat

- comprised of both PDC and WC/Co. Thus

n4
L, o C, (V.,)t . (42)

nS
and L & Cg “w)t_ . (43)
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The width of the wearflat st the diamond face is
then ‘

wzzJ#-(r-qsmnﬂ. (44)

The length of the wearflat in contact with the
rock, L, is assumed in this wear mode to be
constant at 0.07 inch, the mean value measured with
the fleld-worn cutters {n the experiments
previously described. The model for the soft-rock
wear mode then assumes that the wearflat area in
contact with the rock grows by increasing the
width, w, over which the wearflat exists; thus

A, Ly . i (45)

The procedure for this wear mode is to specify
& new wearflat area A for the reference cutter,
compute the new wear volume (V ) for that cutter
using Eqs. 42-45 and compare tRis with the current
wear volume to determine (AV ) . Eqgs. 35 and 37
are used to determine the new wear volumes for &ll
other cutters, and Eqs. 42-45 are then used to
determine the new wearflat areas, lengths, and
widths for each cutter in the advanced wear state.

A loop is written in the program to allow the
user to repeat the wear process described above as
many times as desired. The user can run the
program for several different bit wear states
ranging from sharp to severely worn. This provides
& means for obtaining predicted results necessary
for assessing drilling performance over the life of
the bit.

DEMONSTRATION OF THE COMPUTER PROGRAM

In this section, the program PDCWEAR is
demonstrated by analyzing the baseline bit design
shown in Fig. 18. This is an 8-1/2 fnch FOC bit
utiltzing 21 cutters with 0,75 tnch diemeter
compacts mounted on 1.0 fnch diameter studs. The
paremeters that describe the locstion and
orfentatfon of the center of each cutter compact on
the bit face are listed in Table 111l. In general,
the cutters sre arranged in a three-arm spiral
pattern.

Operating conditions used In the baseline
analysis are listed In Table 1V. The single-cutter
data that are used are those obtained with the test
cuts made fn Sierra White granite (Figs. 4-9). The
rock properties used are also those of granite,
with the exception of the abrasive wear constant,
C.. Data on this parameter were not available for
Sferra White granite. Data were available for Jack
Fork and Nugget sandstones, however, and these
lndol cate that with wearflat temperatures below
350°C, the sbrasive wear constant has & value on
the order of that listed in the table. Although
both of these sandstones are relatively hard and
abrasive, it is uniikely that they are &s abrasive
as Slerra White granite. ) :

A rotary spsed of 100 RPM and a cooling fluid
temperature of 80 F were assumed in the baseline
analysis in order to match laboratory driliing
conditions. Penetratfon rates of of 10-50 ft/hr
were specified. . :

The cutters were initially assumed to be
sharp, and the cutter and bit performance
parameters were computed. .The cutting profiles
were then &llowed to change according to the
computed wear ratios and & specified new wearflat
area for the cutter with the highest wear rate.
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The hard-rock wear mode was chosen for the baseline
analysis. Performance parameters were computed for
the new configuration, and the process wes
repeated. Since the wear retio is & function 21’
the wear configuration, small (0,005 in")
increments in wearflat ares growth were specified.
Wear ratio is also & function of penetration rate;
the ratios used to compute cumulative wear were
those computed et 30 ft/hr. The cutters were
aliowed to wear unti{l the performance parameters
fndicated that the bit was "worn out.”

With the baseline bit design, cutter 15 wore
at a higher rate than any other cutter. The growth
of this cutter’s wearflat area is plotted in Fig.
19 as & function of the computed footage drilled by
the bit, We deésignate three points along this
curve as reference wear conditions for the bit:
"sharp" when all cutter wearflat areas sre zeros
"worn”, when the reference cutter wearflat srea is
0.04 1n“; and “worn out"zwhen the reference cutter
wearflst area 1s 0.100 in*. The results indicate
that the bit will drill 460 ft before reaching the
designated "worn™ stage, and it will dritil 975 ft
before it is worn out.

The distributfon of cutter wear in each of the
designated stages of bit wear is shown in Fig. 20.
Note that with this design, cutters near but not on
gage tend to experience the greatest wear (cutters
13-16). The gage cutters (19-21) wear slightly
less than those on the leading face of the bit (4-
€

Baseline cutter and bit performance parameters
in each of the bit wear stages are plotted in Figs.
21-27. In Fig. 21, the predicted penetrating
forces are shown. When the bit is sharp, the
penetrating forces tend to decrease from the center
of the bit out toward gage. This is caused by
fncreased cutter interaction resuiting from closer
radial spacing of cutters near gage. - As the
cutters wear, however, the overriding effects of
wearflat area cause the penetrating force
distribution to change. The wear ratios resulting
from the computed penetrating forces are shown In
Fig. 22. The integrated effects of the wear ratios
at all stages of wear are responsible for the
wearflats areas shown in Fig. 20.

The computed wearflat temperatures for the
baseline analysis are shown in Fig. 23. These
results fndicate that, even when the cutters ere
severely worn, temperatures are below 350 C, and
thermally-accelerated wear should not occur. It
should be noted, however, that the friction
coefficient assumed for this enalysis was only
0.07, and the 5oo|lng fluld temperature was assumed
tc be only 80°F. If either of these quantities
were higher, which 1s likely under actual drilling
conditions, cutter wearflat temperatures coulid
exceed the critical level, and accelerated wear
would occur, )

The computed WOB {s plotted as & function of
ROP in Fig. 24. We see a large effect of cutter
wear on bit performance. Although the bit requires
only 3500 Ibf WOB to drill at 30 ft/hr when sharp,
it requires nearly ten times that weight to
mafntain the same ROP when the bit Is worn out.

Perhaps a more compelling indication that the
bit 1s worn out is the excesstve drilling torque
predicted for this wear condition. As shown In
Fig. 25, torque incresses with cutter wear to
tevels that conventional drilling practices would
probably not tolerste, resulting in the bit being
pulled.
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The net side force predicted for the baseline
analysis {s shown in Fig. 26. This force would
develop if the bit were constrained by the walls of
the borehole to follow & straight line and to
rotate concentrically about {ts geometric center.
In reality, a bit side force would tend to make the
bit cut deeper on the side opposite the force,

resulting in an oversize hole and eccentric

rotation of the bit, or bit wobble. Such imbalance
fn the bit design is usually undesirable. When
worn, the side forces are less than 31 of the WOB.
This would seem to suggest that the bit is not
greatly unbalanced in the worn condition, but It is
not known what levels of side force are
sfignificant, especislly under dynamic conditions.

Similar comments can be made with respect to
the predicted bending moments, shown {n Fig. 27.
In this case the drill pipe is capable of providing
& reactive torque to prevent excessive tilting of
the bit. Again, however, the effects of the
bending moment on the dynamic response of the dril)
string are not known but could be significant.

Now that the baseline results have been
established, the effects of several important
design and operating varisbles can be assessed.
These effects are determined by modifying the bit
design and/or operating parameters and repeating
the analysfis. Results are {llustrated by comparing
the performance parameters predicted after drilling
the same footage as In the baseline analysis (1.e.,
0, 460, and 975 ft). )

Effects of Bit Profile
Perhaps the most obvious of the bit design

varisbles is the bit profile. The profile used In
the baseline analysis was relatively flat, with
only @ 1.0 inch range in cutter longitudinal
locations over the 8.5-inch difameter bit. To
assess the effects of bit profile, &n analysis was
perfomed using the bullet-nose bit design shown in
Fig. 28. The cutter locations are f{dentical to
those of the baseline analysis, except that the
longitudinal locatfons range over 4.0 {nches
instead of 1.0 fnch, and there is no concave
portion in the center of the bit.

Shown {n Fig. 29 are the predicted wearflat
areas for the bullet-nose bit. - The primary effect
of bit profile in this example is to increase wear
on most of the cutters, especially those near the
nose of the bit (cutters 1-9). This result agrees
with fleld experience, which generally shows that
flatter bit profiles are necessary when drilling
hard rock, where wear is usually a problem.

Although the wearflats grow faster with the
bullet-nose bit, the computed results indicate that
the WOB s, in the early stages of drilling,
actually lower than that of the baseline snalysis,
as shown in Fig. 30. When plotted in thfs manner,
it 1s seen that for a given WOB, the bullet-nose
bit drills at & much higher ROP than the baseline

_bit after both have drilled 460 ft of hole. Since

the bultet-nose bit wears faster, however, the
effects of wearflat ares eventually become
dominant. By the time the bullet-nose bit has
drilled 950 ft, It requires the same WOB that the
baseline bit required when it was declared worn out

at 975 ft. The last 25 ft of drilling are

accompanied by & rapld {ncrease in WOB requirements
for the bullet-nose bit.

The predicted drilling torque for the bullet-
nose bit was higher that that for the baseline
analysis. In the sharp condition, the differences
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ranged from 8 to 25%, depending on ROP. After 460
ft of drilling, the bullet-nose bit torque was 12
to 171 higher, and after 975 ft, It was 8 to 25%
higher. Side forces and bending moments were aliso
more excess{ive with the bullet-nose bit.

ffec £ er Placement Densit:

The number of cutters used in this analysis
was reduced from that of the baseline analysis,
from 21 to 15, in order to assess the effects of
using & lower cutter placement density. Cutters 8,
10, 12, 14, 16, and 18 were removed from the
baseline design, with other cutters remaining in
thelr oringinal positions. The cutters that were
removed were so chosen in an effort to maintain
balance {n the design.

In this case, the remaining cutters in the
reduced density region (cutters 7-19) experienced
greatly Increased wear, as shown in Fig. 31. This
is caused by the reduced interaction &nd,
consequently, higher penetrating forces on these
cutters. The predicted weerflat cutter
temperatures at a ROPo of 30 ft/hr indicate that
cutter |5 exceeds 350°C after & hole length of 880
ft; thus the cutter 15 wearflaet area would be even
larger than that shown at 975 ft. .

Although the number of cutters used in the two
bits were significantly different, the difference
in required WOB was relatively small. When the
bits are sharp, the 15-cutter bit requires 4 to 7%
mor'e WOB., After 475 ft of hole, the 15-cutter WOB
is lower by 4 to 8%. By the time both bits have

drilled 975 ft, the 15-cutter WOB 1s 3 to 11%

lower. Of course, {f the accelerated wear of the
cutters that experience thermal wear were taken
into account, the larger wearflat areas for those
cutters would have increased the WOB significantly
with further drilling after 830 ft. Furthermore,
since wear retes increase by | to 2 orders of
magnitude during this mode of wear, the affected
cutters can, for all practical purposes, be
considered destroyed. When this happens, the bit
may be left in a configuration that will not dritl.

These results suggest two ways for defining
bit Iife that may be related. The first is the
driiled footage at which thermally-accelerated wear
begins on any cutter. In this case, the V{fe of
the 15-cutter bit would be 880 ft, and that of the
baseline bit would be 1220 ft.

Alternatively, we may define the bit 1ife as
the drilled footage et which & performance
parameter, such as WOB, drilling torque, or bit
imbalance, reaches some selected level. In the
baseline analysis, we arbitrar{ly selected a WOB of
40,000 1bf (at 50 ft/hr) as & 1imit on bit tife,
based on practical levels for this size bit. This
resuited in the WOB-bit life criterion of 33,000
1bf at 30 ft/hr {n the baseline asnalysis. If
thermally-accelerated wear occurs, a&s with the 15~
cutter bit, the resulting rapid growth in WOB would
cause the bit to more rapidly reach the limtit
defining bit 11fe. Thus, If the temperature-bit
1ife criterion Is reached, it is probablie that any
practical WOB-bit 1ife criterion will be reached
soon after.

In addition to changing the number of cutters,
placement density cen be modified locally by moving
cutters radially and circumferentially. The radial
placement of cutters is one of the most important
parameters in bit design. To achieve more uniform
wear, cutters can be shifted radially to provide a
higher placement density In reglons of excessive
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wear and lower density in regions of low wear,

The circumferential placement of cutters is
important because it affects bit balance during
drilling. Excessive side forces can be reduced by
shifting cutters circumferentially in the proper
directions. Circumferential placement also affects
cutter forces because it determines how the feed
rate of the bit bit s distributed among the
cutters (see Eq. A-9 of Appendix A).

Effects of Bit Rotery Speed

for & given penetration rate, the feed rate of
the bit (penetration/revolution) decreases as the
bit rotary. speed is increased (Eg. A-10). This
implies that for a given wear configurstion, &
selected ROP can be achieved with & lower WOB by
Increasing rotary speed. To Investigate this
effect, an enalysis was performed by changing the
rotary- speed in the baseline analysis from 100 to
200 RPM, - .

The results indicate that when the bit fis
sharp, the higher rotary speed does fndeed reduce
the WOB requirements.by 42 to 54%. Similer
reductions in drilling torque were predicted at the
higher speed. The lower bit feed rate, however,
csuses each cutter to travel twice as far tn
drilling the same length of hole. As a result, the
cutters wear faster with respect to footage
drilled. This effect is illustrated in Fig. 32.
Note that all cutters experience increased wear at
the' higher rotary speed. The wear on cutters {1-18
after 975 ft of hole would be even greater than
that shown, because the predicted wearflat
temperatures for those cutters exceed 350°C after
only 650 to 900 ft.

As a result of the computed wear pattern, the
WOB for the higher rotary speed is i1 to 18% higher
after 465 ft and 25 to 26% higher after 975 ft of
hole. Similar increases in drilling torque were
predicted for the higher speed. The conclusfon we
reach Is that, even under conditions where thermal
wear effects are not important, increased rotary
speed Is detrimentel to bit 1ife and, consequently,
to the penetration performance of the bit. This
agrees with results obtained in our earlier work
{3]. Under conditions where & higher ROP is
required, It {s better to achieve it by Increasing
W0B rather than rotary speed.

Effects of Waterlet Assistance :

In the bsseline analysis, cutters 13-16
experienced greater wear than the other cutters.
In this analysis, we demonstrate the beneficial
effects of waterjet assistance by simulating
placement of Jets {n front of those cutters. This
fe done by using, for these cutters, the single
cutter correlation constants measured in the tests
with 4500 psi waterjets (Fig. 8).

Shown {n Fig. 33 ere the computed wear
distributions. Waterjet assistance is seen to
reduce wear by more than one-half on the assisted
cutters.  Furthermore, since these cutters do not
wear 8s fast as the surrounding ones, they remove
more rock than they would otherwise remove in the
advanced wear states. As & result, they interact
more with the surrounding cutters, thereby reducing
wear oh those cutters as well, This effect is
noticeable as far in toward the center of the bit
as cutter 5.

The reduced wear on the bit is responsible for
a significant improvement in drilling performance.
The WOB required with the jet-assisted bit was
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computed to be 19 to 23% lower after 460 ft of hole
and 23 to 27% lower after 975 ft. Even greater
reductions in drilling torque were predicted for
the Jet-assfisted bit: 27 to 33% after 460 ft and
29 to 361 after 975 ft of dritling. 1f WOB is used
as the criterfon for declaring the bit worn out,
the Jet-assisted bit is predicted to have a bit
11fe of 1225 ft, ass compared with 975 ft in the
baseline analysis, 1f the onset of thermaliy-
accelerated wear {s used as the bit 1ife criterion,
the jet-assisted bit drills for 1450 ft, compared
with 1220 ft in the baseline analysis.

Effects of Wear Mode - . :

In this analysts, the soft-rock wear mode was
specified to demostrate the effects on wear
patterns and bit performance. Results are shown in
Fig. 34, "After drilliing 460 ft, the cutter wear
pattern is quite simiiar to that computed for the
baseline analysis. Beyond this footage, however,
the two wear modes produce very different results.
In the hard-rock wear mode, the wearflat area in
contact with the rock i{s a strong fucntion of the
volumetric wear, which in turn {s proportionat to
penetrating force. Since the wearflat grea has a
large effect on penetrating force, wear in the
hard-rock wear mode tends to occur at en
accelerating rate with respect to footage drilied,
even in the absense of thermal effects.

The wearflat area in the soft-rock wear mode,
however, is not as sensitive to wear volume. In
other words, & given increase {n de/dzh does not
produce as large an increase In as it does in
the hard-rock wear mode. As &8 result, the wearflat
area growth rate actually decreasses as drilling
continues. As a result, the predicted wearflat
sreas grovw by only about 2071 between hole lengths
of 460 and 975 ft. This compares with S0 to 150%
growth in the case of the hard-rock wear mode over
the same footage.

The performance parameters in the soft-rock
wear mode behave In & similar fashion. The WOB
requirements after 460 ft of hole are within 4% of
those predicted for the hard-rock wear mode., By
the time both bits have drilled 975 ft, however,
the bit worn In the soft-rock mode requires 49 to
50% less WOB than that in the hard-rock mode.
Simflar results were obtained with respect to
drilliing torque.

Because of the modest wearflat growth, the
cutter temperatures in the softarock wear mode
never approached the critical 350 C 1imit before
the cutters were worn to the center of the
compacts. When the wear reached this point, at
3370 ft, the calculations were terminated, end the
bit was considered worn out. -In terms of the WOB-
bit 11fe criterion of 33,000 ibf &t 30 ft/hr, the
bit never wore out. At 3370 ft, the WOB
requirements at 30 ft/hr were only 18,700 1bf.,

D1SCUSSION

The computer code developed in this study
predicts that the baseline bit design will dril)
relatively hard rock at a rate of 10~50 ft/hr and
will last for approximately 1000 ft with & WOB of
less than 40,000 1bf and a drilling torque of less
than 6000 ft-1bf. These and other predicted
results appear quite reasonsble and ere compsrable
to performance typically achieved with this size of
bit.
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For example, in geotherms! drilling tests in
the Impertal valley, California, &n 8~37/4" PDC bit
drilied 555 ft at an average ROP of 55 ft/hr, with
an estimated 1ife of about 1000 ft [20]. The
dritled fnterval contained sandstone, shale,
siitstone, and fgneous formations. The unconfined
compressive strength of the sandstone in this
tnterval was 11,000 psi, sbout one-helf that of
Sterra White granite, the cutting coefficients of
which were used in the present snalysis. Under the
elevated downhole stresses present in the field
test, however, the strength of the sandstone may be
comparable to-that of the granite at atmospheric
pressures.

The thermal conditions assumed in the analysis
were relatively mild. Downhols cooling fluid
temperatures typically exceed 125 F in petroleum
drilling-and 200°F fn geothermal drilling, well
above the 80°F assumed in the analysis. Friction
coefficients of 0.03-0.20 in water and 0.10-0.32 in
air have been measured between PDC cutters and
rock. It ts therefore possible for the cutter
wearflat temperatures to exceed those predicted iIn
the baseline analysis, according to Eq. 30. In
that case, thermal wear effects could reduce bit
11{fe well below the 1000 ft predicted here.

It has been shown that bit proflile can
stgnificantly affect bit performance. This {s due
to the fact thst the profile not only affects
cutter density and thus {nteraction, but it also
controls the orfentation of the cutter penetrating
forces. Forces oriented et steep engles, such es
those on the side of the bullet-nose bit,
contribute directly to cutter wear and bit side
forces but have less relative fmpact on WOB. This
explains how a bit design can drill with lower WOB
but still experience more rapid wear than a
different design.

Nozzles such as those used in the experimental
part of this work would produce jJets that flow at
rates on the order of 12-18 gal/min with nozzle
pressure drops of 2000-4500 psi. Since total
dritling fluid flow rates of approximately 300
gal/min are typical for this size bit, 1t sppears
that up to 16-25 nozzles could be utflized on a
single bit to assist PDC cutters. The resulting
reduction in cutter forces could extend the
applicability of PDC bits to much harder formations
and more severe operating conditions. Limitations
imposed by space requirements and the tendency for

nozzles to plug would need to be overcome, but the

potential benefits make the concept attractive.

Bit 1ife in the soft-rock wear mode has been
shown to be much greater than that in the hard-rock
wear mode..  This finding could explain the wide
range in bit wear that {s sometimes found in
formations with apparently similar strengths. If
the formation is fractured or has & high percentage
of quartz, the probability that the cutters will
wear in the hard-rock wear mode 18 iIncreased,
regardless of the apparent strength of the rock.
The fact that some PDC bits have experienced bit

1ife 85 long &8s 20,000 ft [21], however, fis -

evidence that the soft-rock wear mode is operative
under certain conditions.

Finally, it should be noted that many of the
complex phenomena that contribute to PDC bit wear
and performance are by no means completely
understood. In this paper, we have developed and
used simpie models to describe various mechanisms
so that the approach can be easily modified as more
complete understanding becomes available. More
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work needs to be done, for example, under elevated
fluid and rock stresses to determine how downhole
conditions affect these mechansims. In particuler,
the effects of ambient pressure on the benefits of
water jet assistance should be investigated. The
approach as a8 whole needs to be tested by comparing
predicted bit performance parsmeters, such a WOB
and drilling torque, with results measured in full-
scale PDC bit tests under carefully controlled
atmospheric and elevated pressure conditions.

CONCLUSIONS

1) The penetrating force imposed on 2 worn PDC
cutter at a given depth of cut is approximately
proportional to the wearflat area in contact with
the rock.

2) Within the limited range of cutter compact
sizes tested (0.5-0.75 inch), the penetrating force
fs independent of compact diemeter. This implies
that larger cutters are more efficfent In rock
removal than smaller ones.

3) The penetrating stress required to cut to a
given depth can be significantly reduced by
directing low- to moderate-pressure waterjets onto
the rock surface immediately shead of the cutter,
Reductions of 10-15% &t 2000 psi nozzle pressure
drop and 50-65% reductions at 4500 psi were
measured in the present study, which was conducted
at atmospheric pressures in granite.

4) Two distinct PDC cutter wear modes occur,
depending on the type of rock drilled, Soft,
plastic rocks tend to wear the flat at en angle
with respect to the rock surface, which keeps &
smaller area in contact with the rock and the
cutter in 8 sharper condition. Hard, brittle rocks
and conditions under which cutter impact lcading Is
prevalent tend to wear the flat parallel to the
rock surface, leading to & larger area {n contact
with the rock and higher cutting forces.

5) A method has been developed for using single-
cutter date to predict cutter forces and bit
performance for srbitrary PDC bit designs. This
method has been shown to produce reasonsble
predictions of WOB, drilling torque, ROP, and bit
{ife.

€) Unless cutter locations are carefully chosen,
significant bit side forces and bending moments can
develop during drilling. The resulting bit
imbalance c&n cause bit wobble, leading to an
overgage hole and possible bit deviation. '

7) Bit profile can significantly affect POC bit
performance and wear. [t has been shown that bits
with sharper profiles tend to tntitially require
less WOB than flat profiles, but sharper profiles
wear faster end eventually require greater WOB.

8) The distribution of cutters on a PDC bit can be
used as & means for equalizing wear across the bit
face. Cutters In regions of low placement density

. wear faster than those where placement density is

high. Within limits, the WOB and torque required
to drill at & specified penetration rate is
relatively independent of the number of cutters
used on the bit. A bit with fewer cutters will,
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however, wear faster and eventually require greater
WOB.

9) Increased bit rotery speed is detrimental to
bit Vife, even under conditions where thermal wear
effects are not important. Doubling the rotary
speed from 100 to 200 RPM initally reduces the WOB
required to drill at & specified rate, but more
rapid wear occurs at the higher speed and
eventually leads to greater WOB requirements and
tower bit life.

10) Waterjet assistance cen significantly increase
bit 1ife and reduce WOB and torque requirements.
Greater thsn 20% improvements in bit 1ife and 19-
361 reductions in WOB and torque &re predicted for
& design utilizing only four nozzles operating at
4500 psi.pressure drop. If space limitations and
nozzle plugging problems could be resolved, this
technique could be used to significantly extend the
range of applicablility of PDC bits.

NOMENCLATURE

Ap = cross-sectional area of rock removed by &
cutter (in2) ’

AAr = 1nc;emental cross-sectional area of rock
(in<)

A, = cut;er wearflat area in contact with rock
(in%)

(A)¢ = totsl cutter wearflat area (in2)

b «r cos 8 (in)

% = correlation constant in Eq. 1 (psi/innl)

Cy = correlation constant in Eq. 2 (1bf/inn2)

c2 = rock specific heat (Btu/1bm°F)

C3 = parameter defined in Eq. l4c

Cy = constant in Eq. 37a (inl-3n4)

Cs = constant in Eq. 37b (inl-2n4)

Cg = sbrasive wear constant (in2/1bf)

1] = parameter defined in Eq. 14d

E = parameter defined in Eq. 1l4e

£ = thermal response function (inZhr*F/Btu)

= bit feed rate (in/rev)

F = cutter penetrating force (1bf)

Fe = cutting force, see Eq. 6 (1bf)

¥Fa = cutter drag force, see Eq. 6 (1bf)

Fg = cutter friction force, see Eq. 6 (1bf)

Fr = radial component of cutter penetrating
force (1bf) ' o

Fg = resultent side force on bit (1bf)

Fy = longitudinal (vertical) component of
cutter penetrating force (1df)

-F; = bit gide force in x* direction (1bf)

r; = bit gide force in y' direction (1bf)

H = cutting height'of cutter compact center

(in)
H* = longitudinal position of cutter compact
. center on bit (in)

%Xy - = thermal conductivity of rock (Btu/hr ft°F)
£5, = length of hole drilled (ft)

L = length of cutter wearflat in contact with

' rock (in)

Lt = total length of cutter wearflat (in)

M « resultant bit bending moment (ft-1bf)

B; = bit bending moment about x'-sxis (ft-1bf)
l; = bit bending moment about y'-axis (ft-1bf)

ny = correlation exponent in Eq. 1

2>




SR AT

n2

ns5
e
nx

Nt'!ﬂ!

ROP

T¢
Tw

av,
Vw

(V)¢

'R

€ “

correlation exponent in Eq. 2

exponent in Eq. 37a

exponent in Eq. 37b

number of cutters on bit

number of Ax elements over which cutter

interacts with rock formation

bit rotary speed (rev/min)

= cutter compact radius (in)

= parameter defined in Eq. 111 (in)

= radial position of cutter compact center
on bit (in)

= bit rate of penetration (ft/hr)

bit. drilling torque (ft-1bf)

‘= downhole cooling fluid temperature (°F)

= mean temperature across cutter wearflat
(°F)
= cutter speed with respect to rock (ft/sec)

. = volume of rock removed by a cutter (in3)
. = incremental volume of rock (in3)

= cutter wear volume associated with portion

" of wearflat in contact with rock (in3)

= total cutter wear volume (in3)

= Y{d;h of cutter wearflat at diamond face
n

width of cut (in)

weight-on-bit (1bf)

cutter wear ratio

coordinate along x-axis in hole coordinate

system (in)

size of element along x-axis (in)

= coordinate aslong x-axis in bit coordinate
system (in)

= coordinate along X, -axis in cutter
profile coordinate system (in)

= coordinate slong x'-axis in cutter
coordinate system fin) :

= x-coordinate of the bottom of cut in the
center of the cut (in)

= x-coordinate of first point of contsct
between cutter snd rock (in)

= x-coordinate of last point of contact
between cutter and rock (in)

= x-ccordinate of first end of cutter
wearflst width (in)

= x-coordinate of second end of cutter
wearflat width (in)

= coordinate along y-axis in hole coordinate
system (in)

= coordinate slong y'-axis 1n bit coordinate
system (in)

= coordinate slong z-axis in hole coordinate
system (in)

= coordinate along z'~axis in bit coordinate
system (in) s

= coordinate along z,~sxis in cutter
profile coordinate system (in)

= coordinate along z'-axis in cutter
coordinate system (in)

= g-coordinate of the equivalent bottom of
cut at a given x (in)

= g-coordinate of the bottom of cut in the
center of the cut (in)

= g'-coordinate of the bottom of cut in the
center of the cut (in)

= g-value of first point of contsct between
cutter and rock (in)

= g-value of last point of contact betwaen

= g-value of first end of cutter wearflat

width (in)
= z-value of second end of cutter wearflat

width (in)




= cutter backrake angle (deg)
= depth of cut (in)
e = effective depth of cut
i = distance from equivalent bottom of cut to
rock surface at a given x (in)
= gngular position of cutter compact center
on bit (deg)
" = friction coefficient between cutter and
rock
Fyq/F = cutter drag coefficient
rock density (1bm/£t3)
cutter inclination angle (deg)
cutter wear angle in hole coordinate
system (deg)
(d,)o = cutter wear angle in cutter profile
coordinate system (deg)
(¢ )*' = cutter wear angle in cutter coordinate
. Zsystem (deg)
Xg - . = rock thermal diffusivity (ft2/hr):

©
(4]
[ I

subgcripts

1 location 1, cutter 1
2 location 2
i  ith Ax element over which cutter interacts
with rock formation
3 jth cutter
k kth cut
r reference cutter
(.)o ecoordinate expressed in terms of cutter
profile coordinate system
( )* coordinate expressed in terms of cutter
®  coordinate system
( )* coordinate expressed in terms of bit
coordinate system
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- - APPENDIX A

Four -coordinate systems are used to describe
the cut and cutter profiles, as shown in Figure
A-1. The hole coordinate system {x,y,2) 18 a non-
roteting cartesian coordinate system whose z-axis
{s paraiiel to the longitudinal axis of the hole.
The bit coordinate system (x’,y’,2’) is & cartesian
coordinate system which rotstes and advances with
the bit and which has a z’-axis parallel to the
longitudinal axis of the bit and the z-axis of the
hole coordinate system. The cutter coordinate
system (x’,z’) is & two-dimensional, rectangular
coordinafe gystem that 1tes in the plane of each
circular diamond face of the cutter. The cutter
profile coordinate system (x_,z_) is the projection
of the cutter coordinate syseemoonto a radial plane
that lies in the x,z plane of the hole coordinate
system. ' :

A point (x’,2’) in the cutter coordinate
system §s proJeé’tea into the cutter profiie
coordinate system (xo.z°) as

'xo = x& (A"l)
z, = z; cos B » (A-2)

where £ {s the cutter backrake angle. The circular
edge of a sharp cutter in the cutter coordinate
system {s described by the equation:
2 2 .

x* z! -

) N -2) . 1, (A-3)
where r is the radius of the circular cutter
compact. . Transforming this equation to the cutter
profile coordinate system, the cutter profile
proves to be one of &n ellipse:

xz !z
A-4
() «6d -2

where pesrcosB . (A-5)

During one revolution of the bit, each cutter
passes through the x-z plane of the hole coordinate

system. As each cutter passes through this plane,

the transformation equations between the hole
coordinate system (x,y,z) and that cutter’s profile
coordinate system (xo.zo) ares

x=R+ Xo €08 ¢ + T, Sin d¢ (A-6)

’ = o (A"’)
and

X7
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ZeH- X, 6in ¢c + 25 cO05 ¢ (A-8)
where H = H + £.(360 - 6)7360 . (A-9)

Here R and H’ sre the radial and longitudinal
locations, respectively, of the center of the
cutter compact on the bit body. The parameter H,
defined as the cutting hetfght of the cutter,
accounts for the fact that the bit advances in the
z-direction &s it rotates. This height, which is
the z-coordinate of the center of each cutter &s it
passes through the x-z plane is & function of the
feed per revolution, f_, and the angular position,
0, of the cutter on tFoe bit face. The anguler
position {s defined &s positive in the
counterclockwise direction when viewing the face of
the bit (see Fig. 17). The feed rate is related to
the penetration rate and bit rotary speed with the
equation

f. = ROP/E (A-10)

where ROP is the rste of penetrstion and N is the
bit rotery speed.

Combining Eqs. A-4 through A-8, we obtain the
cutting profile (x,y,z) of & sharp cutter {n terms
of the hole coordinate system (Eq. 14).

Wear modifies the cutting profile according to
the wearflat width, w, and the radial wear engle,
¢+ An 8lgorithm in the program fterates upon the
wear angle by Initially assuming dyw=dc. The cut
profiles for each cutter ere computed, &nd ¢ is
calculsted using Eq. 10. Since the new estimate of
¢ may be different from the initfal guess, the
wearfiat locatfons on the cutters may change from
the previous iteration, which in turn changes the
cut profiles. The process {s repeated until the
solution converges for &1l cutters.

The cutter wearflat is easfest described in
the cutter coordinate system. In this system, the
wear angle (¢ )4 1s related to the wear angle ¢, in
the hole coordinate system with the equation

! [(z ) - (2 )']'
) ) "tm“ _.EL_L_Q
wo (x ) -~ (xcl) (A=11)

c2'c
- ton”] “zcl)p (zcz)o)lcos )
(x ), - (x,) ’
c2’0 cl’o

which leads to Eqs. 11) and 1lk. The wearflat
width, w, ts measured in the cutter coordinate
system. In the circular geometry of this sytem,
geometric considerstions give the results shown in
Eqs. lle~-h. Egs. A-6 and A-8 are then used to
produce Eqs. 1le-d.

It should be noted that in cases where the

wearflat develops on the side of the cutter
(¢ 7‘¢d' some {naccuracies in computed cutter
Forces will occur. This 1s caused by the fact that
in such cases, the engular transformation converts
some of the cutter backrake to & small effective
siderake angle. This factor {s not considered to
be significant for the relatively sgell backrake
angles generally used {n PDC bits (<307)
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COMPACT DIAMETER

.TABLE 1
_ DIMENSIONS OF CUTTER WEARFLATS USED IN SINGLE-CUTTER TESTS

COMPACT WEARFLAT
DIAMETER TYPE ®
(in)

0.016 0.220 0.090
0.017 0.240 0.070
0.017 0.340 0.050

0.020 0.320 0.100
0.022 0.220 0.140
0.030-0.040 0.300-0.320 0.140-0.180
- 0.032 0.360 0.130

0.029 0.340 0.120
0.040 - 0.320 0.180

—TOMMOoOO®>
OOQOPQOOO
NN,
CUVUOoOOUVMODOO

TABLE 111

CUTTER POSITIONS IN BASELINE ANALYSIS

CUTTER R 6
(in)  (deg)

TABLE 11
COEFFICIENTS IN EQS. 39 AND 40

(in)

WONAMAE WN -

TABLE IV
BIT OPERATING CONDITIONS IN BASELINE ANALYSIS

. * PARAMETER ) VALUE

Rock thermal conductivity, k

Rock thermal diffusivity, X
Rock-cutter. friction coefflglent. ]
Worn cutter drag coefficlent, Md
Sharp cutter drag coeffclent, H4a
worn Type A cutter (no jets) correlation constant, C
Worn Type A cutter (no jJets) correlation exponent, ni
Worn Type B cutter (w/jets) correlation constant, C,
“Worn Type B cutter (w/jets) correlastion exponents, *1
Sharp Type A cutter (no Jets) correlatfon constant,C
Sharp Type A cutter (no jets) correlation exponent,n.
Sharp Type B cutter (w/jets) correlation constant, C
Sharp Type B cutter (w/jets) correlatfon exponent, n%
Abrasive Wear constant.'c6

Bit rotery speed, N .

Downhole cooling fluid temperature, T

spectfied bit penetration rates, ROP

1.300 Bty/hr ft 3
0.033 ft°/hr
0.070

0.550

0.750
1.34 X 10%psi/ind-42

0.42

3.26 X 10%psi/in®*%3
0.93

2.55 X 10%1bF/1n!-%4
64,

2.55 X 10%1bf/in
1.64

6.89 x 10~ 3inZ/1bf
10g RPM

80°%F

10,20,30,40,50 ft/hr

1.64

H'
(in)

0.625
0.760
0.895
1.000
1.000
1.000
0.990
0.970
0.940
0.898
0.844
0.776
0.694
0.594
0.473
0.347
0.222
0.104
0.000
0.000
0.000
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Fig. 15 - Cut and cutter profiles for a 'eneral POC cutter,
shoving paremeters used to compute profiles,
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Fig. 10 - Circunferential wvear angle found to develop on field-
worn cutters.
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Fig. 12 - Cutting patterns used to simulate cutter Interaction
in Ref. 3. Test cut Is the 0.080 inch cut in each pattern.
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Flg. 14 - Cut and cutter ‘rbfllcs for & general POC cutter.
(x.l.z coordinate systea s stationary; x’,y’,2’ coordinate

systea travels vith bit)
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Fig. 16 - Schematic of algorithm used to compute z-coordinates
of cutting profiles at each value of x.




Flg, 17 - Schematic iholing how cutter forces are integrated to
produce bit performance parameters,
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Fig. 19 - Growth of wearflat with highest wear rate in baseline
analysis.
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Fig. 21 - Predicted cutter penetrating forces In baseline
analysis. i
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Flg, 23 - Predicted cutter vearflat teapersture in baseline
snalysis.
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Fig, 18 - Schematic of 8-1/2* bit design considered §n baseline
analysis,
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Fig. 20 - Predicted wear distribution across bit in baseline
anaiysis at designated stages of wear.
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fig. 22 - Predicted curter wear ratios in baseline snalysis
(wear ratio = | for cutter ).
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Fig. 24 - Predicted W08 as a function of specified ROP fn
baseline analysis.
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Flg. 33 - Predicted wear distribution across b!t.,shouing FI’.
effects of 4500 psi waterjet assistance to cutters 13-16. effects of wear mode.
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Fig. A-] - Schenafﬁc of four coordinate s,stens used to describe
cut and cutter groflles. Hole (x.y.z). bit (x’,y’42’), cutter
(xé.z&). and cutter profile (xqs2,) coordinate ;ystels.
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34 - Predicted wear distribution across bit, showing
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fig. 27 - Predicted bit dending moment as a function of
specified ROP in baseline analysis. %
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FI’. 29 - Predicted wear distribution across bit, shoving
effects of bit profile.
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Flg 31 - Predicted distribution of wvear across blt. shoving
ects of cutter density.

CF/HR)

gn

£
. 2885888

PENETRATION RATE ¢ FI/HR )

fls. 26 - Predicted bit side force as 8 function of specified
R0P In baseline analysis. .

Fig. 28 - Schematic of bullet-nose bit used to demonstrate
effects of bit profile,
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Fig. 30 - Sgec!fled ROP plotted as a functlon of predicted ¥06

to tilustra

e the effects of bit profile.
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’ 32 - Predicted wear distribution across bit, shoving
ffects of rotary speed.




