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ABSTRACT 

A method ts developed for predicting cutter 
forcesr temperaturesr and wear on PM: blts as we1 1 
as Integrated blt performance parameters such as 
weight-on-btt (WOB). drilling torquer End bit 
imbalance. A computer code called PDCWEAR has been 
developed to make this method available as a tool 
for general blt deslgn. The method uses single- 
cutter data t o  provlde a measure of rock 
drlllability and employs theoretlcsl consfderatlons 
to accqunf for interactlon among closely spaced 
cutters on the blt. Expertmental data are 
presented to esfablfsh the effects of cutter slze 
and wearflat area on the forces that develop durlng 
rock cutting. Waterjet assistance I s  shown t o  
signlftcantly reduce cutting forcesI thereby 
extendlng blt llfe and reductng WOB and torque 
requlrementr in hard rock. The effects of blt 
proftle, cutter placement denstty, bit rotary 
speedr and wear mode on btt life and drlllfng 
performance are investlqated. 

I NTROOUCT ION 

Research has been conducted for several years 
at Sandla Hat lone1 Laboratorles to foster the 
development of PM: bits for geothermal drllllng. 
Thts work has been dlrecttd toward the htgh- 
temperaturer hard-rock dri 11  f n ~  envlromrent that i s  
typtcally found near geothermal resources. We have 
strlvedr however. to Interpret the results to make 
them generally appl lcsble to drill lng envlrments 
of lnterett to the petroleum Industry as well. 

Our prevlous experimental and theoretfcal 
studtes suggest a strone dependence of PDC cutter 
wear rates on the frlctlonal temperatures that 
develop at the cutter/rock Interface [ l r 2 ] .  The 
results indicate that above aocrftlcal wearflat 
temperature of approxlmtely 350 Cr wear mechanlms 
that greatly accelerate cutter wear become 
operative. Such thermally-accelerated wear can 

References and Illustrations at end of paper. 
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reduce blt llfe by one or two orders of magnitude. 
gene~ally to an unacceptable level [3]. Below 
350 C r  wear Is generally very low and is 
predantnantly one of abrasion. wlthout any apparent 
thermal effects, hbraslve wear is a strong 
function of the abraslveness of the rock belng cut 
and the stresses that develop at the cutter/rock 
interface. Destgntng and opersting PDC bits to 
perform effectively wlthln the constralnts 
suggested by these concepts ts the subJect of thls 
paper. 

Models developed to predlct cutter wcarflat 
temperatures [1,4.5] and wear rates [2.3] requtre 
an estlmate of the penetratlng stress for each 
cutter of Interest. Thls Is the stress that 
develops normal' to the cutter wearf lat dur 1 ng 
drilling ( s e e  Ffg. 1 ) .  Because of cutter 
interactkm and the m-planar placement of cutters 
o n - a  given blt body. accurately predlcttng the 
stresses for each cutter is not a trtvlal matter. 
This polnt 1s Illustrated In Fig. 2. whlch shows a 
typlcal sequence of shew cuttlng edge profiles for 
several cutters on the leadlng face of a PM: btt. 
fhese proflles are obtslned durlng two revolutlons 
of the blt as the cutters pass through a radlal 
(x.2) plane contalnlng the longltudlnal axls ofthe 
bit. The shaded areas represent the steady-state 
cross-sectlonal areas of cut for each cutterr 
assuming that the cut proft ies are the same as the 
cutter proflles. (In tests done wtth brittle rock 
at-atmoshphertc pressure. thls aSSunption WBS found 
to be valid [14],) Stnce the center of the cutters 
are all assumed to lie at the same longttudlnal 
location on the blt body, the downward vertlcal 
dlsplaccment of one cutter profile relatlve to a 
preceding OM i s  due entlrely to the advancement of 
the bit as it rotates. The shape of the cross- 
secttonal areas of cut are seen to be quite 
complex. even for such a simple blt geometry. 

In a typlcal blt design. the cross-sectional 
areas of cut depend on the radlal. clrcumferenttalr 
and longitudlal distrlbutlon of cutters ,on the blt 
face and on the cutter wear patterns and blt 
penetratlon rate. Although It Is posslble to 
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dupilcate some lnteractlon patterns In the 
laboratory, It I s  clearly Impracttcal In slnglc- 
cutter tests to dupl lcate a1 1 the rombtnatlons of 
cutter wear and lnteractton that could be 
experlenced by cutters ln any qtven blt deslgn. 

The obJectlve of  thls -per i s  to present an 
approach to calculating cutter penetrattng stresses 
tn general btt deslgn. Thls approach i s  based on 
laboratory single-cutter force data that descrlbe 
the tnherent drl1 lab1 1 lty of the cutter-rock 
comblnatlon and on analytical conslderatlons that 
predlct cutter tnteractton effects. The approach 
resutres that stngle-cutter data be obtained under 
the same oWrat1ng condlttons as those for which 
performance predlctlon of the full PDC blt l s  to be 
made. The geometry of the cuts that provlde these 
basellne drlllabllfty data, however, 1s slmpler 
than the geometry of cuts obtained wlth an actual 
bft. -Tiit standard test cut chosen for thls 
approach 1s a single cut on a flat rock surface. 

It 1s possible to achleve thls slmple standard 
cut wlth most drag cutter testfng machines 
currently In exlstence. Severs1 machlnes are 
available for obtalnlng single cutter data under 
elevatedr and In some cases dtstlnct, borehole, 
conflntng, and pore Pressures [6,7,8,9]. The 
approach developed In thls paper offers a methcd 
for uslng such data to predlct W C  blt performance 
under downhole pressure condftlone. In addltlon, 
blt Performance at atmosphcrtc condltlons can be 
predlcted using slngle-cutter data obtalned wlth 
machtne tools such as dtflcd mills, shapers, and 
lathes. Although atmospherlc-pressure, full-scale 
btt tests do not provide an accurate quantltattve 
measure of downhole btt performance, they are 
useful in comparfng slternattve blt deslgns and 
determlnlng whether or not,field or elevated- 
pressure lab tests may be warranted for a glven 
deslgn. Predlctlon of bit performance at 
atmospheric condlttons would be slmllarly useful. 

The potentfal for ustng moderate-pressure 
uaterJetr to extend the range of appllcatlon of PDC 
cutters I s  also explored In this paper. Prevtous 
work by Hood [10,11]  and others [12]  wlth large 
cemented carbfde cutters used In hard-rack mlnlng 
appllcatlons has shown that cutter forces can be 
slgnfftcantly reduced ff waterJets are dlrected 
onto the rock surface fmmedtately shead of the 
cutter. Penetratlng force reductions of 50% wlth 
2500 psi Jets and 15% wtth 9000 psl Jets have been 
reported. Our prevlous analysls 113) lndlcates 
that if such reductlons could be achlewd downhole 
wlth PDC cutters, they would be sufflclcnt to 
permit cutters to operete under more severe 
condlttons and fn slgnlflcantly harder rocks, 
extendlng the appllcablllty of PDC blts to more 
types of formattons. Thts wiper Presents new data 
obtslned wlth PDC cutters and cavitating Jets that 
support that concluslon. The apptlcatlon of the 
CutterlwaterJet tech que in PDC btt destgn I s  also 
dtscussed. 

This paper i s  a condensed verston of  Ref. 14. 
The referenced report presents further debtis, 
such as raw experimental data and a user's manual 
for the computer code PDCWEAR. The basic approach 
and all the pertinent esuattons are, however, 
developed and presented in the present Paper. 
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EXPERIHENTAL PROCEDURE AND RESULTS 

The data that must be obtained to provlde a 
measure of drillability are the penetratlng and 
drag forces, F and F , as a function of the depth 
of cut. 6. Thts deptd Is measured In the center 
of the cut and should generally cover the range 
0.005 to 0.080 Inches. These data must be obtained 
with one sharp and one worn cutter. Single cuts 
must be made on a smooth rock surface and must be 
separated from adJacent cuts so that no Interactton 
occurs between cut profiles. Once these data are 
obtained. correlations of the following forms are 
poss 1 b 1 e : 

where the constants. C and C , and exponents. nl 
and n2, are determined flan a l$ast-squares fit of 
the data in log-log space, Previous work [31 
demonstrated that these correlations can be used to 
predict penetratlng forces durlng cutter 
interactton by substituttng an effective depth of 
cut. 6 , for 8 .  A more complete and generaltzed 
dlscusaon of the effecttve-depth-of-cut concept i s  
presented in a later sectton. 

In our previous experimental work t33, we used 
a slngle cutter with? wearflat area that ranged 
f& 0.030 to 0.040 In . Dry cuts in three rock 
types were mde. and correlstlms of the form given 
in Eq. 1 were obtstned. In order to explore the 
effects of wearflat area and waterjet sssistance on 
this correlation, further data were e i n e d  in the 
present study. 

In this study. rock-cutttng tests were 
conducted In two rock types wlth FQC cutters havtng 
vartous amounts of wear. Berea sandstone (UCS=7100 
psi) and Sierra Whltc granite (UCS:21$.500 pst) were 
used in order to cover a wtde range of rock 
properties such as strength, composltlon, and 
ducttlity. These rocks were previously used and 
are described i n  more detat 1 in Ref. 3. Single- 
cutter forces were measured with a linear- 
traversing mitling machine and a triaxial force 
transducer. as previously described (31. Force 
samples made during each cut were averaged, and 
these mean values are reported. 

Cutters In various stages of wear were used fn 
an effort to determtne the effects of wear on 
cutter forces. Hew PDC cutters wlth rharp edges 
were usedr as were cutters wtth machine-ground. 
laboratory-worn, and field-worn wesrflats. The 
machine-ground wearflats were produced by grinding 
new cutters tn a dlrectlon parallel to the 
directton of cutter travel. Cutter8 wtth field- 
worn wearf lats were removed fran comnercial bfts 
that had been run i n  0 1 1  and gas w e l t s .  
Laboratory-worn wearflats were obtalned wtth a 
vertical mtlllng machine. Long spiral cuts on a 
large speclmen o f  Sferra Whtte Granlte were made to 
allow cutters to wear naturally. 

Cutter wearfiats were measured as follows. A 
ptece o f  carbon paper was Inserted between two 
sheets of plain paper and placed between the cutter 
and the f l a t  rock rurfsce. The cutter was then 
statically loaded to a penetrattng force level 
typtcal of the level encountered i n  Cutting tests 
with the same cutter and m k .  The portion of the 
cutter wearflat that contacted the rock left a 
carbon impresston on the plain paper. Thls 
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lmprcsslon was overlaln with a fine rectangular 
grtd ( I  mm x Imm) and the area calculated by 
countlng shaded blocks. Cutters wlth mecyured 
wearflats ranglng from 0.016 to 0.040 In were 
tested In thls study, These and other measured 
wearflat dlmensfons are llsted In Table 1. 

Two sizes of cutter were tested. nost cutters 
had compact dlarneters of 0.5 lnch. the slze that 
has been tradltlonally used In PDC bl ts .  Also 
tested. both new and laboratory-worn. was a cutter 
havlng a compact dlarneter of 8.75 lnch. All 
cutters had backrake angles of 20 . 

In the current study. the mllllng machfne 
table was also fltted wlth a steel enclosure and a 
waterjet nozzle holder mwnted ahead of the cutter. 
A proflle of the nozzle holder and and Its 
relationship to the cutter are shown In Ftg. 3. 
The nozzle holder was deslgned so that the nozzle 
standoff distance. d . lncltnatlon angle. 9*. and 
Jet lmplngement dl8tance. dt e could be adJusted 
over llmlted ranges. Only one set o f  these 
parameters was actually used fn the test prosram 
currently reported, as llrted In the figure 
captton. These values were chosen to represent 
practical values that mlght be used In en actual 
POC bit deslgn. 

The nozzles used in the test program were 
self-resonatlng* cavttatlng jet m l e s  deslgned 
and fabrtcated by Trecor Hydronautlcs. Inc. under 
contract to Sandla Natlonal Lsbaratorles [151. The 
cavltltatton bubbles produced In these Jets are 
created by the vaporfzatlon of llquld In the center 
of high velocity vortices that form In  the Jet 
shear zone. When these cavltles collapse near a 
rock surface. hlgh-speed mlcrojets lmpsct the rock 
surface wlth pressures on the order of 150 kpsl  
[16]. substantfally tncreasfng rock eroslon and 
cteanlng rates over certain ranges In nozzle 
pressure drop 1171. Two nozzles were fabrtcated 
for the single-cutter tests: one optlmtzed for a 
pressure drop of 2000 psl and the other for a 
pressure drop o f  4500 pal. Both had ortflce 
dlarneters o f  0.1 Inches. Cuts made wlth PDC 
cutters and Jets operatlng at these elevated 
pressures e r e  canpared wlth ldentlcal cuts made 
wlth 80 PSI Jets and cuts made wlth no Jets at all 
(1.e.. dry). 

pry Non-InteractIna Cuts 
Shown In Ftg. 4 are the measured penetratlng 

stressesr F/A . plotted as a functlon of depth of  
cut for the w&n cutters. The curves represent 
correlatlons of the form glven In Eq. 1. The most 
slgntflcant result I s  that all the data for a given 
rock type collapse to awroxlmately the same curve. 
reaardless of the site of the wearflat or the 
dlameter of the cutter rompact. Thls suggests two 
lnportsnt concluslonsa 

The penetrating force on a worn cutter 
for a glven depth of cut l s  dlrectly proportlonel 
to the wearflat area. Thls lnplles that for a 

( I )  

glven rock and set of operating condttfons the 
values of C and 01 can be determined wlth a cutter 
havfng an3 measureable wearflat. and those 
parameters should also be valfd for other stages of 
measureable wear. 

(2)  For a glven depth of cut and a glven 
wearflat area. a large worn cutter requlres no 
greater penetratlng force than a -11 cutter. yet 
the large cutter does remove more rock. This 
suggests an lmproved cuttlng efflcfency wlth 
Increased cutter slzer at least wtthln the range o f  
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sizes consldered. 
Penetrating forces measured wlth sharp cutters 

In dryr non-lnteractlng cuts are shown In Flg. 5. 
These data lndlcate another lnteresttng result: 
the larger cutter requlres no larger penetratlng 
force than the smaller cutterr even In the sharp 
condltlon. In the tests with Berea sandstone at 
0.08 lnch, the larger cutter actually required 
$1 lghtly lower penetratlng forces than the m l l e r  
cutter. Correlations of the form glven by Eq. 2 
were determlnedr and the resuklng values of C2 snd 
n2 are shown In Flg. 5. 

The cutter drag forcesr F measured In the 
dry, non-interactlng cuts wlth %orn cutters are 
shown tn Fig. 6, plotted as a ratlo wlth the 
penetrating force, F. We deflne thls ratlo as the 
cutter drag coefflclentr 

- -  
As In the prcvlous work wlth a m r e  limited range 
In wearflat area [SI, we see that the worn cutter 
drag coefflcfent I s  a functlon of the rock type but 
i s  relatlvely independent of depth of cut and 
wearflat area. If a model I s  avallable to predlct 
F, it I s  then posslble to estlmate fd: 

Fd'VdF I (4)  

where, for lnstance, pdSO.65 for worn cutters ln 
Siprra Whlte granlte and pdso.95 in Berea 
sandstone. 

Drag coefflclents for sharp cutters are shown 
In Flg. 7. When compared wlth the results for worn 
cutters. as represented by the curvesr it I s  seen 
that sharp cutters have conslstently hlgher drag 
coefficients. The larger cutter has sllghtly 
higher drag coefflclents than the smaller cutter 
wlth deep cuts In both sharp and worn condltlons. 

&m-tnteractlna Cut s wlth Jet Assfstsncg 
Shown fn Fig. 8 are the penetratfng stresses 

measured with waterjets lmpfnglng on the rock 
surface ahead of the cutter. Note that the 
stresses obtalned wtth 80 psi Jets are slmliar to 
those measured In the dry cuts, as represented by 
the upper curve. The jet veloctty wtth thls low 
nozzle pressure I s  not sufflcient to affect 
penetratln(a stresses, and the slmplc presence of 
water at the cutter/rock Interface also seems to 
have little effect. At elevated nozzle pressures, 
however. penetratlng stresses are sfgniflcantly 
reduced. Wlth Jet pressures o f  2000 psl. the 
penetrating stresses required to cut Sierra Uhlte 
granlte to a given depth are reduced by 10 to 15%. 
Wlth assfstance from 4500 psl waterjets, cutter 
penetratfng 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 psl Jet alone dld not cause 
vlsible damage to the rock surfsce. The observed 
reducttons In penetratlng stresses in thls case are 
probably due t o  improved cleanlng at the 
cutter/rock Interface. Efflclent removal of 
cuttlng flnes should help malntaln greater stress 
concentratton fn the rock at the wtttng edge. 

At 4500 psi, the jet caused conslderable 
damage to the rock surface, even thoush the nozzle 
standoff distance was greater than 1.5 Inches. 
Though not a contlnuous cutr the path left by the 
jet In the granite resembled a serles of closely- 
spaced irregular holes, some of which were UP to 
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0.08 Inch deep. The assfstance given to the cutter 
by the Jet In thls case was due tn large part to a 

' reductlon In the cutter cross-sectlonal area of  cut 
and In the strength of the remaining rock surface. 

The drag coefflclents measured in the Jet- 
assisted. non-lnteractlng cuts are shown In Flg. 9, 
where they are compared wtth the results 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. Thls suggests that the 
rcductlon In drag coefflclent I s  caused simply by 
the Iubrlcatlon effect of water, which reduces the 
frtctlon component o f  the drag force. Thls 
supports a d e l  for the drag force whtch considers 
the force to be the sum of two conponents 121: 

(51 

where F -  l s  the cuttlng force and Ff I s  the 
frlct!o% force. We may dlvlde Eq. 5 by F end 
recognlze that the frlctlon coefflclent, P i s  
defined as the ratto Ff/F. The result l s  then 

We thus see that a reductton tn frlctton 
coefflclent results In an equal reductlon in drag 
coefflclent. Heasured frtctton coefflctents 
between PM: cutters and Slerra Whlte granite are 
0.16 under dry cuttlng condlttons and 0.07 when 
cuttlng wlth low-pressure waterJets dlrected at the 
cutter/rock lnterface 1 181. The dlfference ln 
frlctlon coefflclent of  about 0.10 between the wet 
and dry cuttlng condltlons I s  apwrently translated 
to a comparable dtfference In drag coefflclent 
between the two condftlons, as predlcted by Eq. 6 
and conflrmed ln Flg. 9. 

Other Observat loo:! 
Conslderable scatter exlsts In the data of 

Flgs. 4-9. Slnce these tests were conducted under 
carefully controlled and monltored condltlons, it 
l s  reasonable to assume that the scatter I s  
Inherent to the rock cuttlng process Itself. For 
thfs reasonr tests were generally conducted at 
least five times at each depth of cut In order to 
determtne mean values of the cutter forces. 

The laboratory-worn wearflats created against 
Sterrs Whtte uranlte were found to dlffer 
slgnlftcantly from the fleid-worn wearflats. Wtth 
the f leld-worn wearf lats, the dtamond portion of 
the wearflat was found to have worn parallel to the 
cuttlng dtrectlon. The WCfCo portlon of the 
wearflats, h o w e y ,  was general i y  Incl lned at 
angles o f  5-10 wlth respect to the cuttlng 
dlrectlon, as shown In Fig. 10. The length of the 
wearflat In contact wlth the rockr as measured wlth 
the carbon paper technique, ranged from 0.05 to 
0.09 Inch and was approxlmately constant over lts 
wldth. These lengths were thus only two to four 
tlmes the thlckness (0.025 In) of the dlamond layer 
on the compect. it l s  Ilkely that these cutters 
were worn In relatlvely soft formatfons. the 
relatlve wear reslrtrtnce o f  PDC and WC/Co 
apparently domlnated the wear process. The WC/Co 
wore at a hlgher rate, thereby tendlng to keep only 
the dlamond and a small Portlon o f  the WC/Co In 
contact wlth the rock. It I s  probable that  the 
WC/Co wear I s  attributable mostlyto contact wtth 
ground rock partlcler passlng beneath the angled 
wearf 1 at. 

The laboratory-worn wearflats, on the other 



hand, wore very negrly parallel to the cutting 
dlrectlon (wlthln 1 1. Field-worn cutters worn 
further In the laboratory 8gafnSt granfte exhfbited 
the same behavior. This Indicates perhaps that the 
greater Impact loading associated wlth hard-rock 
drlll Ing, particularly In quartz-rlch rock, tends 
to fracture off any PDC layers that are not fully 
supported by the W C / b  backup materlal. This tends 
to keep more of the WC/Co ln contact wlth the rock, 
creatlng a dul let conditlon. This wear mechanism 
could be a maJor contrlbutor to Poor drag bit llfe 
In hard or fractured rock. 

DEVELOPHEW OF THE PDC BIT DESIGN CODE PDCUEAR 

In thls section, a theory for predfctlng 
cutter interaction 1s developed and Incorporated 
into a-general canputer code for PDC btt deslgn. 
nodels used in the code for predlcting cutter 
temperatures and wear rates are also devejoped and 
dlscusscd. 

Cutter Interaction Theory 
Shown In Ffg. I !  i s  B typical cutting pattern 

for a cutter on the leadlng face of a PDC bit. 
Thfs cuttfng pattern lnposes a given penetrating 
and drag force on the cutterr dependfng on the type 
of rockr the weerflat m e a ,  and the cutting 
condftions. It 1s postulated that there exfsts an 
equlvalent non-interacting cut that would i m s e  
thk m e  forces on the cutter as the actual rock 
surface profllc seen In Flg. 11. The profile of 
the flat rock surface fn this equfvalent cut i s  
represented as the heavy dashed line In the flgure. 
The locstlon of the equivalent flat surface 
relatlve to the bottom of the cut 1s 6, the 
effectlve depth of the equtvalent non-lnteractfng 
cut. By deflnitlon. the penetratfng stress and 
force of the equfvalent cut are equal to the 
penetrating stress and force, respectively, of the 
actual cut. Slnce the equivalent cut 1s also the 
same as a non-lnteradlng cut, the effectlve depth 
of  cut i s  then related to the actual penetrating 
stress: 

orr alterstlvely. to the actuel penetrating forcer 

tnspectlon of the figure shows that the locstlon of 
the esulvalent flat surface would probably be at 8 
locatton between the hlgh and low points on the 
actual rock cuttlng profile. as shown. A simple 
cstfmate of 6, would then be the man height of the 
actual profller 

Since A(x) can be determined from geometry 
conslderatlons, as shown below, lt I s  posslble to 
estlmate 6eand thereby predlct cutter penetrat lng 
forces sccordlng to E=. 7 and 8. 

Thls approach was tested In our previous work 
by measuring sfngle-cutter forces during 
interactlng cuts, os t 1 lustrated f n  Ffg. 12. In 
these tests, a wlde range In cutter interadion and 
thus 6, was obtalned by varylng the lateral 
distance, d, to adjacent cuts. The results are 
presented in Flg. 13. The constants in the 
equations used for predicting the interacting 

d 
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penetrating stresses were obtained from non- 
Interacting test cuts as In the present rtudy. The 
agreement seen here between measured and predlcted 
penetratlng stresses suggests theit the approach can 
be used to esttmate cutter performance under 
srbttrary interaction condittons. 

Extendtng this approach to cutters placed at 
any locatlon on a bit body requires the assunption 
that the size and shape, but not the orientationr 
of the cross-sectional are8 of cut controls the 
penetrating stress that develops during cutttng. 
Shown fn Ftg. 14 i s  a cutter mounted on an 
arbitrary surface of the bit body. The cutter ts 
mounted at an inclinatton angler wlth respect 
to the longttludlnal 1z') axis of the btt. Because 
of cutter interactionc the cross-secttonsl area of 
rock removed by thts cutter ts not necessarily 
symnetrtc about the cutter's h g ~ t I J d ~ M 1  axis. in 
thfs &ser the penetrating force develops a side 
component with respect to the hgitudiMl w t s  of 
the cutter. 

Conststent wtth the case of the cutter on the 
leading face of the bit (Ftg. I l l r  the equivalent 
flat cutttng surface tn this general case i s  
Inclined at the same angle as the overat 1 slope of 
the actual rock cutttng surface. The cutter 
wearflat ts  assumed to develop parallel to the 
equtvalent surface and i s  therefore also incltned 
at the angle 

where (x *zcl) and (x * Z  ) are the first and 
last po&&s of contactc%et&n the cutter and the 
rock, proceeding tn the +x-dtrectlon. We define 
the angle & as the radtal wear angle. 

The penetrating force develops normal to the 
equivalent flat cutting surface and is thus 
inclined at the radtal wear anglt with respect to 
the longitudinal axis of the bit. The effective 
depth of cut Is also measured in this direction. 
Use o f  Eq. 9 to compute 6 requtres nb3thmRtlCal 
descrtptions of the cut profiles for each cutter on 
the face of the bit under constderation. Shown In 
Fig. IS i s  s reproduction of Fig. 14 with more 
pertinent parameters fdentfffed. The Qeanetry of 
the cutter wearflat as It affects the cut profile 
I s  defined by the radial weetr angle 4~ (Eq. 10) and 
the width of the wearflat* Y (assumed known). The 
coordinates (x ,t ) and (x *z ) deflno the 
Intersectlons 8 t#d wearf I#$ wY?h the sharp 
8egments of the cutting edQe. As shown In bendtx 
A, these coordinates are gtven by the equations. 

x = R + (x I *  cos + (zwl); cos E sin (lla) 

zWl - H - (xvl); sin + (sl); COS E cos (lib) 

xv2 = R + (xU2)f, cos + (312); cos 8 s in  (1k) 

t - H - (x ) *  sin + (zy2); cos 8 cos ec*(1ld) 

where 

wl W l O  

w2 U 2 0  

W 
(x ) *  = rw sin (+w); - 2 COS (QEY): (1le) 
wl 0 
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t W = d q  ( 1 1 1 )  

( I l k )  

and H 1s given by Eq. A-9 in Appendlx A. The 
cuttlng proflle of the cutter can now be 
determined. For values of x such that 

(12) r C l l ' X < W  9 - -  
the cutting profile i s  that of the cutter wearflat. 
and the z-coordinate i s  given by the straight-line 

For values of x outslde thls range, the cutting 
profile 1s descrlbed by the equatlon for an 
ellispse C191: 

t m C3 [D(x - E) &dE - (X - R)zl  + H ( 1 4 )  

Y = O  (Mb) 
d? 

c3 = E ( 14c) 

D -rin Oc coo Oc (? - b2)/rb (14d) 

E = rZ e o 2  oC + I? sin2 oc (Me) 

b = r e o s B  ' ( l4f 1 

A computer program that implements the above 
equattons has been wrltten and i s  called PDCUEAR. 
m e  algorlthm used in thls program 1s illustrated 
In Fig. 16. It I s  an extension of an algorlthm 
used ln prevlous work (191. During one revolution 
of the blt, each cutter passes through a r8dlal 
plane containing the x- and z-axes of the hole 
coordlnate system. The x-axis 1s divlded lnto a 
number of equal-sired elements of length Ax. At 
each value o f  x correspondlng to the midpoint of 
these elements. 8 procedure determines which 
cutters lnteract et that cutttng radlus by 
comparing x wlth the dimenslonal lfmlts of each 
cutter. For each o f  these cutters, the program 
checks to determine whether the cuttlng edge at 
that location 1s sharp or I s  pert of the wearflat. 
For values of x wtthln the range given by Eq. 12, 
the wearflat coordinate equation. Eq. 13. i s  used 
to determine zk, the z-mrdlnate o f  the kth cutter 
encountered at that radlal posltion x. ff x I s  not 
wlthln thls range for a glven interacting cutter. 
Eq. 14 1s used to determine the 2-coordlnatt of 
that cutttng proflle. In either caser the 
incremental cross-sectlonal areas of cut. 

(15) 4 = dx(zk - tk-1) t 

are asslgned to the spptoprtate cutters, dependtng 
on the angular locatlon of the cutters on the bit 
face. m e  incrementel volumes of cut. 

AVr = 2s x (4) . (16) 
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are assigned to the same respective cutters. 
The effectlve depth of  cut must be canputed in 

a direction perpendicular to the cutter wearflat. 
The equivalent bottom of each cut is described by 
the line 

(17d) 

At each polnt x, the z-location of the bottom of 
the kthxut. (z , is given by Eq. 17. The 
effectjve depth & $ut for the kth cutter Is then 

n 

( 1Ra) 

( 18b) 

and n is the nunber of Ax elements over which a 
givenxcutter Interacts wtth the rock formation. 

F F j  
1 Once the effective depths of cut are ronputed, 

the cutter penetrating force can be estimated using 
Eq. 0 for sharp cutters end Eq. 7 for worn ones. 
The algorithm actually used In PDCWEAR computes 
penetratfng forces based on both equetions and uses 
the larger of the two computed values. This logfc 
Is based on the fact that Eq. 7 becmes invalid as 
A tends to zero. Since the lowest penetrating 
fgrce posslble I s  the one obtained with a sharp 
cutter, It Is cvldent that Eq. 8 ts more accurate 
than Eq. 7 In cases where Eq. 7 predicts lower 
forces. 

As seen In a previous section, the cutter 
correlatfon constants C , nl, C , and n2 can be 
significantly affected b s  waterJe8 assistance. The 
effects o f  other factors that control inherent 
drIllabilltyr 8UCh as backrake angle, are also 
contained wlthin the values used for these 
parameters . As a resultr PDCWEAR 1s wrftten so 
that two different types of cutters (A and 8) can 
be speclfled, each wlth Its own set of  correlatton 
constants. In thts way, the effects of different 
design options, such 8s providing Jet assistance to 
selected cutters on a blt face, can be assessed. 

After the penetrating force Is corrsuted u s f w  
the approprtate correlatfon Constants, it may be 
resolved Into radlal and longltudlnal (vertlcall 
comwnentt fn the bIt coordinate system: 

Pr -F s in  (19) 

and 

The drag force on each cutter is estimated 
using Eq. 4. This force Is dfrected opposite to 
the direction of the cutter veloclty vector. In 
terms of the btt coordinate system, each drag force 
is 8 purely cfrcumfercntial force about the 
longltudlnal axis. (See Fig. 17.) 

/ I  
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The resultant bit forces and moments arising 
from the cutter forces can now be determined. The 
total weight on btt (UOB) is simply the sum of the 
longitudinal ronponentsr 

where nc i s  the number of cutters on the bit. The 
drilling torque i s  the sum of the moments caused by 
the clrcmferential drag forcest 

Unless the cutters are placed such that the 
cuttlng forces balance each other, there will be a 
net stde force actfng on the bit. The component of 
the side force in the x'-direction is 

. 

"c 
F; - C [(FrIj COO (eg + ( F ~ ) ~  sin (03 I .  (23) 

J=1 

Likewise, in the y'-directton. 

giving a resultant side force of 

A different mode of bit imbalance Is the net 
bending moment about the x' and y' axest 

n 

/a 

where t*  e t - fr (360 - e11360 (28 1 

and f ts the feed rete of the bit (penetration/ 
revoltkion). defined in Eq. A-IO of Appendtx A. 
The resultant bendtng roment Is simply the vector 
sum of the x end y cowonentsr 

bc bc 

Cutter Wearflat Tmeraturep 

equatton developed In our cerlfet work [ lr4*5]:  
m e  cutter temperatures are calculated using an 



, 
8 . 

. .  . -  

% 
, . . !  

- <  
i 

The cuttlng speed of each cutter 1s dependent on 
the rotary speed. N, of the btt and the radlal 
locatlon of the wearflat. 

V = 2 l r u ~ ,  . (31) 

The therm81 response functlon. f. 1s deflned 
tn our earller work as the trmperature rlse of the 
cutter wearflat per unlt frlctlonal heat flowlng 
tnto the cutter. The numerlcal value of f depends 
on the geometry of the cutter. materlsl properttes 
of the cutter, and the cutter cool tng coefflclent. 
Values of f computed wlth ftnlte element thermal 
models o f  stud-mounted. 0.5-lnch dlameter carpect 
cutters are reported tn Refs. 1. 4. and 5. New 
results obtatned wlth larger 0.75-lnch dlameter 
rompact cutters are reported In Ref. 14. These 
results jndlcate that larger cutters run sl tghtly 
hotter.than smeller ones. Results for both cutter 
sizes are tabulated and used In PDCUEAR. 

Cutter Wear Rates 
To prevent thermal 1y-accelerated wear. whlch 

I s  one to two orders of magnltude more rapld than 
ordlnary abraslvg wear, wearflat temperatures must 
be kept below 350 C. For temperatures below thls 
crltlcal value. a slmple model developed ln our 
earller work [3] concludes that the volume of 
cutter rnaterlal, Vu, worn away per unlt length of 
hole drilled, th, 1s related to several destgn and 
operating parameters1 

G 

where the constant C6 1s deflned as the abraslve 
wear constant and 1s a functlon of the abrasiveness 
o f  the rock end the abreslon-resfstance of the drag 
cutter materlals. We may deflne a wear ratlo (WR) 
that descrlbes the volumetrlc wear rate of each 
cutter relatlvc to that of a reference cutter. We 
take thls reference to be cutter I ,  nearest the 
center of the bft. Thus 

~ h l s  quantlty provldes imeasure-&- wear untformlty 
among cutters Independent of the sbraslve wear 
constant C . 

The e%lstence of a wear ratlo also suggests 
the possfbtllty of esttmatlng relative cutter wear 
and modlfylng cutter geometrles to determlne the 
effects of wear on blt performance. As a blt 
drlllr a dlstance Ath from polnt 1 to polnt 2, 
the volume of cnstcrtal worn fran the cutter changes 
fran (VWl1 to CVW),, where 

dV 
(VW)* (Vw)l + A\ 9 (34) *% 

if dV /d$, 1s relatlvely constant over the drllling 
disteke. We m y  then dlvlde Eq. 34 by the same 
equatlon evaluated for e reference cutter (r) and 
deflne 

to met 

or, uslng Eq. 33, 
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Thus, If we speclfly the change In the wear volume 
for the reference cutter, (AV the wear volumes 
of the other cutters can also Be determlned uslng 
the computed wear ratlos. If the value of the 
abraslvc wear constant C 1s known for the rock of 
lnterest, the dlstance hhdrllled In wearlng away 
the volume (AV,) can be determlned. Comblnlng 
Eqs. 32 and 34, w$ obtaln the result 

1 t 1 s more convent enx-fo &press cutter wear 
In terms of dlmenslons that can be readlly 
measured. It Is, therefore, necessary to determtne 
the relatlonshlps between cutter wear volume and 
the other wearflat dlmenslont. These relatlonshlps 
are functlons of the wear mode. As dlscussed 
prevtously. two dfsttnct wear modes seem to occur. 
In hard,‘brlttle rock, the wearflat tends to 
develap Parallel to the cuttlng dlrectlon. In our 
prevlous workt we showed that the length of such a 
wearf 1st may be expressed as a simple functlon of 
the wear volume (31: 

P4 w * (39) 

or, alternatlvely, as a functlon of the wearflat 
area [ I ] :  

L - C5 A: , 
whire C n4, C , and nS are functlons of the 
cutter &ct r a d b  and backrake angle. Valued 
of these parameters have been determlned for 20 
backrake cutters wlth 0.5-lnch and 0.75-lnch 
dlameter compacts, as listed ln Table 11. Thls 
analysls assumes that the wearflat 1s In the center 
of the cuttlng prof 1 le, 1 .e.$w4c ,\ but the error 
for cutter slde wear 1s not large wlth the backrgke 
angles generally used In PDC blt design ( ( 3 0  1. 
The wtdth of the wearflat, measured at the dlamond 
face, 1s 

For the hard-rock wear mode, we may now 
rpeclfy a new wearflat area for the reference 
cutter, compute the essoclated new wear volume 
uslng Eqs. 39 and 40 and CQnPBre thlr wlth the old 
wear volume to determlne (AVwIr. Eqs. 35 and 37 
can then be used to compute the new wear volumer 
(V 1 for-every other cutter on the btt. From 
th&!s3 volumes, the new wearflat length, arear and 
wldth for each cutter can calculated uslng Eqs. 39- 
41. Re-runntng the program wlth the new wear 
conflguratlon then allows the user to assess the 
effects of the predtcted wear pattern on bit 
performance. 

In the soft-rock wear mode, the PDC layer 
wears Parallel to the cuttlng dtrectlon, but the 
WC/Co portlon of the wearflat develops at an angle, 
as prevloualy dtscussed. Although thls angle 
prevents most of the WC/Co from dtrectly contacting 
the rock surface* the angle ts sufflclently small 
that Eqs, 39 and 40 are rtlll approxtmately true, 
provtded we conrtder the quantltles to represent 
quantltles related to the total (t) wearflat 
conprtsed of both PDC and WC/Co. Thus 
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The wldth of the wearflet at the dlamond face is 
then 

w w z J t z -  ( r - h s r i n ~ P .  (44) 

The length of the wearflat In contact wtth the 
rock, L ,  I s  assumed In this wear mode to be 
constant at 0.07 Inch, the mean value measured wlth 
the field-worn cutters In 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 increaslng the 
wldth, w, over which the wearflat extstsr thus 

& f l L v .  (45) 

The procedure for this wear mode i s  to speclfy 
a new warflat area A for the reference cutter, 
compute the new wear voyume ( V  )tfor that cutter 
us Ing Eqs . 42-45 and compare t#ls with the current 
wear volume to determine ( AVwIr. Eqs. 35 and 37 
are used to determine the new wear volumes for all 
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 wrltten in the program to allow the 
user to repeat the Wear process descrlbed above as 
many times as desired. The user can run the 
progrem for several different bit wear states 
ranging f m  sharp to severely worn. Thls provldes 
a means for obtaining predicted results necessary 
for assessing drllllng performance over the llfe of  
the bit. 

DEUCNSTRATION OF THE COMPUTER PROGRAM 

In this sectlon. the program PDCWEAR I s  
demonstrated by analytlng the basellne bit design 
shown In Fig. 18. Thls i s  an 8-1/2 tnch PDC bit 
utilizing 21 cutters wlth 0.75 inch dlameter 
compacts mounted on 1.0 lnch diameter studs. The 
parameters that descrlbe the location and 
orientation of the center of each cutter compact on 
the bit face are llsted in Table 111. In general, 
the cutters are arranged I n  a three-arm spiral 
pettern. 

Operating condltlons used In the beselfne 
analysts are llsted In Table 1V. The slngle-cutter 
date that are used are those obtained with the test 
cuts made in Sferra White grenlte (Flgs. 4-91. The 
rock properties used are also those of granite. 
with the txceptlon of the abrasive wear constant. 
C . Data on thls parameter were not aVall8ble for 
Sferra White granite. DBta were available for Jack 
Fork and Nugget Sandstones. however, and these 
In%icatc that with wearflat temperatures below 
350 C, the abraslve wear constant has a value on 
the order of that listed in the table. Although 
both of these sandstones are relatively hard and 
abraslve, it is unlikely that they are 8s abrasive 
as Slerra Whlte grunite. 

A rotary spged of 100 RPH and a cooling fluid 
terrgerature of 80 F were assumed In  the baseline 
analysis In order to match laboratory drllllng 
condltlons. Penetratfon rates of of 10-50 ft/hr 
were rpeclfled. 

The cutters were Initially assumed to be 
sharp, and the cutter end b i t  performance 
parameters were computed. The cutting Proflles 
were then allowed to change accordlng to the 
computed wear ratios and a specified new wearflat 
area For the cutter wlth the highest wear rate. 



The hard-rock wear mode was chosen for the baseline 
anaiysls. Performance parameters were computed for 
the new configuration, and the process was 
repeated. Since the wear ratio i s  a functlonpf 
the wear configuration, small (0.005 in ) 
Increments in wearflat area growth were specified. 
Wear ratto i s  also a function of penetration rate: 
the ratlos used to compute cumulatlve wear were 
those computed et 30 ft/hr. The cutters were 
a1 lowed to wear until the performance parameters 
indicated that the bit was Worn cut." 

With the baseline bit design, cutter 15 m r e  
at a higher rate than any other cutter. The growth 
of thls cutter's wearflat area i s  plotted in Fig. 
19 as a functton ofthe romputed footage drllled by 
the bit. We designate three potnts along this 
curve as reference wear condltlons for the bit: 
"sharp! ahen all cutter wearflat areas are zero: 
aworn".qen the reference cutter wearflat area i s  
0.04 In : and "worn outa2when the reference cutter 
wesrflat area i s  0.100 in . The results indicate 
that the bit will drlll 460 ft before reaching the 
designated *wornn stage, and it will drill 975 ft 
before It i s  morn out. 

The distribution of cutter wear in each of the 
designated stages of bit wear i s  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 leadlng face of the bit (4- 
6h 

Besellne cutter and bit performance parameters 
in each of the bit wear stages are plotted in Figs. 
21-27. In Fig. 21, the predlcted penetrating 
forces are shown. When the bit i s  sharp, the 
penetrating forces tend to decrease from the center 
of the bit out toward gage. This i s  caused by 
increased cutter tnteractfon resulttng from closer 
radial spacing of cutters near gage. As the 
cutters wear , however, the overrldlng effects of 
wearflat area cause the penetrating force 
distribution to change. The weer ratios resulting 
from the romputed penetrating forces arc shown In 
Fig. 22. The fntegrated effects of the Wear ratios 
at all stages of wear are responsible for the 
wearflats areas shorn in Fig. 20. 

The computed wearflat temperatures for the 
baseline analysis are shown in Flg. 23. These 
results indicate that, even when the cuttejs ere 
severely worn, temperatures are below 350 C, and 
thetmallyaccelcrated wear should not occur. It 
should be noted, however, that the friction 
coefficient assumed for this analysis was Only 
0.07, end thegoollng fluld temperature was assumed 
to be only 00 F. I f  either of these quantittes 
were higher, which I s  likely under actual drilling 
condlttons, cutter wearflat temperatures could 
exceed the crttical level, and accelerated wear 
would occur. 

The computed WOB t s plotted as a function of 
ROP in Fig, 24. We see a large effect of cutter 
wear on bit performance. Although the bit requires 
only 3500 Ibf UOB to drtll at 30 ft/hr when sharp, 
it requires nearly ten times that weight to 
matntain the 8ame FOP when the bit Is worn out. 

Perhaps e more Mmpelling indication that the 
blt I 6  worn out I s  the excessive drllllng torque 
predicted for this wear condition. As shown tn 
Ftg. 25, torque Increases wlth cutter wear to 
levels that conventional drilling practices would 
probably not tolerate, resulttng in the bit being 
PUl led. 
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the net side force predtcted for the baseline 
analysis Is shown in F i g .  26. Thls force would 
develop if the bit were constrained by the walls of 
the borehole to follow a straight line and to 
rotate concentrically about tts geometric center. 
In reality, a bit side force would tend to make the 
bit cut deeper on the side oppostte the force, 
resulting in an oversize hole and eccentric 
rotation of the bit, or bit wobble. Such imbalance 
tn the bit destgn i s  usually undestrable. When 
wornr the side forces are less then 32 of the UOB. 
this would seem to suggest that the bit i s  not 
greatly unbalanced In the worn condition, but it Is 
not known what levels of side force are 
significant, especially under dynamic conditions. 

Similar comments can be made wtth respect to 
the predtcted bendtng moments, shown fn F t g .  27. 
In this cpse the drill ptpe i s  capable of provtding 
a reactlve torque to prevent exccsslve ttlting of 
the btt. Againr however* the effects of the 
bendtng moment on the dynemlc response of the drill 
strtng are not known but could be significant. 

Now that the baseline results have been 
established, the effects of several important 
destgn and operating vartables can be assessed. 
These effects are determtned by lnodlfylng the bit 
design and/or operating parameters and repeating 
the anelysts. Results are illustrated by conpertng 
the performance parameters predicted after drilling 
the same footage as In the baseltne analysis (i.e., 
0 ,  460, and 975 ft), 

z ffects of Bit ProftlC 
Perhaps the most obvious of the bit design 

variables i s  the bit profile. The profile used in 
the baseline analysis was retatlvely flatr with 
only a 1.0 Inch range in cutter longitudinal 
locattons over the 8.5-inch diameter btt. To 
assess the effects of bit profllc, an snalysls was 
perfaned using the bullet-nose btt design shown in 
Fig. 28. The cutter locattons are identical to 
those of the baseline analysisr except that the 
longitudtnal locattons range over 4.0 tnches 
instead of 1.0 inch, and there i s  no concave 
portion in the center of the bit. 

Shown in Fig. 29 are the predicted wearflat 
areas for the bullet-nose bit. The prinrery effect 
of bit proftle in this example to to increase wear 
on most of the cutters, especlally those near the 
nose of the bit (cutters 1-9). Thls result agrees 
wlth fteld experience, which Benerslly shows that 
flatter bit profiles are necessary when drilling 
hard rockr where wear ir usually a Problem. 

Although the wearflats grow fester wlth the 
bullet-nose bit, the romputed results lndtcate that 
the WOE is .  in the early stages of drilltngr 
actually lower than that of the baseline analysisr 
as shown In Fig. 30. Uhen plotted in thls manner, 
It i s  seen that for a given WOBr the bullet-nose 
btt drtlls at B much higher ROP than the basel tne 
bit after both have drilled 460 ft of hole. Since 
the bullet-nose bit wears faster, however, the 
effects of wearflat area eventually become 
domtnant. By the tlme the bullet-nose bit has 
drl 1 led 950 ft It resutres the same WOE3 that the 
baseltne btt requtred when It WBS declared worn out 
at 975 ft. The last 25 ft of drilling are 
accompanted by a rapld Increase In WOE requirements 
for the bullet-nose bit. 

The predlcted drt 1 1  ing torque for the but let- 
nose btt was hlgher that that for the baseline 
analysts. In the sharp condition, the differences 



ranged from 8 to 2512, depending on GQP. After 460 
ft of drilling, the bullet-nose blt torque was 12 
to 172 higher, and after 975 ft, It was 8 to 25% 
hlgher. Slde forces and bending mrnents were also 
more excessive with the bullet-nose blt. 

fffects of Cutter Placement Denstty 
The number of cutters used In thls analysis 

was reduced from that of the basellne analysls, 
from 21 to 15, ln order to assess the effects of 
uslng a lower cutter placement denslty. Cutters 8, 
10, 12. 14, 16. and 18 were removed from the 
baseline deslgn, wlth other cutters remalnlng In 
thelr orlnglnal posltlons. The cutters that were 
removed were so .chosen In an effort to maintaln 
belance tn the destgn. 

In this case, the remalnlng cutters in the 
reduced density region (cutters 7-19) experlencud 
greatly lncreased wear, as shown In Flg. 31. Thls 
1s caused by the reduced lntcraction end, 
consequently, higher penetrating forces on these 
cutters. The ptedlcted wearflat cutter 
temperatures at a ROP of 30 ft/hr indicate that 
cutter 15 exceeds 35O0C after a hole length of 880 
ft; thus the cutter 15 wearflat area would be even 
larger than that shown at 975 ft. 

Although the number of cutters used fn the tun 
bits were sfgnff lcantly dlffcrent, the difference 
in required WOE was relatlvcly small. When the 
blts are sharp, the 15-cutter blt requlres 4 to 7% 
mope WOB. After 475 ft of hole, the 15-cutter WOE 
1s lower by 4 to 8%. By the time both blts heve 
drllled 975 ft, the 15-cutter WOE 1s 3 to 1 1 %  
lower. Of course* i f  the accelerated wear of the 
cutters that experlence thermal wear were taken 
Into account, the larger wearflat areas for those 
cutters wwld have increased the WOB slgnlflcantly 
wlth further drl 1 1  lng after 880 ft. Furthermore, 
slnce wear rates Increase by 1 to 2 orders of 
magnitude durlng thls mode of wear, the affected 
cutters can, for all Practical purposes. be 
consldered destroyed. Uhen thls happens, the blt 
may be left !n a conflguratlon that wlll not drlll. 

These results suggest two ways for deflning 
bit llfe that may be related. The flrst 1s the 
drllled footage at whlch thermally-accelerated wear 
beglns on any cutter. In thls case, the life of 
the 15-cutter blt would be 880 ft. and that of the 
basellne blt would be 1220 ft. 

Alternatively, we may deflne the bit life as 
the drilled footage at whlch a performance 
parameter, such as WOB, drllltng torque, or blt 
imbalance, reaches some selected level. In the 
basellne amlysls, we arbltrartly selected a UOB of 
40,000 Ibf (at 50 ft/hr) as a llmlt on blt life, 
based on practlcel levels for thls stre bit. This 
resulted In the WOE-bit tffe crfterlon of 33,000 
lbf at 30 ft/hr In the basellne analysls. If 
thermally-accelerated wear occurs. as wlth the 15- 
cutter blt, the resulting rapld growth fn wo8 would 
cause the blt to more rapldly reach the Ilmit 
deflnlng blt Ilfe. Thus, if the temperature-blt 
llfe criterlon 1s reached, it Is probable that any 
practical WOE-blt llfe crlterlon wlll be reached 
soon after. 

In addltlon to changing the number of cutters, 
placement denslty can be modlfled locally by moving 
cutters radlally and cfrclanferentially. The radial 
placement of cutters 1s one o f  the most lmportant 
parameters ln blt deslgn. To achteve more unlform 
wear, cutters can be shlfted radlally to provlde a 
hlgher placement denslty In regions of excessive 
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mar  and lower denslty In reglons o f  low wear. 
The cfrcumferentlal placement o f  cutters I s  

important because It a f fec ts  b i t  balance during 
d r i l  1 lng. Excesslvc side forces can be reduced by 
sh i f t ing  cutters c l rcumferent la l ly  I n  the proper 
dlrections. Circumferentlal Placement also affects 
cutter forces because it determlnes how t h e  feed 
r a t e  o f  t h e  b i t  b l t  I s  d l s t r l b u t e d  among t h e  
cutters (see Eq. A-9 of Appendlx A). 

Effects o f  B i t  Rotary Swed 
For a given penetratlon rate, the feed rate o f  

the  b l t  (penetratlon/rewlution) decreases as the 
b l t  ro ta ry  speed i s  lncreased (Eq. A - I O ) .  This 
lrnpl les tha t  f0.r a glven wear conflguratlon, a 
selected ROP can be achieved w i t h  a lower WOB by 
lncreasi-ng r o t a r y  speed. To lnvestfgate t h f s  
effect,-en analysis was performed by changing t h e  
r o t a r y  speed In the baseline analysfs from 100 t o  
200 RPH. 

The r e s u l t s  indicate t h a t  when t h e  b l t  fs  
sharp, the higher rotary speed does lndeed reduce 
t h e  WOB requlrements,by 42 t o  54%. Simi le r  
reductlons I n  d r l l l i n g  torque were predicted a t  the 
hfgher speed. The lower b f t  feed rete, however, 
causes each cu t te r  t o  t r a v e l  t w i c e  as f a r  fn 
d r i l l l n g  the same length o f  hole. As a result, the 
cu t te rs  wear f a s t e r  w l t h  respec t  t o  footage 
d r l l l e d .  Thls e f f e c t  I s  I l l us t ra ted  In Fig. 32. 
Note that  a l l  cutters experfence lncreased wear a t  
the higher rotary speed. The wear on cutters 11-18 
af ter  975 ft o f  hole would be even greater than 
t h a t  shown, because t h e  p r e d l c t e d  w e a r f l s t  
temperatures for those cutters exceed 35OoC a f t e r  
only 650 t o  900 ft. 

As a result o f  the computed wear pattern, the  
VOB fo r  the higher rotary speed i s  11 t o  18% higher 
a f te r  465 ft and 25 t o  26% higher a f t e r  975 ft o f  
hole. S lml lar  Increases I n  d r l l l i n g  torque were 
predlcted for  the higher speed. The conclusfon we 
reach i s  that, even under condltlons where thermal 
wear effects are not Important, lncreased ro ta ry  
speed I s  detrlmentat t o  b l t  l l f e  and, consequently, 
t o  the penetratlon performance o f  the  b i t .  This 
agrees with resu l t s  obtained In our earl fer work 
[3] .  Under cond l t lons  where a hlgher ROP i s  
required, it l s  better t o  achleve it by lncreaslng 
UOB rather than rotary speed. 

I 

In  the  beae l lne  analysis, c u t t e r s  13-16 
experfenced greater wear than the other cutters. 
In th i s  analysis, we demonstrate the  benef lc la l  
e f f e c t s  o f  waterJe t  ass ls tance by sfmulatlng 
placement of Jets i n  front of those cutters. f h l s  
l s  done by uslng, f o r  these cutters, t h e  single 
cutter correlation constants measured ln the tes ts  
w l t h  4500 psi waterJets (Fig. 8 ) .  

Shown I n  Ffg. 3 3  a r e  t h e  computed wear 
d is t r l bu t l ons .  WatcrJct asslstance I s  seen t o  
reduce wear by more than one-half on the ass ls ted 
cut ters .  Furthermore, slnce these cutters do not 
wear as fas t  as the surrounding ones, they remove 
more rock than they wwld otherwlse remove fn the 
advanced wear states. As a resu l t ,  they in te rac t  
more wlth the surroundlng cutters, thereby reducing 
weer on those cu t te rs  as w e l l ,  Thfs e f f e c t  I s  
not lcesble as Far i n  toward the center o f  the b i t  
as cutter 5. 

The reduced Wear on the b l t  I s  responsible fo r  
a slgnfflcant Improvement fn d r l l l l n g  performance. 
The WOB required w l th  t h e  Jet-asslsted b i t  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 
reduetlons In drllllng torque were predicted for 
the jet-asststed bttt 27 to 33% after 460 ft and 
29 to 362 after 975 ft of drllllng. If #08 1s used 
as the crtterton for declartng the btt worn out, 
the jet-asslsted blt i s  predlcted to have a bit 
llfe of 1225 ft, as compared wtth 975 ft lnthe 
baseline analyslr. If the onset of thermally- 
accelerated wear ts used as the bit llfe crlterlon, 
the jet-asststed blt drills for 1450 ft, compared 
wlth 1220 ft In the basellne analysts. 

€-e 
In thls analysts, the soft-rock wear mode was 

speclfled to demostrate the effects on wear 
patterns end bft performance. Results are shown In 
Flg. 34; 'After drl 1 1  tng 460 ft, the cutter wear 
pattern ts qutte slmtlar to that computed for the 
baseline analysts. Beyond thls footage, however, 
the two wear modes produce very different results. 
ln the hard-rock wear mode, the wearflat area In 
contact with the rock I s  a strong fucntlon of the 
volumetrlc wear, whtch ln turn I s  proportlonal to 
penetrating force. Since the wearflat @rea has a 
large effect on penetratlng force, wear In the 
hard-rock wear mode tends to occur at an 
acceleratlng rate wtth respect to footage drtlled, 
even ln the absense of thermal effects. 

The wearflat area tn the soft-rock wear mode. 
hoGeverr f s  not as sensltive to wear volume. In 
other words, a gtven increase In dV /dLh does not 
produce as large an Increase In as It does In 

area growth rate actually decreases as drflllng 
conttnues. As a result, the predlcted wearflat 
areas grow by only about 20% between hole lengths 
of 460 and 975 ft. Thls ~~mpares wfth 50 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 a slmtlar fashion. The WOB 
requtrements after 460 ft of hole ate wtthln 4'2 of 
those predlcted for the hard-rock wear mode. By 
the ttme both blts have drllled 975 ft, -ever, 
the bit worn In the soft-rock mode requlres 49 to 
50% less WOB than that In the hard-rock mode. 
Stmllar results were obtained with respect to 
drl1 I tng torque. 

Because of the modest wearflat growth, the 
cutter temperatures In the softpock wear mode 
never approached the crlttcal 350 C ltmlt before 
the cutters were worn to the center of the 
conpacts. When the wear reached thts point, at 
3370 ft, the calculations were terminated, and the 
blt was consldered worn out. In terms of the WOB- 
bit llfe crlterlon of 33,000 Ibf at 30 ft/hr, the 
btt never wore out. At 3370 ft, the WOB 
requlrements at 30 ft/hr were only 18,700 lbf. 

the hard-rock wear mode. As a resul 5 , the wearflat 

0 lscussIoN 
The computer code developed tn thts study 

predtcts that the basellne blt deslgn wfll drlll 
relatlvely hard rock at a rate of 10-50 ft/hr and 
wlll last for approximately 1000 ft wtth a WOB of 
less than 40*000 lbf and a drllllng torque of less , 

than 6000 ft-lbf. These and other predlcted 
results appear quite reasonable and are comparable 
to performance typically achteved wlth thls s k e  of 
bit. 



For example, tn geothermal drllllng tests In 
the Imperlal Valley, Callfornla, an 8-3/4" PDC blt 
drllled 555 ft at an average Roe of 55 ft/hr, wlth 
an ertlmated llfe of about 1000 ft 1201. The 
drllled lnterval contalned sandstone, shale, 
slltstone, and lgnews formattons. The unconfined 
compresslve strength of the sandstone tn thls 
Interval was ll,OOU PSI, about one-half thetof 
Slerra Whlte granlte, the cuttlng coefflctents of 
whlch were used In the present analysts. Under the 
elevated downhole stresses present In the fleld 
test, however, the strength of the sandstone may be 
comparable to that of the granite at atmosphertc 
pressures. 

The thermal condlttons assumed In the analysls 
were relattvel'y mlld. Downholg cooltng fluld 
temperatures typtsally exceed 125 F In petroleum 
drlllln~ang 200 F ln geothermal drllllng, well 
above the 80 F assuned In the analysts. Frlctlon 
coefflctents pf 0.03-0.20 ln water and 0.10-0.32 In 
air have been measured between PDC cutters and 
rock. It tr therefore possible for the cutter 
wearflat temperatures to exceed those predlcted In 
the baselfne analysls, accordlng to Eq. 30. In 
that case, thermal wear effects could reduce blt 
Ilfe well below the 1000 ft predlcted here. 

It has been shown that blt proflle can 
slgnlflcantly affect blt performance. Thls Is due 
to the fact that the proflle not only affects 
cutter denslty and thus lnteractton, but It also 
controls the ortentation of the cutter penetratlng 
forces. Forces ortented at steep angles, such as 
those on the slde of the bullet-nose btt, 
contrlbute dtrectly to cutter wear and blt slde 
forces but have less relattve Impact on WOB. Thls 
exptatns how a blt deslgn can drlll wlth lower WOE 
but stlll cxperlence more raptd wear than a 
dlfferent deslgn. 

Wozzles such as those used ln the experimental 
part of thls work would produce Jets that flow at 
rates on the order of 12-18 gal/mtn wlth nozzle 
pressure drops of 2000-4500 psl. Slnce total 
drllllng fluld flow rates of approxlmately 300 
gal/mtn are typlcal for thls stze blt, It appears 
that UP to 16-25 nozzles could be uttllzed on a 
single btt to asstst PDC cutters. The resultlng 
reductlon In cutter forces could extend the 
appllcabillty of  Poc bi ts  to much harder formatlons 
and more severe operatlng condltlons. Ltmltatlons 
lmposed by space requlrements and the tendency for 
nozzles to plug would need to be overcome, but the 
potentla1 benefits make the concept attrectlve. 

Blt llfe In the soft-rock wear mode has been 
shown to be much greater than that In the hard-rock 
wear mode. Thls flndlng could cxplatn the wlde 
range fn  blt wear that I s  sometlmes found In 
formatlons wlth apparently slml lar strengths. If 
the fomtton 1s fractured or has a htgh Percentage 
of quartz, the probablt Ity that the cutters wl11 
wear In the hard-rock wear mode Is lncreased, 
regardless of the apparent strength of the rock. 
The fact that some PDC btts have experfenced blt 
lIfe as long as 20,000 ft [21], however, 1s 
evldence that the soft-rock wear mode 1s operattve 
under certafn condttlons. 

Ftnally, It should be noted that many of the 
-lex phenomena that contrtbute to PDC btt wear 
and performance are by no means completely 
understood. In thls paper, we have developed and 
used slmple models to descrlbe various mechanlsms 
so that the approach can be easlly modlfled as more 
complete understandlng 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 particular, 
the effects of ambient Pressure on the benefits of 
waterJet ssslstance should be investigated. The 
approach as a whole needs to be tested by comparing 
predicted bit performance parameters, such a WOB 
and drilllng torque, with results measured in full- 
scale PDC bit tests under carefully controlled 
atmospheric and elevated pressure conditions. 

coNcLusloNs 

1) The penetrating force imposed on a worn PM: 
cutter at a glven depth of cut l s  approxlmately 
proportional to' the wearflat area In contact with 
the rock. 

2 )  Within the limited range of cutter compact 
sizes tested (0.5-0.15 inch), the penetratfng force 
i s  independent of compact diameter. This imlies 
that larger cutters are more efficient 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 ahead of the cutter. 
Reductlons of 10-15s at 2000 psf nozzle pressure 
drop and 5 0 - 6 5 t  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, 
plastlc rocks tend to wear the flat at an angle 
wlth respect to the rock surface, which keeps a 
smaller area In contact with the rock and the 
cutter in a sharper condition. Hard, brittle rocks 
and conditions under which cutter impact loadlng I s  
prevalent tend to wear the flat Parallel to the 
rock surface. leading to a larger area In contact 
with the rock and higher cutting forces. 

5) A method has been developed for using slngle- 
cutter data to predlct cutter forces and bit 
performance for arbitrary PDC bit designs. Thls 
method has been shown to produce reasonable 
predlctlons of  WOB. drflllng torque. ROP. and blt 
1 Ife. 

6) Unless cutter locations are carefully chosen, 
signiftcant blt side forces and bending moments can 
develop durlng drilllng. The resulting bit 
imbalance can cause bit wobble. leading to an 
overgage hole and possible bft deviation. 

7) B i t  proftle can stgnificantly affect PDC bit 
performance and wear. It has been shown that bits 
with sharper profiles tend to lntltially require 
less WOB than flat Profiles, but sharper profiles 
wear faster and eventually require greater W o 8 .  

8 )  The dlstrlbutlon of cutters on a PDC bit can be 
used as e means for equalizing wear across the bit 
face. Cutters In regions of low placement denslty 
wear faster than those where placement density i s  
hlgh. Within llmits. the WOB and torque required 
t o  drill at a specified penetratlon rate is 
relatively independent of the number o f  cutters 
used on the bit. A bit wlth fewer cutters will. 
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howeverr wear faster and eventually require greater 
WOB. 

9) Increased blt rotsry speed is detrlmentsl to 
blt llfe, even under condltlons where thermal wear 
effects are not important. Doubllng the rotary 
speed from 100 to 200 RPH lnitally reduces the W O B  
required to drlll at a rpeclfied rateI but more 
rapfd wear occurs at the hlgher speed and 
eventually leads to greater WOB requirements and 
lower blt life. 

10) WaterJet.assIstance can rlgnlflcantly lncrease 
bl t 1 Ife and reduce WOB and torque requlrementt. 
Greater than 20% improvements in blt llfe and 19- 
36% reductions In WOB and torque are predfcted for 
a deslgn utllizlng only four nozzles operating at 
4500 psl,pressure dr-. If space Ilmltatlons end 
nozzle -prbgglng problems could be resolved, thls 
technfque could be used to signlflcantly extend the 
range of applicablllty of PDC bits.  

NOUENCLATURE 

4 
4 

t cross-sectional area of rock removed by a 

I incremental cross-sectional area of rock 
cut ter  (in21 

(in21 .--- . 
&. 

b = r cos 8 (in) 
C1 
C2 
e2 
C3 
C4 
c5 
c6 
D 
E 
f 
f r  
F 
F, 
pd 
Bf 
Fr 

Fs 
FV 

t cutter wearflat area i n  contact with rock 

= t o t a l  cut ter  wearflat area (in21 

I correlation constant in  Eq. 1 (poi/innl) 
L correlation constant i n  Eq. 2 (lbf/in*) 
I rock specific heat (Btu/lbm*F) 
I parameter defined i n  Eq. 14c 
= constant i n  Eq. 378 (inl-3n4) 
I constant i n  Eq, 31b (inl-2n4) 
I abrasive wear constant (in2/lbf) 
I parameter defined i n  Eq. 146 
t parameter defined i n  Uq. 148 
= thermal response function (in2hr*F/Btu) 
= b i t  feed rate (inlrev) 
I cut ter  penetrating force ( lbf)  
= cutting force, see Eq. 6 ( lbf)  
I cut ter  drag force, see Eq. 6 (lbf) 
I cut ter  f r ic t ion force, 8ee Eq. 6 (lbf) 
= radial  component of cut ter  penetrating 

.t resultant r ide force on b i t  ( lbf)  
= longitudinal (vertical) component of 

cut ter  penetrating force ( lbf)  
I b i t  r ide force i n  x* direction ( lbf)  
= b i t  side force i n  y' direction (lbf) 
t cutting height of cut ter  compact center 

I longitudinal position of cut ter  compact 

I thermal conductivity of rock (Btu/hr ft*F) 
t length of hole dr i l led ( f t )  
I length of cutter wearflat i n  contact with 

t t o t a l  length of cut ter  wearflat (in) 
t resultant b i t  bending moment (ft-lbf) 
e b i t  bending moment about x*-axir (ft-lbf) 
= b i t  bending moment about y*-oxir (ft-lbf) 
= correlation exponent i n  Eq. 1 

(in21 

force (lbf) 

F* 
Y 
H 

H' 

k2 
Lh 
L 

(in) 

center on b i t  (in) 

rock (in) 

P 

X' 
Y 

n l  

% 
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n2 = correlation exponent in  Eq. 2 
w = exponent in  Eq. 37. 
ns = exponent i n  Eq. 37b 
nC = number of cutters on b i t  
nX = m b e r  of Ax elements over which cutter 

P = b i t  rotary speed (revlmin) 
r = cutter compact radius (in) 
rw parameter defined i n  Eq. lli (in) 
R radial position of cutter compact center 

on b i t  (in) 
BOP b i t  ra te  of penetration ( f t lh r )  
T 
Tf 
Tw 

V 

V, 
Avr 
V W  

(Vw)t  
w = width of cutter wearflat a t  diamond face 

WC = width of cut (in) 

WR I cutter wear ra t io  
X 

Ax 
x*. 

XO 

X' 

interacts with rock fonnation 

= bi t :  dr i l l ing torque (ft-lbf) 
= downhole cooling fluid temperature (OF) 

mean temperature across cutter wearflat 
(OF) ' 

I cutter speed with respect t o  rock (ft lsec) 
. ivolume of rock removed by a cutter (in31 
. = incremental volume of rock (in31 

= cutter wear volume associated with portion 
of wearflat in  contact with rock (in3) 

= t o t a l  cutter wear volume (in31 

(in) 

WOB = weight-on-bit ( lbf)  

= coordinate along x-axis i n  hole coordinate 
system (in) 

= size of element along x-axis (in) 
= coordinate along x-axis i n  b i t  coordinate 

system (in) 
= coordinate along xo-axis i n  cutter 

profile coordinate system (in) 
= coordinate along x*-axis i n  cutter 

coordinate system Pin) 
I x-coordinate of the bottom of cut i n  the 

center of the cut ( in) 
= x-coordinate of f i r s t  point of contact 

between cutter and rock (in) 
= x-coordinate of l a s t  point of contact 

between cutter and rock (in) 
x-coordinate of f i r s t  end of cutter 
wearflat width (in) 

= x-coordinate of second end of cutter 
wearflat width (in) 
coordinate along y-axis i n  hole coordinate 
system (in) 

= Coordinate along y*-axis i n  b i t  coordinate 
system (in) 

= Coordinate along z-axis i n  hole coordinate 
system (in) 

= coordinate along ze-axis i n  b i t  coordinate 
system (in) 

= coordinate along zo-axis i n  cutter 
profile Coordinate system (in) - coordinate along z*-axis i n  cutter 
coordinate system Pin) 

I z-coordinate of the equivalent bottom of 
cut a t  a given x (in) 
z-coordinate af the bottom of cut i n  the 
center of the cut ( in) 

P z*-coordinate of the bottom of cut in  the 
center of the cut (in) 
z-value of first point of contact between 
cut ter  and rock (in) 

0 

xcl 

42 

xwl 

Y 

Y* 

z 

z* 

20 

=; 
zb 

ZbC 

zcl 

zC2 = z-value of l a s t  point of contact between 
= r-value of f i r s t  end of cutter wearflat 

I z-value of second end of cut ter  wearflat 
width (in) 

width (in) 



I) 
d 

= cut ter  backrake angle (beg) 
= depth of cut (in) 
= effective depth of cut 

P 

= distance from equivalent bottom of cut t o  

= angular position of cutter compact center 

= f r ic t ion coefficient between cut ter  and 

= Pd/F-= cut ter  drag coefficient 
= rock density ( lbd f t3 )  - cut ter  inclination angle (deg) 
= cut ter  wear angle in  hole coordinate 

= cut ter  wear angle i n  cutter profile 

= cut ter  wear angle i n  cutter coordinate 
:system (deg) 
= rock thermal diffusivity (ftZ/hr) 

rock surface a t  a given x (in) 

on b i t  (deg) 

rock 

cystem (deg) 

coordinate system (dag) 

subscripts 

1 location 1, cutter 1 
2 location 2 
i 

j j t h  cut ter  
k kth cut 
r reference cut ter  

i t h  Ax element over which cut ter  interacts 
with rock formation 

(.)o 

( )A 
( ) *  coordinate expressed i n  terms of b i t  

coordinate expressed i n  terms of cutter 
prof i le  coordinate system 
coordinate expressed i n  terms of cut ter  
coordinate system 

coordinate system 
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- -  APPENDIX A 

Four coordinate systems are used t o  describe 
the cu t  and cu t te r  p ro f i l es ,  as shown I n  Figure 
A-I. The hole coordinate system (xryrz) is a non- 
r o t a t i n g  cartes fan coordinate system #hose z-axis 
1s paral lel t o  the longitudinal ax is  o f  the hole. 
The b i t  coordinate system (x',y',z') i s  a Cartesian 
coordinate system which rotates and advances w i t h  
t h e  b i t  and which has a Z'-axis p a r a l l e l  t o t h e  
longitudinal axis o f  the b i t  and the z-axis o f  the  
h o l e  coordinate system. The cu t te r  coordinate 
system (x',~') is a two-dimenstonal, rectangular 
coordinate Bystem t h a t  l i e s  i n  the plane of each 
circular diamond face o f  the  cut ter .  The cu t te r  
p ro f i l e  coordinate system (x ,to) i s  the projectton 
o f  the cutter coordinate sys?em onto a radial plane 
t h a t  lies I n  the x,z plane o f  the hole coordtnate 
system. 

A p o f n t  (x',z'I t n  the cu t te r  coordinate 
system i s  proJePte8 i n t o  t h e  c u t t e r  p r o f  1 le  
coordinate System (Xo,Zo) CIS 

xo - x' 
0 

ro = r* cos 6 9 
0 

(A-1 1 

(A-2) 

where 8 I s  t he  cutter backrake angle. The circular 
edge o f  a sharp cu t te r  I n  the cu t te r  coordinate 
system ts described by the equation: 

2 (2)2+ (2) L t  I (A-3) 

where r I s  the  rad tus  o f  t h e  c i r c u l a r  C u t t e r  
compact. Transforming t h f r  equation t o  the cutter 
p r o f i l e  coordinate system, t h e  c u t t e r  p r o f i l e  
proves t o  be one o f  an ellfpse: 

where b r f c o s 6  ( A-5 ) 

During one rewlut ton o f  the b i t ,  tach cu t te r  
passes through the x-z plane o f  the hole coordinate 
system. As each cutter passes through t h f r  plane, 
t h e  t rans fo rma t ion  equations between t h e  hole 
coordinate system (x,y.z) and that cutter's p ro f i l e  
coordinate system (xo,zo~ are: 

(A-6) x = R + ~0 cos 0, + z0 sin 

f = O  
and 

(A-7) 
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. .  

z P H - w, rin Oe + z0 cos 4c , (A-8) 

where H = H* + fr(360 - 811360 . (A-9) 

Here R and H' a r e  the rad ia l  and longttudlnal 
locatlons, respectlvely, o f  t h e  center  o f  t h e  
cu t te r  compact on the b t t  body. The parameter H, 
deftned as the c u t t l n g  he tgh t  o f  t h e  c u t t e r ,  
accounts fo r  the fact that t h e  b l t  advances In the 
2-directlon as It rotates. Thts helght, whlch I s  
the z-coordtnate o f  the center of  each cutter as It 
passes through the X-z plane I s  a funct ion o f  the  
feed p e r  revolution, f , and the angular porttton, 
0, o f  the  cu t te r  on tKe  b t t  face. The angular 
p o s l t l o n  f s  d e f l n e d  as p o s l t t v e  t n  t h e  
counterclockwise dlrectlon when vlening the face o f  
the btt- @ee Ftg. 17). The feed rate Is related t o  
the penetratlon rate and b t t  rotary speed wt th  t h e  
eqwt  ton 

fr = BOP/P 3 (A-10) 

where ROP I s  the  r a t e  o f  penetratlon and N tr the 
b l t  rotary speed. 

Comblnlng Eqs. A-4 through A-8, we obtsln the 
cutt lng p ro f i l e  (x,y,z) o f  a sharp cutter In terms 
o f  the hole coardlnste system (Eq. 14). 

Wear modlftes the cutttng p ro f i l e  accordtng t o  
the wearf lat wldth, w, and the radtal wear angle, 

An algorlthm tn the program I te ra tes  upon the  
wear angle by l n i t l a l l y  asrumlng4w=&* The cut 
proff les fo r  each cu t te r  are computed, and 4w Is 
calculated uslng Eq. 10. Slnce the new estlmate o f  
4wmay be d l f f e r e n t  from t h e  l n l t l a l  guess, t he  
wear f la t  locatlons on the cutters may change from 
the prevlous iteratlon, uhtch t n  t u r n  changes the  
cu t  Pro f l les .  the process l s  repeated u n t i l  the 
solutton converges fo r  a l l  cutters. 

The cu t te r  wearf l a t  i s  easlest descrlbed tn 
the cutter coordtnate system. In th l s  system, the  
wear angle ( 4  ) 6 I s  related t o  the wear angle 4w I n  
the hole m r 8 n a t e  system wtth the equatlon 

whlch leads t o  Eqs. 1 1 J  and i l k .  The wear f l a t  
wldth, w e  I s  measured In the cu t te r  coordlnate 
system. In the c l r cu la r  geometry o f  t h l s  sytem, 
geometric conslderattons give the results shown I n  
Eqs. l le-h. Eqs. A-6 and A-8 are then used t o  
produce Eqs. Ila-d. 

I t  should be noted t h a t  I n  cases where t h e  
w e a r f l a t  develops on t h e  s l d e  o f  t h e  c u t t e r  
($,+$d. some lnaccursctes fn computed c u t t e r  
forces w l l l  occur. This Is caused by the fact  that 
fn such cases, the eneular t rans fomt lon  converts 
some o f  the  cu t te r  backrake t o  a small effective 
slderake angle. Thls factor ts  not consldered t o  
be s lgn t f l csn t  f o r  the  r e l a t l v e l y  spell backrake 
angles generally used I n  PDC bits ( ( 3 0  1. 
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W L COHPACT WEARFLAT 
DIAHETER TYPE 

CUTTER 

(in2) (tn) (in) (in) 

A 0.016 0.220 0.090 0.50 F 
8 0.017 0.240 0.070 0.50 F 
C 0.017 0.340 0.050 0.50 F ,  
D 0.020 0.320 0.100 0.75 L 
E 0.022 0.220 0.140 0.50 FsL 
F 0.030-0.040 0.300-0.320 0.140-0.180 0.50 U.L 
G - 0.032 0.360 0.130 0.75 L 
H** 0.029 0.340 0.120 0.75 L 
I 0.040 0.320 0.180 0.50 H 

I 
F -= field worn) L = lab worn; H = machine ground. 

**-Cutter H used in waterjet-assisted cuts. 

CUTTER R e H' 
(In) (deg) (in) 

I 

I 0.350 0.0 0.625 
TABLE I 1  2 0.800 215.0 0.760 

COEFFICIENTS IN EQS. 39 AND 40 3 1.250 110.0 0.895 
4 1.600 45.0 1.000 
5 1.950 285.0 1.000 

n5 6 2.300 165.0 1.000 
7 2.495 0.0 0.990 

1 ( t n1-2n5) 8 2.635 240.0 0.910 
9 2.775 120.0 0.940 

10 2.915 320.0 0.898 
0.50 2.94 0.40 1.59 0.68 I 1  3.055 200.0 0.844 
0.75 2.72 0.40 1.38 0.68 12 3.195 80.0 0.776 

13 3.335 290.0 0.694 
14 3.475 170.0 0.594 
15 3.615 50.0 0.473 
16 3.735 20.0 0.347 
17 3.835 260.0 0.222 
18 3.915 140.0 0.104 
19 3.915 335.0 0.000 
20 3.975 215.0 0.000 
21 3.975 95.0 0.000 

c5 n4 c4 COnPACT DIAHETER 
( in1-3n4 (in) 
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f lg .  I - Ceoaetry of a sln l e  cutter mounted on the leading face 
of a PDC blt and experienc?ng lnteractlon rlth nearby cutters. 

flg. 3 - Ceoaetry of ,Ingle-cutter tests rlth rater et 
asststpee. Values used In test: d14.1 tni dssI . is  In; 
4 p S  . 

~ t . - . , . . . , . . . , . . . , . . . , . . . i  

100 

f lg .  5 - Measured enetratlng forces rlth sharp cutters In dry, 
non- 1 nt eract Ing cuts, 
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mJniOFCvF.dO 
fig. 1 - ieasured drrg coefflclents with sharp cutters In dry 
non-lnteractln cuts. Curves respresent Dean data obtained r h h  
lorn cutters (Pig. 61. 

t f t t  t 
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f lg .  2 - Cuttln edge Proflles for sharp cutters on the leadlng 
fact of a PDC b?t. Shaded areas represent cross-secttonal areas 
of cut. 
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flg. 4 - leasured penetrating stresses with varlous rearflat 
confl uratlons tn dry, non-lnteractlng cuts. Yearflat type 
fsflefd morn; b l a b  rornl l=rachlne ground. 

ut . . . . . . . . . . . . . . . . . . . . . . . .  
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0.017 0.80 
0.OED 0.76 

8 0.022 0.60 
0 0.OJW.M 0.80 JIik 

0.032 0.75 
9 0.040 0.80 U.L 
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f l g .  6 - Ileasured drag coefflclents vlth varlous rearflat 
confl uratlons In dry, non-lnteractlng cuts. Yearflat type described In f lg.  4 captlon. 

fl . 8 - Measured penetrating stresses In non-lnteractlng cuts 
aa!e rlth et tsSiSt8nCe. Upper curve represents mean data from 
dry cuts d l g .  4). 
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f I  . 9 - leasured drag coefflclents In non-lnteractlng cuts aade 
ul!h uaterJet rrslstance. Curve. rgpresents Dean data from dry 
cuts ( f ig .  6). 

X 
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f l  . 13 - Predicted and acasured penetrating stresses for dry, 
In!eractlng cut tests conducted I n  Ref. 3. 

- rn CvF 1 a. b) 

fig .  IS - Cut 8nd cutter proflles for a eneral PDC cutter, 
shoulng parameters used to coapute proflbs, 

f ig.  11 - Clrcuaferentlrl uerr angle found to develop on fleld- 
uorn cutters. 

+\ + { '. 

f l o .  12 - Cutting Patterns used to sImL.8te cutter Interaction 
In  Ref. 3. lest cut I s  the 8.880 Inch cut in each pattern. 

f ig.  I4 - Cut and cutter roflles for a general PDC cutter. 
tx, a coordlnate syster 9s stationary; ~'~y',t' coordlnate 
srdem travels ulth blt I 

A x 4  c 

Fie.- I6 - Schematic of algorithm used to coapute t-coordlnrtes 
of Cutting proflles at each vrlue of x. 
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f l a .  17 - Scheaatlc shoring hor cu t te r  forces are Integrated t o  
Produce b i t  Perforaance parracten.  
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f la .  I9 - Grorth of r e a r f l r t  w i th  h laher t  rear r a t e  I n  basellne 
ana 1 ys Is. 
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FIo. 21 - Predicted c u t t e r  penetrat lng forces In basellne 
ana 1 ys 1 s . 
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f l g .  23 - Predlcted cu t te r  r e a r f l r t  teaperrture I n  basellne 
anal ys Is. 

f ig. 18 - Scheaatlc o f  6-1/2' b i t  desian considered In basellne 
analysis. 
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FIg. 20 - Predlcted rear  d i s t r l b u t l o n  across b i t  I n  basellne 
analysis a t  deslanated stages o f  rear. 
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f l a .  22 - Predlcted Curter rea r  ratios In basellne r n a l y r l s  
(rear r r t i o  8 I f o r  c u t t e r  I ) .  
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Fin. 24 - Predicted MOB as a funct ion o f  spec i f led POP In 
base I h e  ana I ys is. 
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f l  . 33 - Predicted r e a r  d l s t r l b u t l o n  across b l t ,  showing 
t f?ects  o f  4500 PSI r s t e r i e t  asslstancc t o  cut ters  13-16. 
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f l  . A - I  - Scheiatlc o f  four coordlnatc s s t e l a  used t o  describe 
cut and cut ter  r o f l l e s .  Hole (x, ,z), b h  (x',Y',z'), cut ter  
( x i , z i ) ,  and cU!tcr prof1  le (xo,z,,! coordlnatc rysta is .  

f l  . 34 - Predlcted r e a r  d l s t r l b u t l o n  across b l t ,  shoring 
cf?ects o f  rear  node. 
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F l  . 25 - Predicted drllllng torque 
R08 In basellne analysts. 

a functlon of speclfled 

Q W t 6  n, 
D 

0 :  

0 9 .  -a- . 
0 lo 30 30 40 50 

PENErRAnONrn(Fr/HR) 

-2 
fig. 21 - Predleted bit bendlng roaent as a functlon of 
spaclfied ROP In basellne malysls. 
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F l  . 29 - Predicted wear dlstrlbutlon across blt, showlng 
eflects of blt proflle. 
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fI . 31 - Pradlcted dlstrlbutlon of wear across blt, showlng 
effects of cutter density. 

F I  . 26 - Predicted blt slde force as a function of specifled 
ROB In barellne analysls. 

f1 . 28 - Schemetlc of bullet-nose blt used to deionstrate 
effects of bit proflle. 

I I I 

0 D O o Q P O O O O ) 0 0 0 0 -  

WBOHTQN-BIIC~) 

110. 38 - S eclfled POP plotted as a functlon of predlcted YO8 
to Illuttra!e the effects of blt proflle. . 
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fl . 32 - Predleted wear dlstrlbutlon across bit, showlng 
effects of rotary speed. 


