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ABSTRACT

Full- scale laboratory drilling exper1ments were performed under
s1mu1ated downhole conditions to determine what effect changing various
drilling parameters has on penetration rate." The two rock types, typical
of deep o0il and gas reservoirs, used for the tests were Colton Sandstone
and Bonne Tefre Dolomite. - Drilling was performed with standard 7 7/8

Ainch rotary insert bits and water base mud. Variations in drilling para-
meters are as follows: |

Weight on Bit 5,000-40,000 pounds

* Rotary Speed 40-100 RPM
Mud Flow . 80-220 gpm
Mud Pressure 100-5,000 psi

Confining Pressure on Roék 0-9,000 psi

Penetration rates from about three feet per hour to about 90 feet
per hour were obtained.

The results Showed the penetration rate to be strongly dependenf
on bit weight, rotaryAépeed and borehole mud pressure. There was only a
small dependence on mud flow rate. The drilling rate decreased rapidly
with increésing borehole mud pressure for borehole pressures up to about
2,000 psi. Above this préssure, the boreho]e'pressure and rotary speeds
“had a smaller effect on penetration rate. The penetration'rate was
then dependent}most1y on the bit weight. Penetration rate per horsgpower

input was also shown to decrease at‘higher mud pressures and bit weights.



The ratio of hor1zonta1 confining stress to axial overburden stress
was ma1nta1ned at 0.7 for simulated overburden stresses between 0 and
12,800 psi. For this simulated downhole stress state, the undrilled rock
sample was within the elastic response range“and the confining pressures
were found to have only a sh&]t or negligible etfect on the penetratton
rate. Visual examination of{the bqttomho]e pattern of the rocks after

\ simulated downhole drilling, however, revealed ductile chipping of .the

Sandstone, but more brittle behavior in the Do]omite.
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INTRODUCTION

This report summarizes the fesh]ts of full-scale laboratory dri]-
1ing of rock tybes typically found in deep.oil and gas reservoirs in the
‘United States. The need for full-scale drf]]ing, gs‘opposed to small
- scale tests, is generally recognized because of the complex phenomena
involved when bits cut into rock. ‘At deep hole drilling conditions where
rock piasticity and hydraulic hold-down of cutting§ impede‘chip removal,
the need for full-scale drilling 1s.even'more apparent. In a study by
J.B. Cheatham (Appendix A), it is pointed out fhat actual drilling rates
- fall below theoretica]]y achievable rates and ‘that a study of the‘kinematics
of drilling is needed to ufj]ize the fundamenta1 knowledge to achieve
fastef drilling.

The object of-thé.work reported here was to determine the effects
of changing various drii]ing parameters on the drilling rate while drilling
at simulated dépths. To aééomp]ish this objective, a study was firét per-
formed to identify rock types typica] of deep o0il and gas reservoirs in the
United States. This study, giveﬁ in Appendix B, idehtified four rock types
typical of deep oi]hdnd gas reservoirs. These were sandstone, shale,

: ‘do]omite‘énd 1imes£ohé. Samplesvof’CoTton Sandstone, Mancos Shale and Bonne
Terre Dolomite we;e selected as'representative of the rock types en-
countered in 0il and gas réservbffs and then 6btained from surface out-
crops. The shale samples proved to be unusable, so the study was con-
ducted with drilling data obtained only from the Colton Sandstone and

Bonne Terre Dolomite.



The drilling tests were performed at the Drilling Research Lab-
oratory in Salt Lake City, Utah. The large drill rtg and wellbore simu-
lator were used so that full-scale simuiation of bit size and dowﬁho]e
Apressufe could be;achievedf A description of the facility is given in
Appendix C. The rock samples drilled under pressure were .13.5 inches in
diameter and approximately three feet long. 4This sample size allowed
’ dril]ing with a standard 7 7/8 inch insert‘f911er“bit without‘the.sample
failing: under the app11ed pressure. - -

This work, done under contract to ERDA required effort to get
the equipment operational in order to obtain thesspec1f1ed tg;t condi-
tions, as well as acquiring the test data. ;Although the data obtained

ﬂforms an important base of information, it_i§ also recognized that
cbntindat1on of this type of Worktis needed to obtain a more complete

body of data.




ROCK SELECTION

From the rock selection study (Appendix B), it was decided that
thé rbck-types ;épkesenting a large.percentage of the drilling found
in the deep reservoirs éonsisted_of shales, sandstones, 1limestones and
" ‘dolomites. Based on the physical and mechanical properties typical to
"these rock fybes, a list of candidate rocks was compiled (Table VII in
Appendix B). For the full-scale drilling tests there was an additional
constraint that the rock samplés.be obtained in large sizes and from
quarries or other locations free from éurfacg weathering. From the
candidate 1ist the Colton Sandstdne; Bonne Terre Dolomite and ‘Mancos
Shale satisfied both the requirements to be‘representative of the deep
0il and gas wells and samples were available in large sizes.

v.The Colton Sandstone was se]ected from the stock of bui]dihg
stone at Hansen Stone Quarries, Sandy, Utah. Blocks approximately three
feet by three feet by five feet were selected by visual inspection to be
as homogeneous as possible. The Bonne Terre Doiomite was obtained from
Valley Mineral Products Compahy, Bonne Terre, Missouri, and was also
received in building stone blocks approximately three feet by three feet
by five feet by visqa]Ainspection to be as uniform as possible. The
Mancos Shale was obtained from a home construction site near Price, Utah,
where an excavation was being made in the shale. At this excavation site,
sample points were identified where 1arge‘irregq]ar samples were broken

lToose specifically for this study.
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ROCK PROPERTIES

"The mechanical and physical properties of the b]ocks of rock
received for the drilling tests were deterﬁined’on small (3/4 inch dia-
meter by 2 inch long), samples cut from the blocks. These small ‘samples
were tested in the Rock Mechanics Laboratory at Terra Tek. Table ]
summarizes the test results. Note that the properties measured by Terra
Tek are reasénab]y close to the typical values, whére properties are
are available, used for the rock selection (Table VII in Appendix B).

Triaxial compression tests at three different confining pressures
were a]so»done at Terra Tek to define the vo}ume.strain relationships
- and the failure points. In these tests the sémp]es were gaged so the
axial and radial stfains in thé sample could be measured as the pressures
were applied. The axial pressure and confining pressure were independently‘
. controlled so the desired stress difference between the two pressures
could be obtained. To perform the triaxial test the sample is first loaded
along the hydrostatic path (where the axial and confining pressure are
equal) until the specified confining pressure is reached. From this point,
the confining pressure is held constant and the axial pressure is increased
until the sample fails. This test determines the compressibility of the
rock and manner of failure (failure envelope) resulting from large dif-
ferential ‘stresses. |

The data obtained from the triaxial compression of the sandstone
and dolomite are éhowh in Figures 1 through5. The axial and transverse

strains in these figures are used to obtain the volume change curves




TABLE 1
" MECHANICAL AND PHYSICAL PROPERTIES OF TEST.ROCK

,COLTON SANDSTONE BONNE TERRE DOLOMITE MANCOS SHALE

TOTAL POROSITY 10.9% . 8.47% ' 7.9%
(% of Total Volume) .
AIR VOIDS 8.4% : 8.1% o 4.7%
(% of Total Vo]ume)
INITIAL SATURATION 18.4% 4.8% ) 41%
(% of Pore Volume)
DENSITY 2.38 gm/cm3 2.66 gm/cm3
(As Received) :
DRY DENSITY 2.35 gm/cm3 2.656 gm/cm3 - 2.52 gm/cm3 .
(Sample Dried 24 hrs @ 105°C)
GRAIN DENSITY 2.65 gm/cm3 2.90 gm/cm3 | 2.70 gm/cm3
PERMEABILITY 40 x 10 & darcies 47 x 10 2 darcies
(With Pconf @ 5,000 psi) '
UNCONFINED COMPRESSIVE N

STRENGTH 7,600 psi _ 25,500 psi
COMPRESSIONAL WAVE VELOCITY 2880 M/Sec . 6510 M/Sec
SHEAR WAVE VELOCITY 1960 M/Sec - 3590 M/Sec

-~ APPARENT YOUNG'S MODULI 2.8 x 106 psi - 12.7 x 108 psi
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shown in Figures 6-8 and the Failure Envelope curve in Figure 9.

Also shown -on Figures 6-9 are the stress states, dr‘range
of stress states, which the samples where placed under in the seIid
sample ahead of the drill bit. It is thus apparent that the
undrilled rock is in its elastic response region. The stress state in
the anne1ar rock ring left after the cenfer is drilled out is under a
larger stress difference state, but the stress in this region of the
sample is only of interest in relation to maintaining samble integrity

dur1ng the drilling tests

An attempt was made to saturate the samples w1th water so that ‘
pore pressure could be controlied during the tests, but after soaking
the sandstone samples for near]} a month in water, a limiting saturetion
of only 60% was reached. . With this partial saturation, the time required

to equalize fluid pore pressure throughout the sample was much too long

"~ for pore préssure control during driiling. The long time arises since

fluid must flow through the extremely Tow permeability of the rock matrix
to compress the gas trapped in the matrix. After one experimental test B
where‘it was verified that pdre pressure cou]d not be achieved in reas-
"onable time 1imits, no further attempt was made to control pore pressures
durlng the drilling tests
To check the un1form1ty of - the large samp1es, :5everal holes were

drilled through the blocks at constant dr1111ng parameters. Figure 10 4'
shows the penetrated rate as a function of the penetrated depth in the |

sample for the Shale; Figure 11 shows a similar plot for Sandstone. Because

- of the highly variable penetration rate in the shale, which reflected the non-

10
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uniformity of fhe sample, it was decided to delete this shale sample
-from the test program. Funding limitations precluded obtaining further -
shale samples, so after consultation and direction by the ERDA Contract
FCoordihator, the progfam was continued without doing drilling tests in
shale. Similar atmospheric drilling tests-for'uniformity in the dolo-
mite samp1ee showed it to be reasonably uniform, except foe occasional
vugs or defects; The dofomfte was used, but.if a defect was encountered
dering the dri]1jng tests as evidenced by.a sudden.jumb in dri]l rates,

that data was deleted from the reported results.
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DRILL BIT AND MUD SELECTION

| Therbftslused were sé]gcted on the basis of recommendations soli-

cited from the major bit manufacturers. The'recomﬁendations were obtained
by first ho]ding a meeting where the bit manufacturers were invited to
learn abéut the program. The attendiﬁg manufactukérs_were requested to
make recommendations as to which bits should be used along with any other

 comments they might h§ve on the programi Recommendations ahd comments
were received from Reed Tool Company, Smith Tool Company, Hughés Tool
Company, Dresser Industries (Security Divfsion), and Christensen, Inc.

A collection of the correspondence pertaining to the meeting and the
subsequénf rep]ies fs given in Appendix D. The recommendations were
reasonably consistent and three manufacturers furnished bits at no charge

for use in the drilling program. Based on a comparative analysis of the

recommendations, the following bit types were selected for the program.

MANUFACTURER ' TYPE* RECOMMENDED FOR

Smith Tool ' F3 Sandstone or Shale
Reed Tool ~ FP52 ' Sandstone or Shale
Security M8ITF Sandstone or Dolomite

- * Manufacturers specifications for these bits are tabulated in Appendix D.

15



The bit size selected, also based on the recommendations, was

7 7/8 inches. This size is very popular for the drilling of oil and
gas wells for which this dri]]ihg program is simulating. Also, most
experimental bits are made in this size and the results of this pro-
gram will be directly comparable to much of the current research being
done in the industry. The goal of this project was to study the drilling
rates wfth currently available bits, consequently no experimental bité
or bits not available from normal purchasing were considered.

The drilling fluid selected was to be typical of_the fluid used
in drilling 0il1 and gas wells. Siﬁce muds are commonly used for well
stability and pressure control, mud was selected for this progfam. A
waterbase, weighted mud‘was selected to be representative of typical
drilling. Table 2 tabulates the constituanté'and basic properties of
the mud. 'Percentage compositions of the solids are not given since they
changed throughout the drilling as drill sp]ids acbumu]atéd and small addi-
tions of the other constitUaﬁts were médé from time to time to keep the
weight, viscosity and gel properties reasonably constant throughout the
test. The same mud was used for both the atmospheric dri]]ing and the

pressure drilling. . ' -

16



‘TABLE 2
MUDAPROPERTIES

- BASE: Water
PHASES: (i) Water
(i1) Solids
' (a) Bentonite
(b) ,Barite
(c) Drill Solids
WEIGHT: 9.3 pounds/gallon
~ APPARENT VISCOSITY: 12 cp
PLASTIC VISCOSITY: 7 cp
YIELD POINT: 10 pounds/100 square feet
INITIAL GEL: 5 pounds/100 square feet |
10'MINUTE.GEL STRENGTH: 14 pounds/100 square feet
pH: 7.85 o |

API. FILTRATE: 14.2 cc/30 minutes

17
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- EXPERIMENTAL METHOD

The tests were performed with the Drilling Research Léboratory‘

drill rig. For atmospheric condftions, thevdrifl.rig was positioned over

rock blocks placed in tﬁe drilling pit. Samples to be drilled under sihu]ated
- downhole conditions were first cored from the 1a;ge quarried blocks with
a 13 5/8 inch thjh-wa]]ed core drilil and then fittedAwith a urethane |
jackef and steel end caps'prior to placement in the pregsure vessel.

To simulate dqwnho]e stress conditions, the overburden, or vertical
stress gradient was assumed to be 1.0 psi per foot and the hdrizonpé]
stress was assumed to be 70% of the vertical stress. These are typical
values, for ndfmaT]y pressured Eeservoirs, a]though local cohditions ih
specific wells may be somewhat different. For the laboratory tests, fhe
pore pressure was essentially zero.

One of the critical aspects of the experimental procedure was
to determine what combinations of confining pressure, axia]Apressure, and
borehole pressures could be exerted on the fock specimeﬁs‘to both simulate
~ downhole cunditions and not cause the specimen to fail. . To accomplish
- this, a model predicting specimen failure was developeq (Appendix E) and
- used as a gyide in specifying the test conditions. The final selection
of the operating conditions and the test matrix was made under the direc-
‘tion of the ERDA Contract coordinatof. The various parameters were chosen .
to be typical of actual fie]d’conditﬁons and to provide a basic set of
data. In fhe se]ection.of conditions, somé emphasis was placed on mud

pressure in addition to rotary speed and thrust (weight) on the bit.

19



_The actual drilling of the samples was done using the servocon-

trolled equipment so that the drilling conditions could be rapidly
changed and then held constant. With this arrangement, it was possible
to obtain many data points on each three foot long spétimen. Changing
from one set of coﬁditions would then take only a few minutes. During
these stabilized drilling periods, the computerized data acquiSition
program would be invoked to gather a set ofAdigitized data in addition
to thé continuous strip éhart record being'made throughouf'the test.
Some of the data reduction and ana]ysfs was done with the digitized data

and computer programs.

20




EXPERIMENTAL DATA AND RESULTS

The experimentai data obtained is tabulated ih Tables 3
and 4. Actually, considerably more drilling was eone‘than is reported
in Tables 3 and 4, but lack of homogeneity in some of‘the test samp]ee,
particularly the dolomite, and some operationalﬂproblems resulted in
some bad tests or unreliable data. fhe questionable results were thus
omitted from the reported resu]ts. |
| For the Colton Sandstone tests, the penetration Eate as a func-
tion of rotefy speed, weight dn bit, borehole mud pressure, mud flow ‘
rate, confining pressure and overburden pressure is shown in Figufes 12 to 18.
THe data were generally fit to a power curve (y = axb) for these p]ots;
From these curves, it is readily apparent that the penetration rate is
highly dependent on rofary speed, weight on the. bit and borehole mud
pressure. Mud flow rate‘had'a small influence whereas confining pressure
and axial pressure had an apparent negligible effect. These results are
in accord with expectations based on drilling theory.

The borehole mud pressure was particularly significant in con-
tro]]ing'the‘dri11ing rate. As the mud pressure was raised, the drf]]ing
rate dropped rapidly until the pressure reached about 2,000 psi. At
borehole mud pressure above this value, the increased pressure had a smatl
effect. Evidently, the chip hold-down and imperfect eieaning effects
resulting frem the differential between the mud and pore pressures tended
to reach a criticaT Tevel. - Once this critical level was reached, the

drilling rate was then dependent primarily on bit weight. Neither rotary

21



TABLE 3
EXPERIMENTAL DATA FOR COLTON SANDSTONE

MUD

BIT | CONFINING|  AXIAL MUD ROTARY | BIT  |DRILLING | TORQUE
PRESSURE | PRESSURE | PRESSURE | FLOW | SPEED | WEIGHT | RATE (ft. 1bs)
(psi) (psi) (psi) (gpm) | (rpm) {1000 1bs){ft/hr)

5 6.1 400

10 70.6 830

TS 30,1 1320

40 20 36.4 1950

- 75 7.0 -

30 57.5 .

35 4.5 e

5 3.0 400

10 73.8 300

60 15 7.0 T200

. o gg ;8.8 1800
Q . - -
E Atmgs. ~Atmos. 100 220 30 775 ——
S 5 12.0 350
= 80 T0 | 30.5 730
S T5 57.0 1070
= 20 75.5 1380
- e

eh 37.

e 100 75 65.0 960
£ 70 93.5 240
E 10 7.7 440
20 572 1000

2 275 220 60 30 ANE 1600

~ 40 7.9 -
P ;8 12'3 1883

1 .

- 1500 oy = 2140 500 220 60 & 1o Ll
= - 10 35.4 5200
Z 5% 540
0 9 0

1000 220 60 30 6.9 7600

0 57.3 2700

0 | 4.8 500

: 20 9.7 830

1000 220 60 30 7.6 1440

0 7.6 7040

T0 3.4 200

20 20 5.5 900

30, 5.0 T480

70 7.8 7280

| 10 3.9 380

3000 o, = 4285 | 2000 220 60 70 7.8 810

30 0.4 T400

70 176 2000

5 5.4 200

10 3.0 200

80 20 11.5 880

30 19.0 1460
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Table 3 Continued

e

CONFINING

23

BIT AXIAL MUD MUD |ROTARY | BIT DRILLING| TORQUE
PRESSURE | PRESSURE | PRESSURE| FLOW |SPEED | WEIGHT RATE | (ft. 1bs.)
(psi) (psi) (psi) (gpm) | (rpm) (1000 1bs) [ft/nr)
. 80 40 | 27.4 2160
5 5.8 200
10 12? 300
20 T, 880
220 | 100 30 0.5 T400
40 28.0 2000
T0 7. 400
A 20 9.9 950
: 40 16.9 2150
- ;o 4.? 400
0 9. 950
150 60 30 13.8 1560
30 17.8 2200
: e —_
N -+ 220 60 30 13.8 1500
2 : 40 20.7 2100
y oy = 3330 2000 | 220 60 2 8 e
- 20 11.8 1000
. o, = 4000 2000 220 60 : .
! e s
2 5 3.2 200
- 10 3.6 300
S 10 4.8 400
~ . 5 | 728 | 1000
™ 2000 220 60 24
v _ 30 12.8 1600
- 30 14.6 1500
= 30 27.7 27200
= 40 21.7 2200
5 3.2 230
5 2.7 -
5 3.6 240
}o 5.7 300
) 0 5.2 480
20 6.1 900
20 8.0 960
30 11.2 1440
10 13.8 7000
5 3.0 200
5 4.0
10 5.7 -
10 4.6 400
20 7.1 800
60 20 9.0
30 10.6 1400
30 12.8 '
30 12.5

1600




Table 3 Continued

BIT | CONFINING | AXIAL MUD MUD | ROTARY | BIT DRILLING | TORQUE
| PRESSURE | PRESSURE | PRESSURE | FLOW | SPEED | WEIGHT |. RATE | (ft 1bs)
(psi) (psi) (psi) (gpm) | (rpm) (1000 1bs) [(ft/r)
60 40 13.8 2000
, 5 3.5 200
| : 10 5.1 300
21 6000 oy =8570 4000 220 | 100 20 8.6 820
o 30 2.7 1360
2 0. 7.8 1900
~ = O T
: R R
= 9000 o, =12860 0 5 185
= 5000 220 60 20 10.7 1000
30 12.9 1550
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TABLE 4

EXP‘ERIMENTAL DATA FOR BONNE TERRE DOLOMITE

BIT | CONFINING | AXIAL. MUD MUD -|ROTARY | BIT | DRILLING | TORQUE
' PRESSURE | PRESSURE | PRESSURE | FLOW |SPEED | WEIGHT RATE | (ft 1bs)
(psi) {psi) (psi) (gpm) | (rpm) | (1000 1bs)(ft/ hr)
: 5 3.8 90
40 70 12.6 320
20 33.4 800
- 60 5 5.2 70
CAtmos. | Atmos. 50 220 |- | 13z 260
, A A 80 :
; : : 10 20.7 260
: 5 8.4 70
- 100 10 6.6 760
P 70 16.0 360
~ 1000 220 | 60 20 371 800
N . 30 67.5 1200
2 5 5.3 100
5 70 13.8 300
= 3000 g, = 4285 1500 220 60 20 33.0 750
~ ] 30 "58.3 1220
o ' 70 82.5 1800
- 5 3.9 700
, 10 8.9 310
o 2100 . 220 60 20 27.0 780
3 « 29 54.7 1200
= 38 70.5 1800
o 5 7.8 220
— 5 4.7 260
® . T0 10.1 400
~ 10 10 10.4 500
~ - 20 24.5 940
b 20 25.1 1100
) 30 37.8 1490
= 5 6.6 =
= 5 6.9 300
&= 5 6.6 310
3 10 4.6 =
a 6000 o, = 8570 | 4100 220 60 10 14 430
10 13.5 430
20 3.2 1020
20 34.0 .900
28 54.6 1430
28 53.6 1540
, 5 7.4 100
80 10 17.2 390
20 37.8 820
26 52.3 1220
5 7.0 T80
10 16.4 440
100 21 50.3 600
26 59.0 880
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speed nor mud pressureAhave the degree of effect on penetration rate as
they did when the mud pressure was below the critical value.

For the Bonne Terre Dolomite, plots of penetration rate as func-
tions of the other parameters are shown in Figures 19 to 21. From these
curves it is also seen that the qualitative results of the Dolomite dril-
1ing are similar to the Sandstone drilling. The effect of the borehole
mud pressure is less in the Dolomite than in the Sandstone, however.

Although the stress state in the rock being drilled was well below
the failure point and presumably in the e]astic range as seen in Figure
9, the bottomhole drilling pattern for Sandstone drilled at high pressures
visually appeared to have been ductilly deformed. No detailed examination
of the chips or the drill patterns was made, however. Figure 22 is a
photdgraph of one of the Colton Sandstone bottomhole patterns after drilling
at pressure and Figure 23 is a similar photograph for a Bonne Terre Dolo-
mite sample.

An indication of drilling efficiency was made by plotting the
penetration rate/rotary power as a function of bit weight and borehole
pressure in Figures 24 and 25. This shows that the drilling efficiency
drops significantly between atmospheric conditions and downhole pressure
conditions. Also, the Dolomite is bghaving somewhat differently than the
Sandstone.

To maké a preliminary evaluation of the functional relationships
between the'variabléé, a few regression analyses were made on selected
portions of the data. Table 5 gives the coefficients determined for pene-
tration rate as a function of rotary speed and bit weight for different
conditions of confining pressure and mud pressure. Note that in the Colton

Sandstone, the coefficients for both RPM and bit weight are drastically
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reduced as the combined confining and mud pressures are increased. This
contrasts with the same coefficients for the Bonne Terre Dolomite which

remain about the same with a similar change in confining and mud pressure.
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TABLE 5

- Coefficients from Multiple Linear Correlation Analyses

Drilling Rate = C0 +C

1

x(RPM) + C2x(Bit Wt.)

R2
Co C1 C2 Correlation
Colton Sandstone
Atmosphere Conditions -39.3 .592 .00271 .86
3,000 psi confining
2,000 psi mud -11.2 .159 .00053 .90
6,000 psi confining .
4,000 psi mud - .05 {.0325 | .00032 .95
Bonne Terre Dolomite
Atmosphere Conditions -16.8 A7 .00223 .95
6,000 psi confining
4,100 psi mud -18.7 .228 .00194 .95
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FIGURE 22

Bottomhole Patterns of Colton Sandstone after Drilling
at Simulated Downhole Conditions

FIGURE 23

Bottomhole Patterns of Bonne Terre Dolomite after
Drilling at Simulated Downhole Conditions
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CONCLUSIONS

. The goals-of the project to select rocks typical of deep 0il and
gas wells énd drill them under full-scale simulated downhole pressures:
were accomplished. The. amount of:special'effort needed to‘make the equip-
ment operational for the simulated downhole conditions did 1imit soﬁewhat
the number of tests that could'be'pérformed'within the time and budgetary
constraints. A significant amount of data was, nevertheless, obtainéd-td'
provide an important base for'future‘full-sca]e dril]ing‘tESté. -

The study t6 determine typicgi rocks for deep gas wells in the
United States identified four different types; -Shales, Séndstohés,'Lime;
stones and Dolomités. From examination of the physical properties of -
these rock types in the major petroleum prdvincés'in~thé'Unitéd States;f
particular varieties of each of these rock types were selected as typical -

of their rock type. From the typica1'varieties, sélections were made . -

where large blocks could be obtained for thé']ébbratory’tests. The -rock

selected were Colton Sandstone, Bonne Terre. Dolomite and’ Mancos Shale. = The

Shale samples received were too inhomogeneous, so the program-was compleéted = -

using only the Sandstone and Dolomite.
Commercially available bits were selected based on manufacturers' =
recommendations. - The bit size of 7 7/8 inch was selected beéause of its -
common use -and the fact that.most new experimental bits are made this size. -
The drilling fluid was a watef'based‘mud'ée]ééted to'be'typical of

fluids common]y'used to drill 0il -and gas wells. . The drilling paraméters
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were selected to cover the ranges of rock stresses, borehole pressure,
rotary speeds, and weightton bit that are typical of actua] dril]fng
conditions. The results obtained thus provide data on the functional
relationships of the basic drilling parameters and'are a basic'body of
data. | | |

The drilling penetration rate was found to be pr1mar11y dependent
on the rotary speed, we1ght on the bit and boreho]e fluid pressure. There
‘ was a sma]] dependency on mud flow rate. The dependence on the mud pres-
sure was part1cu1ar1y s1gn1f1cant since the penetrat1on rate- decreased
rap1d1y unt11 the d1fferent1a] mud pressure reached approx1mate1y 2 000
psi, Above this va]ue, add1t1ona1 mud pressure and rotary speed had only
~a minor effect on penetrat1on rate The effect was more pronounced in
the Sandstone than the Dolomite. Visual exam1nat1on of the rock bottom-
hole pattern underdthe hit after dri]11ng at simulated downhole cond1t1ons
revealed much ductflity in the Sandstone and more chipping and cratering |
v in the Dolomite. The stress state in7the undrilled rock ahead of the bit
was well within the elastic response range so that- the only non- elastlc
»deformat1ons were those of the bit action on the rock. The confining
stresses, within the range of these tests, had no apparent effect on the

drilling rate.
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- THE STATE OF KNOWLEDGE OF ROCK/BIT TOOTH INTERACTIONS UNDER
SIMULATED DEEP DRILLING CONDITIONS

by J. B. Cheatham, Jr.

ABSTRACT

Thié report presents a survey of faétors that influence drilling rates
with emphasis on the theoretical and experimental work relating to rock/bit
tooth interactions under bressures associated with conditions encountered
during the drilling of deep o0il and gas wells. Studies which attempt to
explain the effects of various parameters associated with the rock/bit tooth
interactions are described with an dbjective}of correlating bit-tooth force
and chip generation with rock properties determined from triaxial tésts.

A review is given of laboratory drilling results relating to the
effects of down hole pressures on drilling rates. These studies include
the effects of bottom-hdle cleaning and the so called "chip hold down"
effect. The varlatlons of roller-cone bit designs for dr1111ng d1fferent
types of rocks is also described. _

‘Finally, suggested means for achiéving increased drf]ling rates in.
deep holes are summarized. This discussion includes means for increasing
~ overall drilling rates as well as instantaneous drilling rates. It is
concluded that a study of the kinematics of roller-cone bit drilling is
needed to utilize the fundamental knowledge of rock/bit tooth interactions
in order to design bits for faster drilling in ductile rock.
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INTRODUCTION

The primary objective of this report is to summarize the state of
knowledge of the rock/bit tooth interaction under conditions of pressures
associated with deep well drilling. Specifica]]y; results of theoretical
and experimental work relating rock properties, fluid pressures, and bit
tooth configurations to bit-tooth forces and chip configurations are
described. Although not a primary purpose of this present report, a
discussion of,]aborétory drilling studies of the effects of drilling fluids
in removing cuttings from the bottom of the hole is given since ineffective
bottom-hole cleaning and chip hold down can result in low drilling rates
and these effects might be confused with the pressure effects related to
increased rock strength and ductility.

The effects of confining pressures on rock properties are well known
(Griggs and Handin, 1960). As the confining pressure is increased, both
the strength and the ductility of rock increasé. In drilling porous rock,
the effective confining pressure is the differential pressure across a mud

filter cake at the bottom of the hole (i.e., the difference between the mud

pressure and the formation fluid pressure). Laboratory drilling tests under
simulated deep hole drilling conditions have shown that drilling rates can
be decreased as much as 80% at'high bore hole pressures cbmpared with
atmospheric drilling results. Part of the effect of the high down hole
pressures is related to rock strength increase and ductility while an
important part is related to the inefficient bottom-ho1e'c1eaning under high
differential pressures. ‘Since these effecfs are interrelated, it is difficult
to separate the influence of the various factors causing the decreased drill-

- ing effectiveness. : .

Bit designs have taken into account the formation stfength and ductility
by changing the bit-tooth configuration and the drilling action of'roi]er-
cone bits whereby soft formation bits have both rolling and scraping action.
Jet bits have been introduced to facilitate the removal of cuttings from

‘beneath the bit and to promote cleaning'of'both the bit and the bottom of

the hole.
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It is common knowledge that if it were possible one would drill with
gas or air as a first choice, and with clear water as a second choice '
followed by water with few solids; and from a dril]ihg standpoint, the -
last choice would be the most usual situation of drilling with mud having
high dengity and many solids. However, because of hole stability probiems
and high formation fluid pressures, it is not frequently possible to drill

with the .desired drilling fluids that would promote rapid drilling rates.
These problems are particularly critical in shales. _

Theoretical and experimental studies have been conducted to examine
and explain fhe effects of the various parameters related to rock/bit tooth
interactionrprobjem. The factors involved include the mechanical motion,
shapé, and conffguration of the bit-tooth; the mechanical behavior of the
rock and response to the penetration of the bit-tooth when subjected to a
state of stress induced by mud column pressures, pore pressures, and over-
burden stresses; and the drilling fluid composition and flow properties as
well as the pressure effects. . In these studies efforts have been made to
correlate the indentation behavior which simulates the action of.a bit-
tooth with the rock .properties measured by triaxial tests. Studies have
been aimed at describing and predicting the behavior of both brittle and
ductile rock under the action of bit teeth. Also, data have been collected
on the transition from brittle to ductile behavior of rock during indentation
by singie bit teeth. Specifical]y, effects of bit-tooth angle, the cohesive
_ strength and angle of internal friction of the rock, and the fluid pressure
differehtia],across the cutting depth on the force required for indentation
and for producing chips have been studied. A theory of chip formation in
ductile rocks along with experimental evidence of the validity of this theory
has also been developed.

Both theoretically derived and experimentally determined drilling rate
equations are presented for the purpose of establishing a description of
: insfantaneous drill bit performance. The potential for improving drilling
rates in deep holes is consideréd from both the instantaneous penetration
kate as well as the overall drilling rate point pf view. Research and
development needed to increase these dri]ling rates is summarized.
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BIT DESIGN CONSIDERATIONS

The first roller-cone bit was patented in 1909 and today most oil and
gas wells are drilled using three cone roller bits (Estes, 1970; Gravley,
1975; Laird, 1976), however, a significant footage is drilled with diamond
. bits- and a minor amount with drag type bits. Figure 1 illustrates the
history of roller bit development showing how teeth and bearings have been
modified and improved. Roller-cone bit designs are classified according to
soft formation bits, medium formation bits, and hard formation bits (See
Table I). These bits are also classified according to tooth materiallahd
tooth height, cone angle offset, and journal angle. Teeth may be hard faced,
case hardened, or made of inserts of tungsten carbide and bearings in‘the
cones may be sealed or nonsealed. Cone offset called skewness is measured
by the offset of the center Tine of the cone with respect to the center of
the b1t (Figure 2). '

Soft formation bits, for very soft formations, will have three to four
degrees cone offset and have hard-tipped faces on the bit teeth with long,
widely-spaced teeth. Hard facing applied to the teeth on soft formation bits
is applied in such a manner that a self-sharpening effect is produced as the
bit teeth wear (Figure 3). The cutting action of these bits is described as
scraping and gouging. Medium formation bits are intermediate between the
soft formation bits and the hard formation bits. Hard formation bits have
no cone offset thereby resulting in pure rolling contact with the bottom of
the hole. The teeth are very short and blunt with more steel on the bottom
than in the soft formation bits and these bits require highek weights on
bit to produce the desired dri]]ing action. The cutting action of the hard
formation bits is described as a crushing action. These bits, with shorter
teeth, have greater bearing capacity and, therefore, can withstand higher
bit weights. Design variations are illustrated by Figure 4 and Figure 5.

A considerable part of the formation bottom (as much as 50%) is uncut
by the direct crushing action of the bit teeth for hard formation bits and
these bits depend upon formation friability to cause the breakup of the
uncut hole bottom (Figure 6). Soft formation bits, on the other hand,
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produce cutting action on approximately 70% of the hole bottom and introduce

a p]oughing action caused by the cone skewness or offset. At depths below
7,000 feet, many rocks are believed to be nonfriable and tend to become
somehwat plastic (Estes, 1970). Suggested practice under these circumstances
is to use the softer formation bits. ‘ '
Drag bit cutting action is illustrated by Figure 7. These bits are
fixed-blade rotary drills which cut and scrape the rock in a manner similar
to the cuttihg action of metal cutting tools. The drilling rate potential .
of drag bits is greater than that of roller bits; however, rapid Qear in
hard abrasive formations and high torque requirements 1imit their usefulness.
Diamond bits are used frequently for coring and with high speed'
downhole motors. These bits also drill by a drag or scraping action. High
costs of diamond bits is one important factor that limits their applications.

s
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EFFECT OF ROCK PROPERTIES
ON_CONDITIONS AT DEPTHS

Since this report is concernéd with interaction of the bit and rock,
attention will now be focused on roékvbéhavior under simulated down hole
conditions. The overburden pressure increases approx1mate1y 1 ps1/ft
(230 bars/km) and the average fluid pore-pressure gradient is about O. 45
psi/ft. (100 bars/km). Furthermore, the geothermal gradient is of the
order of 100°F/3,800 ft.  (30%C/km). Laboratory simulation of these para-
meters has shown that the strength and ductility of rock increase with
depth (Hand1n et. al., 1963). |

The comb1ned effects of temperature, confining pressure, and pore
pressure on the mechanical behavior of Berea sandstone are 111ustrated
by Figure 8. These triaxial test results show that the strength and ductility
increase with an increase of the effective confining pressure (defined as

actual confining pressure less the pore pressure), and the strength decreases
| and ductility increases with higher temperatures. Ultimate strengths and /
ductilities of a number of rocks tested at simulated depth conditions are
shown in Fiugre 9. From these data large increases of strength are expected
for sandstones, limestones, and dolomites, and greatly increaséd ductility for
shales and limestones at great depths in the earth.

Results of tests on Solenhofen limestone at confining pressures to
20,000 psi, temperatures from 78°F to 300° F, and strain rates from 10~ -3
to 100%/sec are shown in Figure 10 (Serdengecti and Boozer, 1961). This
study showed that a decreasé of temperature from 300°F to 78°F was approxi-

‘ mately equivalent to increasing the strain rate by a factor of 105. In
Figure'lo the dashed lines indicate regions representing changes from brittle
to transitional to ductile failure. Solenhofen limestone has a relatively
high transition from brittle to ductile behavior at a confining pressure ¢~
15,000 psi at room temperature while at atmospheric pressure the transitica
occurs at a temperature of 900°F (Griggs and Handin, 1960).

Fortunately during drilling at great depths the rock is subjected to ¢
mud column pressure which is considerab]y less than the overburden pressure.
In fact, under ideal conditions the mud pressure would be only slightly
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greater than the formation fluid pore pressure and the resulting effective
confining pressure at the bottom of the hole would be relative'ly.' sifialf. :

N
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ROCK/BIT TOOTH INTERACTION

This section contains a review of experimental and theoretical studies
concerned with the interaction of bit teeth -and rock. Experimental results
are described which simulate downhole conditions while drilling with air,
water, and mud under both static and impact conditions. Theoretical results
are discussed for penetration of rock in both the brittle and ductile states.
These theories are concerned with predicting the force and chip configuration
as functions of bit-tooth shape, rock surface geometry, rock properties, and
confining pressure. Finally, the results of the analyses areicompared with
experimental results. ' '

Single Bit-Tooth Experiments
' . v
‘ Experiments have been conducted in which blunt teeth were forced into
rock under simulated downhole conditions (Maurer, 1965). These tests indicate
that a wedge of compressed material beneath the bit-tooth Wil] formla crater
4at a threshold force which depends on tooth dullness, rock strength, confining
fluid properties and pressure, and rate of loading. The threshold pressure
is of the order of 300,000 to 600,000 psi in stronger rocks such as granite.
and basalt. '

- Effects of borehole fluid pressure and kind of fluid on threshold
pressure and crater volume are shown in Figure 11 for a 1/32" x 1/2" tooth
flat acting on Berea Sandstone. The crater volumes were formed at a constant
static load of 6,500 1bs. Neither the threshold pressure nor crater volume
are appreciably influenced by an increase of air pressure. A small.increase
of threshold pressure and a 50% decrease of crater volume are observed when
watef pressure is increased from atmospheric to 5,000 psi. However, when
mud pressure is increased to 5,000 psi, there is an approximate linear increase
of threshold pressure and a crater volume decrease of about 90%. These tests
demonstrate one of the advantages of drilling with air or water compared with
mud.
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In tests Maurer refers to as “"static" the time for crater formation
is 0.01 to 5 seconds and in his “impact" tests craters are formed in 0.001
to 0.005 seconds. Craters under roller bit teeth are formed in 0.01' to
0.1 seconds which is more nearly abproximated by the static tests. Static
and impact force-disp]acement'curves with drilling mud (differential
pressure) are similar although the threshold force is somewhat greater for
impact loading at a given pressure (Figure 12). The impact curves with
water (hydrostatic pressure) are nearly identical to the jmpact tests with
mud. In-both cases the confining fluid apparently does not have sufficient
time to equalize the pressure beneath the freshly cut chip. Hydrostatic
pressure (equal borehole water pressure and formation fluid pressure) had no
influence on the static force curves and brittle craters were produced at all
pressures. The brittle-to-ductile transition pressures are given in Table II
for static-and impact tests dn Indiana limestone and Berea sandstone. It can
be seen that the transition occurs at lower pressures in the impact tests.

Static tests have also been conducted using sharp wedge-shaped teeth
indenting rock subjected to a confining pressure through -an impermeable
membrane (Gnirk and Cheatham, 1965). Typical force-displacement curves are
shown in Figure 13 as dependent on confining pressure with constant 60° tooth
angle and in Figure 14 as dependent on tooth angle with constant confining
pressure of 1,000 psi. At low confining pressures or at moderate confining
pressure with small tooth angles the force-displacement curves .are irregular
as a result-of much fracturing and chipping taking place. As the confining
pressure is increased (or for large tooth angles at moderate pressure), the
curves become smooth and nearly linear. This correlation between the shape
of the-force-displacement curve and the nature of the mode of failure is
illustrated by Figure 15. '

Analysis of the Penetration of Brittle Rock

Penetration of a bit-todth into brittle rock has been described as

- follows (Sikarskie and Cheatham, 1973). With increasing force, the bit-
tooth is forced into the material and crushes rock beneath the tooth formlng
a zone of crushed material and extension fractures beneath the wedge-shaped
tooth (Figure 16). Extension fractures form into virgin material as the
stresses are ‘increased in the surrounding mass of material until a fracture
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grows in a stable manner with increasing load and finally a point of crack
instabi]ity is reached whéreupon rapid crack growth, with little increase

in force, extends the fracture'to,the‘free surface and results in a rock chip
being formed. After the chip is formed, the load on the bit-tooth decreases
abruptly thereby resulting in an irregularly shaped force-displacement curve.
The crushed phase of the penetration process is actually not a brittle frac-
ture p}ob]em but is more nearly associated with the plasticity penetration
probTem since material in a pulverized zone tends to behave more like a soil
than a brittle solid. The actual loading process is thought to be bounded

by two idealized situations; one involVing a constant load test and the other
a constant rate test as shown in Figure 17.

The -chip formation process is the most difficult part to describe
analytically and it is sometimes theorized that the fractures which produce
the chips propagate along stress trajectories which intersect the maximum
principal stress trajectories at about 30°. Sikarskie suggests that this
theory does not explain the fracture in‘terms of the current understanding
of the brittle fracturing of rock and he suggests a theory which first
lTocates incipient fracture and then follows the fracture through to the
formation of the chip (Figure 18). This theory is based upon a general
Coulomb-Mohr theory of fracture and is believed to be consistent with
recent research on the brittle fracture of rock. Based upon computation
of the elastic stress field, a fracture function is computed and it is
postulated that the fracture path follows a line which represents the minimum
- gradient of the fracture function (Figure 19). The transition from stable to
unstable fracture growth is believed -to occur at the inflection point of
the crack velocity versus crack length plot (Bieniawski, 1963). Current work
by Sikarskie is being conducted in analyzing the rock/bit tooth interaction
and chip formation in anisotropic rock (Sikarskie and Cheatham, 1973).

Analysis of the Penetration of Ductile Rock by a Single Tooth

The penetration of a single bit-tooth into ductile rock has been
analyzed using plasticity theory. Most of the analyses have been concerned
with sharp, wedge-shaped teeth; however, results for blunt or rounded teeth
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have also been obtained (Cheatham, -1958). The rock is assumed to be isotropic,

homogeneous, and rigid/perfectly-plastic and to yield when stresses satisfy

Mohr's theory of failure. Linear (Coulomb) yield envelopes have been considered

as well as paraboiic envelopes (Cheatham, 1964). The bit-tooth is modeled by
a long two-dimensional wedge under the assumption of plane strain.- A typical
plasticity slip line field is shown in Figure 20 where the effect of a . lip
(displacement of free surface) is neglected but the influence of friction
at the rock/bit tooth interface is considered, and a linear yield envelope
is illustrated by Figure 21 (Cheatham, 1963). ‘

A linear increase of force with increasing depth of penetration is
predicted for a sharp wedge. The slope of the force- displacement curve can
be given in the fo]]qwing form for a Coulomb material: ‘ '

bg Function (B8,C,é, p)

where

F = force on sharp bit-tooth . - #
b = width of tooth

h = depth of penetration

B . = half wedge angle

¢ = cohesive strength of rock

¢ = angle of internal friction of rock

p = confining pressure on free surface

The above parameter in dimensionless form F/bh op (where °p is triaxial
compressive strength at confining pressure p) is plotted as a function of b1t-
tooth angle including effects of a linear- parabolic yield envelope and tooth-
rock friction in Figure 22 (Cheatham and Gnirk, 1966). Experimental results
for Carthage marble shown in Figure 22 compare favorably with the theoretical
perfectly rough tooth-rock interface curve. Experimental results for other ‘
rocks (Gnirk and Cheatham, 1963, 1965) generally give good agreement between
theory and experiments for indentations at confining pressures above the
trans1t1on pressures. :

From Table IIT it can be seen ‘that the brittle-to-ductile transition
during indentation occurs at pressures as low as 250-500 psi for salt to
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pressures greater than 5,000 psi for dolomite. For a given cbnfining pressure,

the transition is furthermore influenced by tooth angle. In Figure 14 it

can be seen that the indentation behavior becomes more ductile as the wedge
~angle is increased. A comprehensive study to correlate the transition
pressures. from triaxial tests with the transitions observed during indentation
has not been performed to the author's knowledge; however, from typical
triaxial tests shown in Figure 23, it appears that the transition from
brittle-to-ductile behavior occurs at cons1derab1y higher pressure during
triaxial tests than during indentation tests.

Work is currently under way to extend the above analyses to include
effects of anisotropy, strain hardening, rate of loading and fluid flow
-through porous rock on rock/bit tooth 1nteract1on (S1karsk1e and Cheatham,
1973)

Multiple Bit-Tooth Contacts

A single, sharp. bit-tooth penetrating normal to a smooth surface of
rock is obviously a greatly oversimplified model of rock/bit tooth inter-
~action. Actually there are many bit-tooth contacts with a rough hole bottom
by blunt teeth that rotate as the cone rolls. :

The interaction of a bit-tooth with a previodsly’formed crater has been
referred to as "indexing". Experiments similar to the single bit-tooth
studies described above have been conducted with multiple bit-tooth contacts
for the purpose of studying indexing (Gnirk, 1966; Gnirk and Musse]man,.1967);
Results from these experiments are shown in Figure 24 for sharp 30°, 60°, and
90°, one-half inch long wedges penetrating Carthage marble at atmospheric
pressure and 5,000 psi confining pressure for indexing distances of 0.25" and
0.50". Figure 25 illustrates the general features of the tests results for
an indentation depth of 0.10". The depth of indentation at which interaction
occurs is indicated by a change of slope of the force-displacement curves in
Figure 24. At atmospheric pressure rock is broken free between successive
penetrations for indexing distances as great as five times the penetration
depth; however, at confining pressures above the transition pressure, the
rock will flow into the previous crater at indexing distances of two or three
times the penetration depth.

+
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The cr1t1ca1 1ndex1ng d1stance at which interaction occurs for a g1ven

penetrat1on depth increases as the bit-tooth angle is increased. Thus,
the_1nperaet1on of a bit-tooth with a previously formed crater depends on
tooth angle, depth of penetration, indexing distance, rock properties and
confining pressure. The transition pressure from brittle to ductile
behavior is approximately. the same for multiple bit-tooth contacts as for a
single bit-tooth penetration. ' :

A theory of indexing in ductile rocks has been proposed based on
plastic limit analysis (Cheatham and Pittman, 1966). In this approach the
plasticity slip line field near the bit-tooth is extended.by a straight line
of discontinuity as shown in Figure 26. It is hypothesized that the failure
will follow a path requiring the least work or minimum powep of dissipation.
A plot of loci of constant power of dissipation is given in Figure 27. When
a free surface such as that shown in Figure 26 intersects a line of constant
power of dissipation, failure is assumed to be possib]e.o A1l points on a
given curve require the same bit-tooth load and are equally probable failure
paths.

The above theory has been verified by experiments on Carthage marble
where slots were cut into the rock surface to force the chip geometry into an
approximately two dimensional configuration (Musselman and Cheatham, 1972).
This configuration and the idealization of the indexing problem are illustrated
by Figure 28. Typical force-penetration curves are shown in Figure 29 for

'Carthage marble penetrated by a 1/8 inch by 1/2 inch flat punch at various

distances from a surface with inclination of 60°. The decrease of force for
indexing distances I < 4 w (where w is width of the punch) indicates that a
chip is formed by interaction with the inclined surface. For an indexing

‘distance of 10 times the punch width, no chip is formed and interaction takes

place with the horizontal surface rather than the sloping face.

The critical indexing distance which is the minimum distance from the
inclined surface at which interaction occurs with that surface is indicated
by the point at which'the dimensionless force versus dimension]ess indexing
distance curve changes slope as shown in Figure 30. The theoretical curve
has been corrected for the force necessary to cause failure of the rock at the
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ends of the punch. It can be seen from these curves that the theoretically
predicted critical indexing distance of I = 5 w agrees well with the experi-
mental results and that the theoretical force approximates the measured force
yalues‘rather well. Comparison of the actual chip configuration at the
midpoint of the punch length with the theoretical failure path based on the
upper bound ana]ys1s also shows re]at1ve1y good agreement (Figure 31). From
these results it can be concluded that plasticity theory offers a valid
method for computing tooth forces and chip configurations for rock at pressures
above the brittle-to-ductile trans1t10n pressure
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DRILL BIT PERFORMANCE

Dr1111ng rate for a given b1t dr1111ng under spec1f1ed cond1t1ons in
a particular rock can depend on a large number of factors. These parameters
include the fo]low1ng bit design, bit-tooth wear, weight-on-bit, rotary
speed, rock propert1es (strength permeability, and porosity), drilling
fluid propert1es c1rcu1at1on rate, mud pressure, and formation pore. pressure.

The problem of relating the above parameters to drilling rate has been
approached both theoret1ca1]y and experlmentally Resd]ts of some of these
studies are summarlzed in this sect1on ‘

_Theoretica]eDri]linb Rate Equations

- Theoretically derived'drilling rate equations have generally been based
on restr1ct1ve assumptions in attempts to establish upper Timits on drilling
rate. Outmans (1960) based his theory on a s1ng]e tooth plast1c1ty mode]
and related chip volume to drilling rate, hydraulic horsepower at the ‘
bit and drilling mud pressure. His equations express drilling rate as a
function of the above variables, rotary speed and bit we1ght for var1ous
limiting conditions of mud flow and chip removal below the bit.

| Maurer (1962) derived a theoretical drilling rate equations for roller-
cone_bits’under perfect bottom hole c1eanihg conditions. His equation for
drilling rate is: ' A ‘ -
N(W - W )2
R=kﬁz-s-z———o—-
where R = drilling rate
N = rotary speed
W = weight-on-bit
W = threshold weight required for cratering p
D = bit diameter
S = rock drillability strength

He pointed out that under imperfect hole clean1ng, such as usually found
in the field, the drilling rates fall bélow those for perfect cleaning because
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-of regrinding of cuttings under the bit. Maurer gave the following approxi- .
mate relet{on for field drilling results under these conditions:

R = aN 5N/D

A theoretical drilling rate equation for ro]]er-cone drilling has been
derived based on the indexing studies descr1bed above for p]ast1ca11y
deforming rock (Gnirk and Cheatham, 1969). In this ana]ys1s the rock chips
are assumed to be removed instantaneously. The' teeth are taken to be wedge
shaped (45°) with flat apexes, and the bit weight is assumed to that weight
required for opt1mum 1ndex1ng (maximum volume for minimum energy). This
d1mens1on1ess optimum we1ght is a functlon of the d1mens1on1ess indexing
distance and differential pressure The1r equation for dr1]11ng rate with
opt1mum bit we1ght can be written as fo]]ows

R=1.872mN 1(05 [(w T X 75.59J ft/min

where 1 = length of cutting edge of single bit-tooth (in)
m = number of bit-tooth penetrations per'bit revolution
ne= average number of bit teeth in contact with bottom

~ w = bit-tooth flat width (in) o
op' strength of rock at differential pressure p (ps1)

The other parameters have been defined previously and the angle. of internal
friction was taken as 30°. This ‘equation based on perfect cleaning and .
minimum energy per unit volume of rock drilled gives numerical values for
the optimum drilling rate. It can be seen that the theoretically predicted.
drilling rate dependence on rotary speed (N), bit weight (W), bit diameter
(D), and rock strength (S or op) is the same for the above theories.

Appl and Rowley (1963) have analyzed drag bit drilling using plasticity
theory. They found that the load on the leading edge of the bit depends
on the ultimate compressive strength and angle of internal friction of the
rock and is independent of the radius of the leading edge.

Appl, Rowley, and Bridwell (1967) have developed a theory. of the cutting
~action of diamonds in diamond bits. Their analysis which assumes ‘a rigid/ |
perfectly-plastic Coulomb material determines stresses onm the diamond cutting
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surface, the components of cutting force, and the volume of matenial removed
by the diamonds.. Their theoretical results agree reasonably well with
experimental data. ’

Experimental Drilling Results

~In the above theoret1cal stud1es upper 11m1ts to drill b1t performance
were sought In exper1menta1 dr1111ng studies attempts have been made to
simulate actual down hole drilling conditions.

Test results using 14" diameter two-cone m1crob1ts 1nd1cate that drlll-
ing rates decrease with increased drilling fluid pressure as shown in
Figure 32 (Murray and Cunningham, 1955). Drilling tests with equa] mud and
pore pressures show the influence of permeability and drilling fluid
(Figure 33). In these tests by Garnier and Van Lingen (1955) there was no
influence of pressure when water was used as the drilling fluid in fairly
permeable rock whereas the drilling rate decreased with pressure when either
water or mud was used to drill the low perﬁeability Belgian limestone.
Drilling rates also decreased with mud pressure for the more permeab]e rocks.
They explain these results as being due to chip hold down.

After a chip has been formed by the bit, they suggest that a vacuum
is created when the chip is lifted unless sufficient liquid can be supplied
to fill the opening crack. This liquid can be supplied through the crack
or through the pores of permeable rock by mud filtrate or pore fluid.
Additional tests results by Garnier and Van Lingen (Figure 34) indicate
their interpretation of the influence of differential mud pressure‘bn rock.
strength and chip hold down. According to these results, chip hold down
effects can account for a greater decrease of dr1111ng rate than the effects
of rock strength increase due to pressure.

An empirical approach to pred1ct1ng drilling performance has been
developed by Bingham (1964). based on both laboratory and field drilling
data. He proposes a linear approximation for the relationship between
drilling rate and bit weight given by

R/IN=M (w-wo)/o
where m = performance line slope
NO/D = performance line intercept ’
The performance lTine slope is greatest for a drag bit and lowest for
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, hard-formation roller bits as shown in Figure 35. Imperfect hole cleaning

causes the drilling rate to drop below the performance line. A bit
capability number relates the performance line 1ntercept and slope as
follows:

K= m (/D)%

~The ‘performance for most bits have a common intercept for a given rock
strength and this 1ntercept can be correlated with rock shear strength as
shown in Figure 36. _

Bingham states that most field drilling takes place below the performance
line because of inadequate chip removal. The deviation from the ideal
performance line jncreases with higher rotary speeds (because of less time
available for hole cleaning between tooth contacts) with higher mud we1ght,
and with decreased tooth height caused by tooth wear. The effect of bit
skewness is shown by increased drilling potential for bits havihg more drag
action. ' ‘
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POTENTIAL FOR IMPROVEMENTS OF
DRILLING RATES IN DEEP HOLES

Increased drilling rate can refer to faster instantaneous penetration
rate or improved overall drilling rate. The instantaneous rate depends on
the rock/bit interaction and cuttings removal efficiency while the overall
rate depends on many factors not related to actual drilling such as trip

~time. A comprehensive review of developments aimed at improving drilling
methods has been given by Ledgerwood (1960). These methods are summarized
in Table IV.

Increased Instantaneous Penetration Rates ,

Instantaneous drilling rates generally increase with higher bit weight
and rotary speed. Methods aimed at improving instantaneous penetration
rates generally attempt to increase the power delivered to the rock. With
conventional rotary drilling, only approximétely 50 .horsepower is available
at the bit becausé of torque-transmitting limitations of the drill pipe.
Since mud pumps may require 1,000 horsepower, it follows that a small part
of the power on a drilling rig is utilized for rock fracture. Furthermore,
rock comminution by a reck bit is an inefficient process. ' )

Bailey and Dean (1967) report that a man with a pick and hammer is 10
to 100 times more efficient than a machine in drilling ice because of his
ability to pick and pry and to locate favorable geometry. In génera], larger
‘chips require less energy than smaller ones. _ '

A two-channel drill pipe has been used with reverse circulation and
.cohtinuous coring. This procedure requires cutting only an annulus, then
breaking the cores and circulating them up the drill pipe. Such drill pipe
would also permit drilling with a fast drilling fluid and protecting the
borehole with another fluid by having a downhole packer between the two
fluids. Air on gas would be an ideal dril]fng fluid if high pressure
formation fluids could be controlled. And, of course, water is a better
drilling fluid than high density drilling mud.

79



‘Increased downhole power can be obtained by means of percussive
and vibratory drills or downhole motors or turbines. Methods of drilling
by other than mechanical means have been investigated. .These include
thermal, electrical, magnetic, and chemical drilling. Many oflthese methods
have been known. for many years (Table V). ~The use of high pressure hydraulic

jets is currently under development for use in rock drilling.

Increased Overall Drilling Rate

A most significant cost reduct1on in drilling of deep holes can be »1
obta1ned by decreasing the time that the rig is not actually being. used for
drilling. Time spent on round trips to replace b1ts, logging, and surveylng
hole direction is nonproductive time from a hole-making point of view. It
has beén estimated that operating time spent in actual drilling is on]y about
40 percent for. onshore wells and 25 percent for offshore wells where more
directional drilling occurs (National Research Council, 1976). In d1rect1ona11y
drilled ho]es, approximately equal time is frequently spent dr1111ng and
survey1ng ‘ '

 Much effort has been devoted to decreasing trip t1me These effo{ts
have included retractable bits for replacement without a round trip, reelable'
drill pipe for rapid round trips, and automatic drill rigs for mofe.efficient
pipe handling (Ledgenwood '1960). To date none of these systems has gained
widespread use. . .

Currently, however, there is cons1derab]e industry work toward develop-
ment of a commercialized downhole telemetry system (He11hecker, 1975). The
successful development of reliable telemetry systems should greatly decrease
time required for surveying and logging. _Additional advantages of these
systems are that they can permit measurement of downhole drilling parameters,
detection of -incipient bit bearing failures, and early detection of gas
zones that could lead to blowouts.: ’
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Fundamental Dril1ling Research

The state of knowledge of rock/bit tooth interactions has been summarized
above and it can be seen that it is not possible at present to predict the-
effects of all of the pakameters associated with the drilling process. |
Additional work is'nécessaryfto understand the interactions of the parameters
in an actual three-dimensional situation where the hole bottom is irregular,
there are chip removal interactions with rock cutting, bit teeth on different
rows of a singje cone interact, and there are interactions with teeth onA‘
other cones. This involves the kinematics of drilling as well as dynamics
and rock failure considerations. .

~ However, much of the necessary background- theoretical and experimental
work has been done. With adequate effort it should be possible.to develop
a mathematical model of the drilling process by properly modeling the
impbffaﬁt parameters. From such a model (verified by'experiments), it would
then be”poSsible to predict the effects of modifications of bit-design on
drilling rates in different rocks under specified conditions of mud pressures

¢

and properties. .
It is interesting to note that the fundamental understanding of drilling

has not progressed significantly since Ledgerwood published his paper in 1960.
The following quotation from Ledgerwood appears to apply as well today as when
he wrote it:

"In spite of these efforts to discover new and improved

systems, rotary drilling maintains its economic leader-

ship. Undoubtedly, rotary drilling costs will continue

to be reduced by rigid application of the best available

technology and by development of new rotary technology.

In view of the extensive past development programs, ‘

however, significant long-range improvement appears to

be a research, not a development problem. Research

must postulate and prove theories and principles govern-

ing various subsurface rock-failure processes pertinent

to both rotary and new systems. Also, research must.

produce physical and engineering data relative to these

processes. When such information is available, earth

boring will graduate from an art to a science. Major

improvements in rotary drilling can then be expected,

and the systematic evolution of an improved drilling

method can be initiated--with a strong probability for

success." ' _
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Possible Bit Modifications for Drilling Ductile Rocks

Very little work has been published relating to bit modifications for
drilling ductile rocks. Feenstra and Van Leeuwen (1963) reported results
of drilling tests in which the bit nozzles were extended nearer to the hole
bottom. Better chip removal and less "bit,balling" from optimum nozzle
placement can improve drilling perforhance.

~ The brittle-to-ductile transition pressure for a giVen rock depends on
bit-tooth angle; however, a detailed study of the influence of tooth angle,

‘rock properties, and crater geometry on transition pressure has not been

made to the author's knowledge. If the differential pressure at cutting
depth is very high, it is not 1ikely that changing tooth geometry would
cause the rock to fail in a brittle manner.

If the rock is in a truly ductile state, then drilling with a roller—
cone bit having pure rolling contact is ineffective. The author found that
lead could not be drilled effectively with a 1% inch diameter microbit |
that produced pure rolling contact. The microbit teeth indented the lead
but as the bit was rotated the indentations moved to follow the bit-tooth
pattern without actually breaking free any chips that could produce a
drilling action. So-called "soft formation" b1ts have long teeth and cone

offset or skewness to produce some translation as well as roll1ng Ideally,

from a purely drilling action point of view, a very ductile rock could be
dril]edAmore effectively by a drag bit. This type of bit more nearly
simulates the fype of tools used in cutting of ductile metals. In order to
use such bits, wear and "bit balling" problems must be overcome.

From the theoretical studies of ductile rocks a theory of indexing has
been developed. If the bit-tooth spacing and ganf1gurat1on could be des1gned
to take advantage of optimum indexing, greatly -improved drilling action
could occur in ductile rocks. This is not an easy task, however. In order
to develop bits with teeth that produce optimum ihdexing, a comprehensive
study of the kinematics of roller bit drilling action would be required.

Such a study would involve the indexing behavior of the rock, the interaction

of all teeth on all cones, and the rolling and trahslational motion of the
cones. Without such a combined theoretical and experimental effort the present
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‘ state of know]edge of rock/bit tooth 1nteract1on cannot be apphed effectwely
to engineering computatlons involved 1n roller-cone bit design for ductlle

rocks.
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SUMMARY AND CONCLUSIONS

"~ A survey of factors that influence drilling rates in deep holes has

been presented. These factors include bit design, rock behavior and
cuttings removal. In general, drilling rates decrease with depth because
the differential pressure between the mud column and formation fluid causes
increased rock strength and ductility as well as so-called “"chip hold down".
Reduced down hole pressure by drilling with air or water increases the |
drilling rates compared with those obtained using drilling mud. However,
drilling mud is usua]]y necessary to maintain hole stab111ty and control
high pressure formation fluids.

Theoretical and exper1menta1 work relatlng rock/b1t tooth interation
to rock propertles and bit- tooth configuration has been reviewed and drilling
rate equations developed from this theory have been given. These ideal
drilling rate equations provide an ‘upper limit on‘dri1lihg performance.
Actual dri]lihg rates usually fall below the optimum rates because of
inefficient cuttings removal. B | ,
‘ In a discussion of ways of improving dr1111ng performance in deep wells,
it is po1nted out that the overall drilling rate is the most s1gn1f1cant
factor and actual on-bottom drilling frequently occurs less than half of the
operating time because of tr1p‘t1me, logging, surveying, etc. Instantaneous
penetration rates are limited by the amount of power available at the bit
plus the inefficiencies in the drilling process itself. L

Fundamental krowledge of the drilling process is not currently sufficient
to properly model the overall drilling problem; however, from the knowledge ‘
of bit-tooth interaction and indexing a programAcou1d be instituted to study
the kinematics of roller bit drilling. From such a study, it should be .
possible to determine optimum bit-tooth spacing and configuration.

The following list summarizes suggested means for achieving increased
“‘drilling rates in deep wells. ‘
1. Increased overall drilling rates:

a) Deve1opment of reliable downhole telemetry systems w111
decrease non-drilling time requ1red for logging and surveying.
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b) Reduce number of round trips or decrease time required for
round trips by providing longer bit life or more rapid
" replacement of bits.

Development of drilling fluids or fluid systems for faster drilling
can'improve instantaneous pehetration rates. Possibilities include
fluids with delayed filter cake build up at bottom of hole or
concentric pipe with two fluids (one circulating for fast drilling

. and one in outer annulus for hole stability).

. Bit nozzles designed for more effective cuttings removal such

- as extended nozzles near hole bottom could increase instantaneous
penetration rates by overcoming chip hold down.

Drag bits have a greater drilling potential in ductile rocks, but
the wear and "bit balling" problems must be overcome.

Roller bits currently have long teeth and offset cones to produce
drag action for drilling ductile rocks. In order to make use of
the fundamental knowledge currently available, a program cou]d

be instituted to study the kinematics of roller-cone bits combined
with optimum indexing. This work would be aimed at fast drilling
by means of improved bit-tooth configuration and spacing. ‘

86



REFERENCES

Appl, F. C., and Rowley, D. S. (1963) "Drilling Stresses on Drag
Bit Cutting Edges", Proceedings of Fifth Symposium on Rock Mechanics,
University of Minnesota, Pergamon Press, pp. T119-136.

Appl, F. C., Rowley, D. S. and Bridwell, H. C. (1967) Theoretical

" - Analysis of Cutting and Wear of Surface Set Diamond Cutting Tools,

10.

1.

12.

13.

14.

Christensen Diamond Products Co., Salt Lake City, Utah.

. Bailey, J. J. and Dean, R. C. (1967) "Rock Mechanics and the

Evolution of Improved Rock Cutting Methods". In: C. Fairhurst,
(Editor), Failure and Breakage of Rock. A.I.M.E. New York, N. Y.,
pp. 396-409.

Bingham, M. G. (1964) "A New Approach to Intefpreting RdcktDrillability",
0il Gas J., 62, pp. 80-85.

Cheatham, J. B., Jr. (1958) "An Analytical Study of Penetration by a
Single Bit-Tooth", Eighth Annual Drilling and B]asting Symposium,

Cheatham, J. B., Jr. (1963) "Rock-Bit Tooth Fr1ct1on Analys1s".

Society of Petro]eum Engineers Journal, p. 327.

Cheatham, J. B., Jr. (1964) "Indentation Ana1y$i§ for Rock Having a
Parabolic Yield Envelope", Int'l. J. Rock Mech. Min. Sci., Vol. 1,
pp. 431-440. ' _

Cheatham, J. B., Jr., (1968) "Rock Breakage by Crushing,: B]ast1ng, and
Drilling", §491neer1nngeologx, 2, (5), pp. 293-314.

Cheatham, J. B., Jr., (1968) "The Effect of Pressure, Temperature and
Loading Rate of the Mechanical Properties of Rocks", Mechanical
Behavior of Materials Under Dynamic Loads. Ed. by U.S. Lindholm,
Springer-Verlag, New York, pp. 388-401.

Cheatham, J. B., Jr., and Gnirk, P. F. (1966) "The Mechanics of Rock
Failure Associated with Drilling at Depth", Failure and Breakage of

Rock, Ed. by C. Fairhurst, AIME, New York, pp. 410-439.

Cheatham, J. B., Jr., and Pittman, R. W. (1966) "Plastic Limit Analysis
Applied to a Simplified Drilling Problem", Proc. Ist Cong. of Int. Soc.

~ Rock Mech., Lisbon, Vol. 2, pp. 93-97.

Estes, J. C. (1971) "Selecting the Proper Rotary Rock Bit", SPE Reprint
Series No. 6a, pp. 158-166.

Feenstra, R. and Van Leeuwen, J. J. M. (1964) "Full Scale Experiments
on Jets in Impermeable Rock Dr1111ng", SPE Reprint Series No. 6a,
pp. 119-126.

Garnier, A. J., and Van Lingen, N. H. (1959) "Phenomena Affecting
Drilling Rates at Depth", AIME Transactions, 216, pp. 232-239.

87




15.

17.
18.
19.

20.

|
|
2.
22.
' 23.

24.

25.
26.
27.

28.

Gnirk, P. F. (1966) "An Experimental Study of Indexed Single Bit-Tooth
Penetration into Dry Rock at Confining Pressures of 0 to 7500 psi",
Proc. 1st Cong. Int. Soc. Rock Mech., Lisbon, Vol. 2, pp. 121-129.

Gnirk, P. F. and Cheatham, J. B., Jr. (1963) "Indentation Experiments
on Dry Rocks Under Pressure", AIME Transactions, 228, p. I-1031-I-1039.

Gnirk, P. F. and Cheatham, J. B., Jr. (1965) "An Experimental Study of
Single-Tooth Penetrations into Dry Rock at Confining Pressures of 0 to
5000 psi", AIME Transactions, 234, p. 117.

Gnirk, P. F. and Cheatham, J. B., Jr. (1969) "A Theoretical Description
of Rotany Drilling for Idea]ized Down-Hole Bit/Rock Conditions", Soc.
Pet. Engrs. Jour., pp. 443-450.

Gnirk, P. F., and Musselman, J. A. (1967) "An Experimental Study of
Indexed Drill Bit-Tooth Penetrations into Dry Rock Under Confining
Pressure", Jour. Pet. Tech., pp. 1225-1233. .

Gravley, W. (1975) "Drilling Mechanics of On-Shore Wells", Back%round

Papers for a Drilling Technology Workshop, ad Hoc Committee on Technology

of Drilling for Energy Resources, NRC-NAS, Washington, D. C.

Griggs, D., and Handin, J., (1960) "Rock Deformation-A Symposium",
Geol. Soc. Amer. Memoin 79.

Handin J., and Hager, R. V., Jr. (1957) "Experimental Deformation of
Sedimentary Rocks Under Conf1n1ng Pressure: Tests at Room Temperature
on Dry Samples", Bulletin of A.A.P.G., 41, (1) pp. 1-50.

Heilhecker, J. (1975) "Telemetry and Drill-Stem Problems", Background
Papers for a Drilling Technology Workshop, ad Hoc Committee on
Technology of Drilling for Energy Resources, NRC-NAS, Washington, D.C.

Laird, J. B. (1976) "Three Cone Rock Bit Design and Metallurgical
Considerat1ons". SPE Paper No. 5902. Presented at Rock Mountains
Regional Meeting of SPE, Caspar, Wyo., May 11, 1976.

Ledgerwood, L. W. (1960) "Efforts to Develop Improved 0il-Well Drilling
Methods", J. Petrol. Technol., 219, pp. 61-74.

Maurer, W. C. (1962) "The'Perfect-Cleaning' Theory of Rotary Drilling",
AIME Transactions, 225, pp. I-1270-1-1274.

Maurer, w.‘c. (1965) "Bit-Tooth Penetration under Simulated Borehole
Conditions", AIME Transactions, 234, p. [-1433.

Murray, A. S. and Cunningham, R. A. (1955) “Effect of Mud Column
Pressure on Drilling Rates", AIME Transactions, 204, p. 196-205.

88



29.
3.
"32".
33.
34

35.

Musselman, J. A., and Cheatham, J. B., Jr. (1972) "Plane-Strain Chip
:'Formation in Carthage Marble", Basic and Applied Rock Mechanics --

Proc. of 10th Symposium on Rock Mechanics, Ed. by K. E. -Gray, AIME,

New York, pp. 389 408.

National Research Council (1976) “Dr1111ng for Energy Resources
Report by ad Hoc Committee on Technology of Drilling for Energy
Resources, National Academy of Sciences, Washington, D. C. -

Qutmans, H. D. (1960)'"The Effect of Some Drilling Variables on the
Instantaneous Rate of Penetrat1on", AIME Transact1ons 219, PP- 137-
149.

Serdengect1, S. and Boozer, G. D (1961) "The Effects of Straln Rate -
and Temperature on the Behavior of Rocks Subjected to Triaxial

*Compress1on", Proc 4th Symp on Rock Mech., Penn State U., p. 83.

Sikarskie, D. L , and Cheatham, J. B., Jr. (1973) “Penetrat1on

" Problems in Rock Mechanics", Rock Mechan1cs Sympos1um, Ed. D. L.
,S1karsk1e AMD-Vol. 3, ASME New York.

Smith, M. B. (1974) "A Parab011c Yield Cond1t10n for An1sotrop1c
Rocks and Soils", Ph.D. Thesis, Department of Mechanical Engineering,

" Rice University, Houston, Texas

Van Lingen, N. H. (1962) "Bottom Scavenging, a Major Factor Governing

A.Penetration Rates at Depth, Jour. Pet. Tech., p. 187.

89



I. Description of Rock Bit C1asses
(After Estes, 1971)
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II. Brittle-to-Ductile Transition Pressures (ps1) for Dull Bit-Tooth

Indentation
_(After Maurer, 1965)

. Indiana Limestone Berea Sandstone
Pressure, psi Static Impact Static Impact
N Confining (air) : . . . * - o
Hydrostatic (water) * . 250-500 * . 1000-2000

- Differential (mud)  1250-1500 250-500 3000-4000. '1000-2000

® Brittle behavior occurs at all pressures.

I1I. Brittle-to-Duct11e Transition Pressures for Sharp Bit-Tooth

Indentation Under Static Load
(After Cheatham and Gnirk, 1966)

Transition

Rock Pressure, Psi
Salt 250-500
Indiana limestone 500-750
Carthage Marble (limestone) 750-1500
Berea sandstone 2000-2500
Ohio sandstone - 2500
Virginia Greenstone (schist) 2500-3000
Danby marble 4000-5000
Kasota dolomite 5000-6000
Hasmark dolomite ‘ >5000
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IV. Drilltng System Efforts to Improve Drllling Rates
(After Ledgerwood, 1960)

PART 1—ROCK-ATTACK DEVELOPMENTS
(ORILLING RATE AND/OR BIT LIFE)
1. MECHANICAL ROCK ATTACK
A. Emphasis on Force Nor-
mol to Rock
8. Emphasis on Iotooion
" Meons
THERMAL ROCK ATTACK .
. ABRASION-EROSION ROCK
ATTACK -
CHEMICAL ROCK ATTACK
ELECTRIC CURRENT ROCK
ATTACK
6. MAGNETIC FIELD ROCK:
ATTACK
PART IL—EFFORTS NOT RELATED TO ROCK
ATTACK (TRIP TIME)
1. 'RETRACTABLE BITS
2, REELABLE DRILL PIPE
© 3. CONTINUOUS CORING
4. AUTOMATIC RIGS

na we

V. Dates of Inifial Patents Pertaining to "New" Drilling Systems
(After Ledgerwood, 1960)

Flome Dnll o oot 1853°

Bottom Mole Rotory Hydmuhc Molor +=-oeer 1873
Electric Arc (British Patent) ---o-cooeevieereens 1874
Coanventional Rotary ---++-- -+ - 1084
Chemicals 1o Soften Rock - - 1887

Bottom Hole Electric Percussor -+ - 1890
Bottom Hole Eleciric Motor -+ o0 1891
Bottom Mole Mydraulic Percussor -+ 1900
Retractoble Bit & Bottom Hole Movor - 1902

Reeloble Drill Pipe- - coovverre coetienniinn
Abrosive Loden Jots -oceeriemniiiininnnn
Shoped Explosive Charge
Pellet Impact Drill -+oovvmevvimiemeininis,
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1. DeVelopment History of Rotary Rock Bits (after Estes, 1961)

DIRECTION OF ROTATION

2. Cone Offset of Roller Cone Bit (after’Léird, 1976)
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FLANK WEARS LESS RAPIOLY STEEL TEETH
THAN STELL OM LEADING FLANK  $MOULD CHiP AWAY

3. Hear of Se1f¥Sharpen1ng Bit Teeth (after Estes, 1971)
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4. Tooth-design Variations for Different Bit Types (after Estes, 1971)
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5. Cone Offsets and Bearing Capacities of Dif i
(after Estes, 1971) of Different Bit Types

'CLASS 5-3 INSERT BIT CLASS 14 STEEL CUTTER BIT
(50% UNCUT BOTTOM) (30% UNCUT BOTTOM)

SEms - FORMATION UNCUT
BY CRUSHING ACTIiON

(LINES. REPRESENT A VERTICAL SECTION SHOWING JOURNAL
ANGLE, HORIZONTAL PLANE, AND BOTTOM HOLE PROFILE)
Uncut Hole Bottom for Hard and Soft Formation B1ts (after Estes, 1971)
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7. Drilling Action of ‘Bit Teeth (after Sikarskie and Cheatham, 1973)
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10. Strength and Ductility of Solenhofen Limestone at Various Confining

Pressures as Functions of Strain Rate (&) and Absolute Temperature (T)
. (after Serdengecti and Boozer, 1961) '
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11. Effects of Bottom-Hole Pressure on Threshold Force and Crater Volume
for Dull-Tooth Indentation of Berea Sandstone (after Maurer, 1965)
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12. Effects of Confining Pressure and Loading Rate on Force-Peﬁétrzt1on

 Curves for Indiana Limestone (after Maurer, 1965)
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13. Force-Penetration Curves for Berea Séndstone at Various C6nfining'

Pressures for Sharp 60° Bit-Tooth
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for Berea Sandstone at :I,‘OOO psi Conf
h Angles (after Cheatham and Gnirk,
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15. Correlation Between the Mode of Rock Failure for Sharp Bit Tooth
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Cheatham and Gnirk 1965)."
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16. Model of Sharp Bit-Tooth Penetration into Brittle Rock (after Sikarskie
and Cheatham, 1973)
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17. Actual Force-Penetration Curve for Brittle Rock Compared with Idealized
Constant Load Test and Constant Rate Test (after Sikarskie and Cheatham,

1973) |
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20. Plastic Slip-Line Field for Sha

Rock (after Cheatham, 1963)

rp Bit-Tooth Penetration of Ductile
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27. General Plot for the Power of Dissipatidh Corresponding to a Flat
Punch and Rock with an Angle of Internal Friction of 30° (after
Cheatham and Pittman, 1966) B .
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(B) IDEALIZED INDEXING PROBLEM

28. ldealized Indexing Experiments (after Musselman and Cheatham, 1972)

106



oL

g

20 . Carthoge Morble‘ "
] 178" X 172" fiat punch
o ai=60‘?: » P32500
6T ~ [1=10w
A ‘ . 4w
7 o | 3w
S Y S s
Force A' 2w
(10%1b) _- Y/ i
8 | . .
(0] 005 Cil
Penetration , (in.) |
29,

Force-Penetration Curves for Indexing Experiments on Carthage Marble

(after Musselman and Cheatham, 1972)




| 6 Carthage Marble
o | 178" X 172" flat punch

‘  a=60° S
L | 2500 psi

| / Theoretical (corrected)
lr | ([ 5000psi

2 s 2 PO T | s 4 , 3 PO S |

L 4 6 8 10 12:-- o
| 1/w | |

DIMENSIONLESS FORCE — INDEXING DISTANCE.

30. Comparison of Experimental Indexing Resuits for-'Carthage Marble with
gg;gt);latmns Corrgcted for End Effects (after Musselman and Cheatham,

108



31. Comparison of Actual Failure Path with Path Predicted by Theory
(Musselman and Cheatham, 1972) - :
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THE LITHOLOGY AND PHYSICAL PROPERTIES OF
" DEEP OIL AND GAS RESERVOIR ROCKS

A TOPICAL REPORT
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~ ABSTRACT

A program to select formations representative of rock dr111ed during
the exp]orat1on and- explo1tat1on of deep o0il and gas reservoirs was conducted.
"The lithology, mechanical and physical properties, geo]ogic structure and
phys1cal cond1t1ons of the formations penetrated during deep drilling were
' 1nvestlgated. Cand1date rock types were col]ected and the1r phys1cal and
mechan1ca1 properties determined. On the basis of this study, representative :
rocks of a variety of 11tholog1es 1nclud1ng -sandstones, shales and

carbonates (11mestone and dolomite) were selected for th1s dr1111ng program
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INTRODUCTION

 In order to obtain rock sahples for.thé ERDA Drilling Optimization
Program that realistically simulate those in deep reservoirs, a study was
performed to determine the 1ithology, struéture, physical and mechanical
properties of rock ffoh major oil and gas fields inAthe continental United
- States. The important properties affecting drilling process included . “
porésity, density, and strength. The physical conditions at reservoir
depths were investigatéd and include bressure. temperature and the chemistry
of pore fluids. ‘ |

The major oil and gas fields in the United'States included in this
study were those with oil and/or gas producfion at depths of 10,000 feet
or greatef. These included 1) the mid-continent area, Oklahoma and Texas, |
2) the west Texas aréé, 3) the Gulf Coast area and 4) the Rocky Mountain
area.

Qn the basis of data obtained from these deep oil'and gas fields a list
of candidate rock types of appropriate lithologies was se]ected.fdr use in
the program. The final se]ection of the rock types used in the program
.was based on their évai]abi]ity and suitability as representative of lithologies

_occurring in deep oil and gas fields.
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DEEP RESERVOIRS o

Petroleum Provinces

Petroleum and natural gas provinces having deep‘reservoirs'are loééted
in §everal areas in the continental United States. For tﬁe purpose of thfs
study deepfreservqirs are defined as those with deﬁths of 10,000 feet or
.greater. While several areas were given initia1 cpnsideration'for study,
four major fieldsAweré se]ected for'detailed analysis. Thesé are 1) Mid-
continent field, Texas and Ok]ahbmﬁg_Z) wést Texas field, 3) Gulf Coast
field,'Texas, Louisiana and Mississippi and 4) the Rocky Mountain field,
Colorado, Utah and Wyoming. The lithology'and matefia1 properties of the
formatfons in both the reservoir and rock penetrated above the reservoir -
will be discussed in detail. In addition, the geologiﬁ struéture wiT]
play an important’rolé in drillfng. 1Th¢vphysfca1 conditions at depth
including pressure, temperature and the chemistry of the fluids at depth were
also considered. The object of this study is to delineate the»basic'rock |
typés and physica] conditions that are encountered during deep drilling

~ for the production of oil and gas.
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Mid-Continent Field

The mid-continent field in Oklahoma and Texas consists of a series of
basins lying to the north of the Ouchita Mountains, W1tchita.Mounta1ns.and

Amarillo Uplift!.

The producino zones, in places, are located at depths

. up to 30;000 feet in some areas of the Anadarko Basin, Arkoma Basin and
Da]hardt Basin (Figure 1). Production from oil'and gas from these deep
basins has been significant over the past several years. Cross sections of-:
the Anadarko Basin (Figures 2 and 3) and the Dalhardt Basin (Figure 4) show
wells that have penetrated the Cambrian Arbuckle dolomite at depths of
greatef than'20.000‘feet. The world's retord Lone Star Producing, Baden

No. 1, 31,441 feet deep, was drilled in 1974. The formations penetrated

in these deep wells consist mostly of limestone, sandstone and dolomite with
only minor shale. The deep reservoir strata, the Simpson and Arbuckle
formations, consist of sandstone and dolomite, respectively,-while production
from the upper part of the section consists primarfly of limestone as exemplified
by the Chester and Pre-Chester Mississippian formetions and sandstone-shale

~ sequences exemplified by the MorrowlFormation. Future potential oil and

gas fields in the area of the Anadarko Basin and surrounding areas are shown
in Table I and illustrate that producing zones range in age from the Cambrian
| Arbuckle dolomite in the deep bas1n up through the Morrow sandstone located
on the basin she]f to the Leonardian sandstone at shallow depths. These
potential reserves are found in both structural and stratigraphic traps. Table
I1 shows reservoir rocks of varying lithologies ‘that have been tested by
Terra Tek. The shales and sandstones from the Atoka and Morrow formations
from depths of 14,000 to 18,500 feet have porosity in range between 3.0 and
7.3 percent. The porosity in the limestone and dolomite units at great

depth wi]l,primarily be fracture porosity rather than pore porosity unless
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these carbonates are of a highly vuggy nature. The strengths of the‘

-reservo1r rocks from the Mid-continent and Rocky Mountain f1e1ds 1nd1cate
that strength varies s1gn1f1cant1y depend1ng on parameters such as poros1ty,.:
the composition of the matrix, and the composition of the cement (see

Figure 5). ‘It appears that representat1ve rocks from the Mid- cont1nent
field are- well 1ndurated sandstones, limestones and do]om1tes with m1nor

shales.
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Future Potential 0il and Gas Areas

i

2t & Missounan

PYes mesian & Atokan

\Marrowan (s

Chostoran o s,

NICRUOT (S8

Pro-0 hosteran Miss, oy,

ol )

n & Valtcuapin

Frospective Arca’s:
N, Anacarko basin
N Aradarko sheit

R

~. Anadarko batin yss.

Anadirho sholf ols-ss. e

L. Aank Nemaha ddee and

Seminole arch (sso

Anadarko basin shelf
and deep basin
Seniznole arch

~ Amadarko shelf

N, Anadatko basin
Anadarkoe shelf

Anadarko shelf and
» basn

Anadarko shelf
Sennncie anh

W Anadarko ahwit and
decp banin
Sennnobe arch

Deep Anadarko basin
Seannole arch

Tupe Trep

Structural

Strict, & strat,

Structural

Stratigraphic

Stratigraphic
Structural
Stratigraphic
Struct. & strat.
Fract. reservorr

Structurad &
stratigraphic

Strecturad

Stonctural

Structural &

DOys. strat.

Ol or
Gus

Qil

Gas. oail

Qil
Gas
Oil
Gas
Cas, oil
!

Gus, oil
il
Gas, ol

Qil

Gas
Ol

Inimiticant potential s ore than ‘25. million bbl ot oil or 500 billion (u ft of gus.

125

Estimate of
Potentinl

Insignificant
Suznificant 6.

Insiunmifi
Insigmificant «ss, -

antooae.

Significant <.
Sizniticant (s
Insignificant (<50

Significant

Insignificant
Insignificant
Significant

Insigmificant

Siunficun®

nt

Insigmifi

Stenificant

Insisificant

Insicriticant - sthuct
Posubly sizmiticant israt




9¢l

5 s N ey ALy . -
- ™ N . .
e . : \ . 6 - A S
ey 5; EL D75 itoest frorayy ' P, Bt ot i3 Lo EL 999
L SMLZE oy aeal oy .
o TSR . vt
= X i i - . . . ' ' .
S ' S P ; i | 3
=5 - =—DATUN=S5LA=LFVEL +— +=— -~
:EI RUNE . g B ' i l
a5 A : } i !
R B (e R RTHEY UL I : P o :
I ) SO i ; : L r anacttel
O " | { N
o ‘ l‘ [~ | . e « % : : x : : xox
o |Z: . t) o . Lot rorox
<t|<ii BTy J .‘*’;“'- B . L "
-_— sats L e . - . [
oz I SR s st O SW-—NE
B 5 T n Lo "" I3
ﬂ > . o s e 2y DIAGRAMMATIC CROSS SECTION
T o iE : A ACROSS
P = ¢ PR
=i8 g gt ANADARKO BASIN
N vt SHOWING
. g v STRUCTURAL CONFIGURATION
! =1 09,
U SUN DN O AND
K =] B PO e . STRATIGRAPHY
< SIE {7 T CITHOLGGY or ~
‘% ; 2 vaq‘ A . ’ w . oCOfFwin
<T g ; : . oA ezt PRI At
> 6 - “ KN
w 3 © 2 '
2 z e e -
x = P RN “a 'Y TN P S YIETY S I IR Y
ok ?”f-m;sﬂ“ “q’.\q‘ B . )
T SR B BN R STATF OF 0¥ LAMUMA
= | : my:l\i", Ay 1 * - . . .
8 - R ‘ . T Com. IR ] ]
- ’ ‘9 . i
Wl " v i
a ! o= 4 ! . LI Co
—’(;,I .r:,“ “ » ) . L N i
Lpd St LA 1 35-9N-ITW PHILLIPS 50 1 RESHIR "A" WASHITA €O T M
=3 (A 2 24-11H-15W PHILLIFS MO t FLEMING A" WASHITA () s - S
x ! o, 3 5-1ZN-8W Z1i'ES SEHVICE NO | PORTER B LANAD AN U0 ARG : .
2 5 © 4 1S-17TN-SW TEXALD ND | ASH KINGFISHER CO LGS SN NEIIN
7 'g : S 33 2(N-5W SINGLAIR MO | LOVELL GARFIELD €7 - P |
;< ! e 6 19-22N-3W HONi YMON 8 WALKER N 1 CPEWS GAREIHLD £ P . '
N et 7 8-25H-2E CONOCO NO | BRITT A" KAY CO N 2 |
- » 8 7 PAN-2E MARPER & TuRNLR NO | SCRULSSLER KAY () v : , I
V= 96 PEN B PriiLIPu I o07 R BUREANK UNMIT 0515E 00 TR L e :
' . LU LAWY =
: f_;’_, ' ~ .L"_U ,..,\_\_,,.,W L
| & X
; oo A S AR A e |
)

Figure 2. Diagrammatic cross section of the Anadarkg Basin showing
‘ structural configuration and stratigraphy‘.




XA

CANADIAN  RIVER

- . VaLLEY

. 0GALLACA ™. ™ -

=~ . seww e~ GUADALUPE

AMARILLO  UPLIFT

ROBERTS Co Tar

CMAY Co Tox

o EICE IE}

Sl
TonesN L
rag-Cnesten’

€ sres
T |

fIBFITS 1o Ten
SORLOREE o

E UIMESTONE

T72) covoune

23 cvesen

‘ APHYEMIYT,

[ sau

: d e

Figure 3.

LN o)

7
o237y

B L
. o1
WOLFCAMP

R —
= wissouRt

e

.

t P—
b e

T
. !

Secpaey

I

Paenier- [N
] ;}
h
":x'-'v g '
i TEYAS
Lomar

RAN3AY

Ces 221 T
T INAR s Sperves

‘ Saseme v
" Fearaure

£23

L ¢
LwkPD Co Koy

OXLA®OMAS

ALrFR

E: GRALITE WasdH
l":_‘ GRANITE

Diagrammatic cross_section of Anadarko Basin in Texas and

Oklahoma panhand]e].

i
]
1
4

TTiaT] SYSTEM
1]

z

2

b

x

3
<
x
o
<

—t
3
-]

PR

'Al

>

b

2

f

3

a

b

4

Y

L

z

L

8%

1%

92

N

e

f‘lh

x

o
®
2

o |«

>l

a

3

2|

T

<

n

]

k]

i

i

.

i3




8el

Figure 4.

and stratigraphy<.

Diagrammatic crois section of Dalhardt Basin in Texas showing structure

. ' ? 3 . 3
,‘? Frew 4969 e, ag o ter 287D G 3838 | {;
34 .
b E E ]
B K —— w14
PR T e e .
H : LJduRASTIE - Foeet St £l
— . HH
& ‘s's,F---.—--_~.= C e - ) § v
.’;-T_:—_;:’_,-.'fl“eﬂtyp/:;_‘,]-‘ ARy —r 7,7 ’ "l:'_’ l_”l s ”4"" AR N
: \ \V«“\“"\‘-‘ A P IRPEITIaOS Do easeAXII M CION XY ~ . el
AN N\ N N\ e e F o NN \) \
2 &&gﬁ&N&%N&&&&h\xﬁw.:\1\>W‘ A AR R R
«| X . PR A1 \ \.\\\\ A\ nl}}l‘ ¢ t\l‘x\ i g 7 7 4 AN A A . . z
al s . LEONAR : B R X Al AARS e e Il e T T 3
«|& L e N S i AR St 2 = . . &
- d - ¢ e Jo - .. . w
o] = 1 ) f i TG L0y R ppyasyira st LEONARD /7// /111712 1477 °
: g R RII, ) YAl (i n/r T LEgNARD, iierid <
3 . . —_ .7
Sariiiais IUSUEEO NI gy | 12
LAY e : s
P AXIACI AL . -
SpOvLo B0 R o B = e <
;’.*’“SJ':.‘?:: A H
0! 050000 %% d s ES] -
foaes e PRI Aoy gl ot e z
o1y Lo g
A P | 1 B X
; u' bt SR ,_lt.r.'r
H I TUM - SEA LEVEL == S
il = R
ol L ¢ VIRGIL- MISSURY | )
E ©g ! et
) LI L ~ "
& topd ', 0€ES MOINES SAToRA L ! m
5° L I S N T -
_ ' . 3
[~ -
80
) TEXACO 1-Cap1a? Froohey s
2 CONTINEWTAL 7-Witks = L = = g
3 PURE . /- Fodw Lend Bent e A T e ey %
o HUMBLE /- Bob %’_‘z—é{ “‘:,\' 5 §
8 INO /- Bryee L e =z é = (S g 3
| "
. ' I
g
= " '
:|§ |
b els
gl 2'%
- «]®
i :F
3 sia
31 umestone (777 cresum (DTS sacr G sawo T Eoaa) GRANITE wasn
=2 voromite ANHYOMITE ) swae SAND L CONZLCMENATE oraNITE




Lithology and Porosity of Reservoir Rocks

‘-';Rock Type

: ;Shale

| Sandstone
Shale

Sandstone
Sandstone
- Sandstone
Sandstone
Sandstone

Csitty
sandstone

Sandstone

Limestone and

dolomite

Do]omite'>

Limestone

TABLE 11

Formation

Atoka
Morrow
Morrow

Lance

Lance

Muddy J
Fort Union

Mesa Verde

. Mesa Verde 

Mesa Verde

Ellenberger

Beekmantown

Smackover

Depth (ft)

14,616
17,982
18,490
10,812
8,995
7,978

6016-6032

6795-6797
6,838

6,263
Outcrop

11,945

© 8000-20,000
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3,4

Porosity (%)

- 3.2

3.0
7.3
8.6
5.7
9.5

.4-7.9

.8-8.2
1.8

13.7
3.0

0.4
5-30 -




west Texas Fie]d

The West Texas gas and.oil field contains severa] basins which have
produced vast quantities of oil and gas. In particular, the Central Basin
Platform, the Midland and Delaware Basins (Figure 6)5. Iypicél sections |
of the rocks penetrated are §hown in Figurés 7 and 85’6; ‘Figure 7 is a
composite log from several wells in the'Keystbne Field shdﬁihg the comp]ete
stratigraphic section from the Permian to top of the Precambrian. The
Ellenburger dolomite located at a depth of 10,100 feet in Figure 7 |
(Keystone Fie1d) and at a depth of greater than 13,500 feet in Figure
8 (Pegasus F1e1d) is one of the . primary reservoir ‘rocks. Production
in both of these fields is primarily from 1imes tones and dolomites w1th
minor reservoirs occurring in sandstones. ‘Structural traps dom1nate :
the Keystone Field. Most of the traps are associated with anticlina]
folding, sometimes terminated by fauiting as exemplified by the Ellenburger
dolomite reserVoirs. 0ccasionélly stratigraphic traps are present as
exemplified by some of the Wolfcampian rocks. A structure cross_section
(Figure 9) for thg Keystone illustrates tﬁe relatively simple stfu;ture
found in the West Texas area®. Note that in both of theSé sections (Figures
7 and 8) the ]argeAfootage of carbonate rock (1imestone ‘and dolomite)
penetrated during drilling. 1In fact. only a small portion of the section
consists of sandstones, shales and evaporites. Figure 10 is a composite
section from a Verhalen.field in the Delaware Basin sth};g a higher percentage
of-élastic rocks and a lower percentage of carbgpate rocks7. The Verhalen
field has had only marginal production and ié'lbcatéd at the southwest edge
of the Delaware Basin. This secfion is highef in the stratigraphic column

than the rocks in the Keystone and Pegasus fields with only the Permian

and Pennsylvanian formations penetrated. Production is from the permeable
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stratigraphic section, Keystone field, west Texass.
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Composite section from Pegasus field, west Texas.
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Wolfcampian series. at depths on the order of 10,000 feet. The Pennsylvanian

shale and sandstone sequence in thlS area was not productive.

In summary, the primary lithologies penetrated in the West Texas Basin
are dominated by carbonates consisting of dolomites and limestones. A
representat1ve samp]e of the deep wells drllled is given ln Tab]e IIl, and
,Apressures and temperatures encountered in producing zones in deep we]]scln_'
- Table IV;"Pressures aupear to be subhydrostatic with initiaj pressures of
5668 psi'noted at 12,500~to 13,000 feet in the Pegasus Field and pressures
of 4664 psi at 11,800 feet in the'DeepARock Field. The\temberature of
these deep wells are low, less than 160° F in all cases studied A well
greater than 30, 000 feet in depth has been dr111ed into the E]]enburger
dolomite in West Texas. Limestones and do]omltes would certainly be
ﬂrepresentative of the rock types found in the West Texas area. Some clastic
rock, shales and sandstones, as well as euaporite deposits, are also

penetrated in the West Texas area.
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TABLE ITI

Key Well Summary, West Texas Area

#23-118 Windham

Company Lease County Total Depth
Gulf 0i1 Cofporatioh #1 John Haggard | Roberts 12,597
Gulf 01 Corporation | #1 McElroy-State | Upton 12,762
Gulf 0i1 Corporation | #1 Mitchell | Presidio 15,996
' Bros.--State
Gulf 0il Corpdration #1-E Porter "A" Lipscomb 14,278
Gulf 0i1 Corporation | #1-E State "AM" | Andrews 12,924
Humble 0i1 .& #1 Miller Collin 11,407
Refining Company
Maghb1ia Petroleum #1 Nobles Mid]and' . 13,538
Company - '
Magnolia Petroleum #2-A Windham Midland 13,099
Company : ;
Phillips Petroleum | #1 Glenna Pecos 14,522
Company
Phillips Petroleum #1 Wilson Val Verde 16,456
- Company : '
Richardson &/Bass #1 Federal-Cobb | Eddy, N.M. 16,469
The Superior 0il- #1-36-A Andrews 12,637
Company University
Wilshire 0i1 Company .#14-130 McElroy | Upton 12,235
Wilshire 0il1 Company Upton 12,868
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- TABLE IV

Reservoir Data from West Texas Fields -

Field Formation | Lfthqlogy Depth Pressure (i)] Pressure~(p)2‘ Temb;° (F)

Dollarhide | Fusselman Dolomi te 8700 3555 A
Ellenburger Dolomite | 10,300 3630 2730

Keys tone Devonian Limestone | 7800 3388 - 125
Fusselman : ijestone 8200 3377 i - 120
McKee "Sandstone ; .- 9500 4128 j - 140
‘Ellenburger | Dolomite | 10,300 . 4283 j - 145 .

Pegasus Bend Limestone |10,300 | 4567 3000 -
Ellenburger | Dolomite |12,500-| 5668 3600°

T 13,300
Shafter: Lake | Shafter Lake Dolomite 6900 2210 - 108
. : (Sandy) .
Deep Rock | Wolfcamp | | Limestone 8400 3414 - 125,
7" | pennsyivanian | Limestone | 8700 2825 - 127
| vevonian Limestone | 9600 4200 - 135.

Ellenburger | Dolomite |11,800 | 4664 - 152

1. fnitial pressure in reservoir (psi)

. 2. Pressure at time of publlcatlon (1955).

3. Reinjectuon at 3500 psi @ 13,000 feet was a record (1955)




Gulf Coast Field

Production of 0il and gas from deep wells in the Gulf Coast aréa comes
primarily.from.the Upper Jurassic clastic section (Haynesville and.Schuler
'formétions) and’the Tower Jurassic. Smackover limestone formation (Figure
,]]9)' The structure contour map on the top of the Smackover formation shows
that depths 15,000 to 20,000 feet are required to reach the top of the

formation in central Louisiana, Mississippi and Texas (Figure 12). The
lifhology of the producing zones in the Smackover formation is dominated by -~
carbonate material consisting of dense limestones, oolitic carbonates and
mixed carbonates (Figure 13)9.' In some .areas of the northeastern Louisiana
and Mississippi the lithology is'mixed'tarbonatég and clastics.

Holes are now being drilled in the western Gulf Basin thrﬂugh the
Jurassic section ihto pre-Jurassic’fohmationslo."TheSe déép"holes;_drilled‘
to depths as great as 20,000 feet,.have pentrated lower Pélédzbic formatfons
(Table V). Other shallower wells have penetrated JUras$i¢~and upper
“Paleozoic units. Cross sections in Arkansas and Southern Louisiana and™

Southeast Mississippi (Figures 14a and 14b) show the location of the Smackover

lime and underlying Louann evaporite'deposits composed of salt-and anhydrite. . -

The lithologies penetrated in the Gulf Coast area wil]’tonsist‘of'a‘significant
Section ofisha1e in the upper part of the $ection.' These shales, because’
of high montmori1lonite content, are responsible for borehole stability
prdblems]]’lz. '

The porosit{es and deﬁsities of:these'reservoir'rOCks vary over a wide
range. The Smackover reservoir rock, for example, has .porosity ranging ffomA
5 to 30 percent and permeabilities ranging from 2 to 14QOkmd9.

In summary, based on the gehéra] Tithology of the section found in the

Gulf Coast area, large sections of sandstone, shale and porous 1imestone
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will be representative for some of the very deep sections. Evaporite deposits

of salt and anhydrite also comprise a portion part of the section.
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Key Well Summary, West Gulf Pre-Jurassic Basin

TABLE V

10

55

WELL NAME

TOP (FT.)
PRE-JURASSIC

TOTAL
DEPTH (FT.)

- .

O & GO L s

 Humbie, Banders School Land No. |

Mobdil, Byme No. 1

Pan Am., Buerger No. §
Magnolis, M:Kinley No. 1
Pagenkop!, Blum No. 1
Mobil, Bundick No. 1 .
Texas Gulf Sulphur, Bakes No. |
Cockburn, Buie No. 1
Stanolind, Norvis No. |
Humtle, Masdervy No. |
Humbte, Geiges No |
Humble, Calfee No )

Placid, Duan No. 2

Humble, Johrson No. 1

Amesada, Stnckland No. )

Humbdle, Angeling Lumber No. B-1"

Humble, Roystoa No. }

Stanokad, Dillon Hews No. 131
Humble, Georgia Pacific Corp. No. |

Uruon, Tersas Delta No A- )
Shell, Barrett No. §

13,462(-12553)

15,708 (-14.959)*
16,528 (-15,88))"
11,910 (-11,296)

4380 (- 3867

10,500 (~10,100)
9,302(~ 8.857)
5,980 (- 5,578)

© 9,892(~ 9.364)

13,266 (-12.807)

9,134 (- 8.80%) .

9,608 (- 9,232)
13,840(-13.516)
13,820(-13.319

11,715 (-11.382)
12,780 (-17,325)

1.832(- 1,360

11,408 (-11.16D)
7756 (- 7630

9,220 (- 9.149)
3,904 (- 3.320)

13,869

16,152
17,483
11,951
7497
14,288
12,59
7,048
9.950
13,598
10,527
11012
14,283
16,824

1253
12829

10,338

1aee
16,610

10475
20,310

144

Jur.(?) red beds on metavolcanics at TD (Flawa &t

o)., 1961).

TD in intdd. red bds and Lava flows-Triassic (N

Juz. on Trassic (?) red bds and basalt. .

Jus. gravels on phics. Pebbles contain fusulinids.
Cret on Perruan red beds. ’

Cret. on Triassic (?) red beds. No palynology.

Triassic on non-folded red deds, on Quachita metased.
Jurasuc on Triastic vasriegated shales N
Werner on Triassic (*) red beds. No palynology.

Jurassic on Triastic (?) red beds with igneous flows.
Jurassic on Triassic (?) red beds~TD in red beds:
Same-both tests drilled along Talco fault zone. .
Werner on Pernuan (7) red beds.

Werner on Permian (%) 1cd beds. Perm. alluvial on
“flysch* st 15,600.

Wezner on gneous. Drilled 818 f1. diabdase to TD.

Acc. to Humble, TD is about SO ft. below base Lovann
alt.

Penet. 6968 (1. Triassic red beds. Top Palsozoic at 8,800
fi. .

Wemner anhvdsite on diabase.. .
Penet 1,896 ft. Triamic rod beds, 7,258 fi. uadifl
Paleozoi:

Jurassic on marine, Mid Pean.-Pam., Morehouse fm.

6,050 ft. L. Paleoz. meta—carb b h i
Ouachitas,
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Rocky Mountain Area

" The deep o0il and gas fields in the Rocky Mbuntain area researched in
this study consisted of the Piceance Basin, UintévBasin (Figure ]513) and
the area associated with the Wyoming thrust belt (Figure 16]4). The deep
fields located in the Uinta Basin are the Bluebell, Rooseve]t and Duchesne,
fields. A schemat1c cross section of the area shows the general structure
of the bas1n filled with clastic units dipping off the Precambr1an U1nta

13).

Mountains‘(Figure 17a Production of 0il and gas‘occurs“throughqut

the section (Figure 17b13).

Wells in the Uinta Basin have been drilled to
4a depth of greater than 17,000 feet nhere deep Pennsylvania sandstoneé
and quartzites éomprise-the Tower reservoir rocks]3. In Wyoming thrust belt
ar-ea]4 one of the principal reservoir rocks is the Nugget sandstone which
varies in lithology from a relatively porous sandstone withvporosity of
10 percent to a highly quartzitic sandstone with low porosity and pelr'meabi]ity]5
Examination of a core from 22,000 feet in Wyoming shows the Nugget to be
very dénse and impermeable. A schematic section in western Wyoming
illustrates the inbricate‘nature of the. thrust faults.and the repeated
sections (Figure 18). It is antinipated that wells will be drilled below
14,500 feet beneath the Absorka Thrust and~§ignificant1y déeper‘for tests
of the Cretaceous Frontier formation beneath the Darby Thrust;

" In summary, wells in the area have been drilled to depth§ of 22,000
‘feet through thick sections of b]aétic material. Some of thé deeper wells

16

for this area are summanized in Table V Some of the reservoir rocks

from the Uinta and Piceance basin are also shown in Table VI.
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State

Wyoming
Wyoming
Wyoming

Wyoming

¢St

Wyoming

Wyoming

Wyoming -

Idaho

Utah

- summary of Deep Wells,

Well Name

Phillips, For A-1

Carter, Meridian Ridge 1
Belfer, Dry Piney Unit 4
Mobil, Tip Top Unit 22-19

Mt. Fuel, Dead]ine_Ridge 1

G. P. Gout 43-19

Mobi1, Camp Davis R-22-3G

Phillips Dewey 1

Ohio 011 Co.; Wilde 1

TABLE VI

Rocky Mountain Area, Utah and Wyoming

Total Depth -
17,345

14,397
J1,474'
15,435
12,605

14,720
13,336
12,i20
11,444

Term Formation

Oldest Formation
Tested

Triassic-Nugget

Sands tone

Cret-Jurassic
Cannett Formation

Triassic-Nugget
Sandstone

Cambrian-
Gallatin

Triassic-Nugget
Sandstone

Penn. Weber-Wells
Jurassic-Cannett
Missz—UndividedA

Jurassic-Twin.
Creek Formation

Cambrian-Park
Formation °

CEet-Jurassic_
Cannet Formation

Canbriam-Death-

~ Canyon Formation

Cambrian-Gros
Ventre

Cambrian-Death

"~ Canyon

Penn. Weberfwe]ls
Cambrian Gallatin
Miss.-Undivided

Jurassic-Twin
Creek Formation




CANDIDATE ROCK TYPES

The candidate rocks for the drilling optimization program were selected
- oon the basis of the rock types found in deep oil and gas field reservoirs.
In summary, the rock types representing a.large percentage of the

footage found in these deep reservoir areas cons1sted of sandstones,
carbonates,'both 1imestones and do]omites, and shales. Typical porosities
‘of some of these rocks are out]ined in Table I. The compressibi]ities of
typ1cal reservoir rocks in general as a funct1on of poros1ty are g1ven in
Figures 19a and 19b]7. Limestone and sandstone reservoir rocks range in
porosityvfrom‘Z to approximate1y 14 percent and from 4 to 30 percent,
respective]y.' The higher-porosity reservoir_rocks are genere]ly from shallow
depths. The porosities from deep reservoir sandstones range between

3 and approximately 1] percent for sandstones3.

On the basis of our findings, candidate sandstones, shales, limestones
and dolomites were sought and evaluafed. The final candidate list is shown
in Table VII with a summary of the material properties for thesevrocks. A
.more desailed presentation of the physical and mechanical properties of these
rocks will be presented in enother report. The candidate rock typesAwithin
_each rock type were chosen based en criteria relevant to the drilling
process. The similarity in properties indicate that the rocks chosen are
representative.of the material to be found at depth. wé, of courseedhadl
constraints, in that samples required for the program needed to be blocks .
approximately 1 meter on a side. Therefore, it was‘necessary that these

rocks be obtained in large quantities from quarry locations or excavation

sites. The final selection of rock types include the following media:
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\

Colton sandstone with a porosity of 10.8 percent was chosen as a
greywacke typical of deep reservoir rocks. This rock was similar

in physica]land mechanical propertieé to typical deep reservoir
rocks such as the Morrow and Atoka formations in the deep Mid- t
Continent basins, and s1m11ar to the Lance. formation (Table I) found

1
in deep gas reservo1rs in western Wyoming 8

‘The Mancos shale was chosen because of its similarity to the Gu]f

Coast shales which present very difficult .drilling problems. ‘It was
é]so similar to the Atoka shales found in the Mid-Continent basins.

Burlington limestone was selected because it was representative of the

limestones found in Mid-Continent basins. In fact, this Mississippian

limestone correlates well with the Mississippién limestones found in

the basins of Oklahoma ahd west Texas. The density, porosity and
strength correlate well with existing data from the oil patch.

The Bonneterre dolomite was selected as being representative of the
dolomitic rocks from thé deep reservoir rocks found fn the Mid-Continent
and west Texas areas as exemplified by the E]lenbergef and Arbuckle

formations. The strengths, densities and porosities are similar.

154




!
|

{Change in pore vclume/umi pore volume/psi) .

>

=

E2)

A

o

13

g

o

S v -

x o ‘ - r : O

o .

By =TT e || s
4 | | 9 i ; : R < o‘pe:g-“w °°0_

2 K ; : ) | B l H Woo O‘Q

= Lo | , l P AT

> .

] 2 - ' i e ’

< T Lo ‘

. ! ‘ ; - ' — o Limestone ; ,

! : P | ] ! e Sondstone |
. ' : o o ' : . | ! )
O-I 2 4 € 8 o 12 14 16 18 20 22 24 &6

Pcrosity — percent

F'igur"e 19a. Effective compressibi]i'ty as a_function of porosity
. for a.group of reservoir rocks

-
§ e { v Limesione
€ . l @ Sondstone .
2 7 —r i—‘ @ Sondstonc 41—
> X _(Bureou of Mines dotc)
o [ 4 ,.-._.,_._ — W
¢t ° ' bl
sz 5 . I
o
% l |
- i
g g o 4 66 \05“‘“ 'b'\(\c é“c
9 3 reet A ‘Nooo . e
v o 9 - { X Jcot\‘ion I ﬁ — = = O
4 9 4 1 T ' K '
5 x elo 8 oPoalo pinto | @ 40 e
e Qre oft% oo -0 i '90 b‘ \f\
23 of-werdieoy ‘O'J\\o T 1970 o0 oo
E ¢ e
o " [}
- -8 . I
€
(-]
&
e

°o 2 4 6 8 1D 12 14 16 18 20 22 24Azs 28 30 32

Porosity — percent

Figure 19b. Formation compaction as a function of‘porositym.

155



961

Rock Type

Sandstone

[ Al P
Sandsceng

Shale
Shale
Lirestone
Limestopé

Dolomite

Candidate

Formation

Huqguel
(Jurassins®
Utah

Cotion
(Eocene)

Mancos
(Cretaccous)

‘Utah

Mancos
(Cretaczous)
Utak

Greer River
(Eocen2)
Utah

Burlington

(Mississippian)

Missouri

Bonneterre
(Cambwian) .
Missourt

Com
HG
.

(RS
o

Porosity
A
P ._.\..’_J—'._..—.. -

S0

3"

”
7/

Ny

N

D

~y

CTABLE VII

Rock Types for ERDA Drilling

vensily
(gm/cc)

no

« vt

07

Strengtih
(kbr, psij

Optimization-Program

Commonts

Found 8000-17.000' in Utah,
Wyoming o1l &nd gas fields

Graywacke. typical of deep

~25ervoir rocks
Readcut excavation 10% Montmor.
Tvpical of Gulf Coast shale

Querry very available 167
Montmor. Typical of Gulf
Ceast shale

Quarry very available,
2-4 md permeability

Avaiiabie from quarry

Quarry



CONCLUSIONS

Candidate rocks were choseﬁ fof the ERDA drilling optimization pro-
gram based on their lithojogy, phy#ical and mechahicé] prdperties that are
representative of deep reservoirs and theffofmations"thét‘wjl1 be'drilled
to get to these reservoirs. These rocks (sha]es, sandstones, limestones
and dolomites) are similarvin-litholbgy, structure, physica] and mechanical

properties fp the rocks found at depth,
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DESCRIPTION OF FACILITIES
DRILLING RESEARCH LABORATORY

. The main areas and componenté of the laboratory, shown in
Figure 1, are the rig-room, drill rig, drilling pit with depth simu-
lation pressure vessels; mud pumps and mud handling room; coﬁtro]s
area; and service corridor where rock épecimens ére pfepared and the
seal test facilities are Tocated.

Rig Room - The rig room'is a 1500 squaré foot, 40 foot high
bay housing the drill rig, drilling pit, simulation pressure vesse1§
and a fock storage pit. A 10-ton overhead crane allows the hénd]ing
of laboratory vessels and equipment,frocks and downhole tools.

Drill Rig - The drill rig (Figure 2) is a rail-mounted movable
'gantry that can be positioned over various stations for atmospheric
and pressureAdrilling. The drilling platform can be located at a
number of heights and is adjustable within the main frame of the rig
to accbmmodate various 1ehgth tools. The platform contains a rotary
table with Dqlmotor drive to allow continuously variable rotation from
0 to 500 RPM and torques up to 5,000 foot-pouhds. Hydrau}ic cylinders
and a servocontrolled hydrau]ic power supply provides a drilling stroke
of.six feet at peﬁetratidn rates up to 100 feet per hour. Thrust can
be app]iéd up to 400,000 pounds as required to supply bit weight and
overcome the pressure reactior from simulated wellbore pressure.

Drilling Pit and Simulators - The drilling pit is a 23 foot

deep reinforced concrete sub¥floor structure with two additional cased
holes extending 16 feet and 36 feet from the bottom of the pit floor.

Reaction frames in the drilling pit provide mounting and force coupling
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of the various pressure vessels to the drill rig. Large b]ocks of rock
can be located here for atmospheric dr1111ng and test1ng of long tools
such as shock-subs ‘and downhole motors at atmospheric conditions. Three
pressure vessels are housed in the drilling pit, including the_uell-
bore simulator, geothermal vessel and the 1ong.downhole tool vessel.

The wellbore simulator (F1gure 3) is .the converted breech end
of a nava] gun barre] with a 23 inch inside diameter, 18 foot overall
1ength, working pressure of 20,000 ps1 and a working length of 7 feet.
~ Cylindrical rock specimens up to:20 inch diameter by 7 feet’]ohg can
be subjected«to independentlyAcontrolled confining pressure, overburden
stress and pore pressure simulating well depths to 30,000 feet.

The wellbore pressure is maintained by pumps and a‘ehoke system;
A specia]iy developed rotary seal around the po]ishedtdrill shaft allows
the shaft.to rotéte under pressure. High pressure drilling mud and rock
'cutt1ngs f]ow out of the wellbore into a second 1ong vessel before pres-
sure is relieved. There the cuttings are screened out before the mud
passes through a remotely adjustable choke to reduce pressure prior to
returning to the mud pit. Severaj rock specimens are prepared in advance
with metal end caps and sealing jackets to be inserted and. removed from
the wellbore simulator as part of the vessel's top sealing plug.

The geothermal vessel is a 16 inch inside diameter’by 5 foot
overal] 1ength Ppressure chamber made from the muzzle end of a nava] gun
barrel. It has a work1ng inside diameter of eight inches and a working
1ehgth of 24 inches. It has been operated at 5,000 psi and 600°F. The
vessel is equipped with 24 kilowatts heating capacity and ceramic insu-
lation inside the vessel. |

o Two 12 inch inside diameter by 25.foot long extruded fbrgings
coupled together constitute the 50 foot long downho]e t001 vessel. This
vessel ‘hangs vertically in the dri]]ing pit and is rated at 15,000 psi
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at 200°F and_S,OOO psi at 600°F. A programmable dynamic actuator is
being designed and fabricated'and will be installed to the vessel end:
closure to a]]ow.simulation of downhole dynamics in the axial direction
of éea]ed bearing packages or full-scale downhole drilling motors.

Also, a thrust bearing and dynamometer will be provided for reacting

and measuring torque and dissipating the hdrsepower generated by
downhole motors. The vessel will also be equipped with inlet and outlet
ports and a choke'system for creating simulated wellbore pressure.

Mud Pump and Mud Handling Room - The Tlaboratory is equipped

with complete mud handling equipment and mud pumps, including a 20,000
gallon mud storage capacity; two 40-HP centrifugal circulating and
charging pumps; a 58P Oilwell Triplex mud pump driQen by a-1253HP'DC
motor rated at 600 psi at 360 gpm; and an FA 1600 Continental Emsco
triplex mud pump driven by.two 900-HP DC motors presently equipped with
- 5 inch liners and rated ét 5,000 psi and 360 gpm. Currently, new fluid
ends based on the Exxon high pressure fluid end design are being fabri-
cated to provide the capability of 12-15,000 psi and 200 gpm needed to
create wellbore pressure for simulating wells to 30,000 feet. The DC
motor drives allow continuously variable flow rate at constant pressure.

Instruhentation and Controls - The drill rig and wellbore simu-

lator are instrumented with numerous'trqnsducers to measure the various
pressures and temperatures, as well as bit weight, torque, rotary Speed,
penetrétjon, penetration rate and f]dw rate. These measured parameters
.are recorded on analog X-Y-Y' and strip chart recorders and a digital
computer. The operation is controlled from the remote instrumentation
station. The servocontrolled dri]ltrig.allows automatic control of

either constant bit weight, constant benetration rate or constant torque.
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The seal and sealed bearing test facilities have independent data acquis-

ition systems.
The data acquisition system incorporated in the set-up consists of
a Hewlett Packard 7046A X-Y-Y' recorder and a Brush 260 six-channel strip
chart recorder for the purpose of recording selected analog information
continuously, and a Digital Equipment Corporation PDP 11/34 disc operating
computer with RSX-11M time sharing option and a sixty-four channe]Aanalog
to digital converter for data acquisitibn. the HP7046A reocreder is used
to record penetration and weight on bit with clarity, as the drilling opera-
tor relies mainly on these two inputs to control the drilling. The following
"~ parameters are recorded periodically with the computek:
Penetration Rate |
Penetration*
Weight on Bit*
Torque*
Shaft Speed
Mud Flow Rate*
Mud Pressure at Swivel*.
Mud Pressure at Borehole*
Axial Ram Pressure

Confining Pressure
Pore Pressure

—t o] T~ P~ S P S SN N N
—_owoo~NoOTOEWN -~
—? e S S S i s sl S it i

—

* Also recorded on the analog recorders.
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SELECTION OF ROCK BITS

To select rock bits‘represéntative of those used in'déep drilling
and oil and gas wells, a meeting of.industry representatives was held ét
Rice University, Houston, Texas, on June 25, 1976. At this meeting, the
industry representatives were reQﬁested'to respond with comments concerning
the pkogrgm and‘recommendatiohs on the.bits which shoul& be ‘used. The
following pages are copies of the request and comments received from the
. fndustry'representati?es. .Folléwing these pages are copies of the appro-
xpriéte pages of the manufacturer's sales brochdres in the Composite Cata-
Tog of 0il Field Equipment énd Services which descfibe the bits used for

this project.
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REED TOOL

DRILLING EQUIPMENT DIVISION

' PO.BOX 2118 HOUSTON, TEXAS 77001
(n13) 926-3121

July 8, 1976

Mr. Sid Green, President
Terra Tek . -
University Research Park
420 wWakara Way

Salt Lake City, UT 84108

Dear Mr. Green: .
SUBJECT: Drilling Parameter Optimization Program

The Reed Tool Company is pleased to respond to your request for
inputs to your program "Drilling Parameter Optimization.""It be-
came obvious in the meeting at Rice University -on June 25, 1976
that a wide diverse opinion existed within the industry as to the
type of program it should be, or even if the program should be
executed. ‘

First, to us, this wide diverse opinion, itself, indicates the
program is needed. . .We are not dealing with an exact science, and
the drilling industry surely will benefit from some data obtained A
under controlled conditions. .Specifically, let us address some of
the points: ‘ ‘

It is true that previous work under high borehole pressure has been
done, all with Microbits. For the first time, data will be generated
"at full scale and with better simulation of actual down hole condi-
tions. Two very important differences will characterize your tests:

1.) No unknown scale effects.

2.) . Real,cutting-structure configuratioﬁs, that are not possible
on_Microbits. ’

Furthermore, a data bank of performance on today's best bits under
controlled conditions gives. the industry a "tool" to design and test
new configurations and test them under .the same controlled conditions.
In this manner, the experimenter can detect those design improvements
of 10 or 20 percent which make a significant difference in drilling
costs. Today's method of field testing often "mask" these improvements
due to difference in formation, drilling parameters, or even inaccurate
rig records. Thus, the manufacturer does not commit to the expensive
re-tooling of a new configuration. - S
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Page #2

July 8, 1976 ,

Mr. Sid Green, Pres. - Terra Tek

SUBJECT: Drilling Parameter Optimization Program

We urge Terra Tek to consider the use of 7-7/8" bits in this program.
A lion's share of experimental bits are manufactured in this size for
the simple reason that it is the best selling size and more holes are
available for test. Moreover, the factory builds this size more days
of the year; and, therefore, experimental bit production in this size
creates less disruption of the production line. In actual deep drill-
ing, the most predominant sizes are 6-1/2", 7-7/8", 8-1/2", 9-7/8",
and 12-1/4". We at Reed feel that we can extrapolate best from the
7-7/8" bit size, where a full range of types are available.

To give meaning to these tests, the environmental and drilling condi-
tions should be set as near as possible to actual conditions at depths
normally drilled. It is not necessary to retest the effects of various
overburden pressures and various well bore mud pressure vs. pore pres-
sure (AP). This has been well established both from the laboratory

and field studies. In the real world, some overbalance of mud pressure
to pore pressure is usually necessary to varying amounts, dependlng on
unknown tran51ent pressure conditions. :

What is needed is to test the effects of bit design, hydraﬁlics, weight,
and rotary speed on drilling rate at typical overburden and.AP condi-

tions.

A typical deep hole would be 14,000 feet deep requiring 13.5% drilling
mud. This would establish a good test condition for overburden pres-
sures and well bore mud pressure. A typical pore pressure to set for
the various formations is difficult to estimate, so a realistic ap-
proach to do this would be to vary pore pressure for each formation
until a typical drilling rate results u51ng average dr1111ng conditions
of weight, RPM, and hydraulics.

For 7-7/8" insert bits drllllng under the above condltlons typical
drilling parameters would be:

, Weight S A ‘
Rock (1000%) RPM Hydraulics : . 'R.O.P.
Shale - . 30-35 50-60 250 G.P.M.-1500 psi '8-15 ft./hr.
Carbonates (Porous) 30-35 50-60 250 G.P.M.-1500 psi 8-15 ft./hr.
. Sand (Porous) 30-35 50-60 250 G.P.M.-1500 psi 8-15 ft./hr.

I hope that this information will be of some benefit to your program.
If there are any questions or you desire more detail, do not hesitate
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Page #3

July 8, 1976

Mr. Sid Green, Pres. - Terra Tek

SUBJECT: Drilling Parameter Optimization Program

to call on us. We are looking forward to evaluéting the data génerated
on this'program and will consider it a challenge to develop a new
faster penetrating rock bit where performance can be compared realis-
tically. “

Sincerely,

REED TOOL COMPANY :
Drilling Equipment Division

: ~
) 7R
: f"‘-',‘
7 . s .
S Lrised TSI

Dewey A. Thiessen’ _
Vice-President - Engineering

DAT/asd
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‘ Terralek

July 26, 1976

Dewey Thueson, Reed Tool Company ‘

Bob Jackson, Dresser Industries (cc to Lyman Edwards)

Dr. Raymond Chia, Smith Tool Company (cc to Robert Evans)
Robert Cunningham, Hughes Tool Company (cc to Ed Galley)

Dear

We would again like to express'appreciation for your participation in
the recent ERDA-Fossil Energy Program Planning Meeting held at Rice
University on June 25, 1976. We found the comments appropriate, and as

" a result, the program will place greater emphasis on: a) expansion of .

the available knowledge and "data base" for deep-well drilling under
fully controlled conditions; b) drilling in shale; c) overall charac-
terization of the rocks drilled; d) possible use of penetration rate or .
other drilling variables to obtain -more information on formation pore
pressure; and e) use of a full scale field drill bit for our experiment.

We are proceeding with specimen preparation of three rock types: Mancos
Shale, Colton Sandstone and Bonne Terre Dolomite. These rocks represent
media typically found in deep oil and gas fields. The drill bits to be
used must be selected and comments on the range of drilling parameters:
are desired. As background, the following information is given.

175



July 26, 1976
Page Two

The physical and mechanical properties of the rocks to be drilled are

given in Table 1, and include density, porosity and strength. A drill

bit size of 7 7/8 inch diameter has been selected, mainly because of the

great percentage of usage in the industry, the availability of a wide

variety of bit types in this size, and the ‘availability of field and labora-

tory data for comparison. Only one bit per rock type will probably be used

for all depth simulation experiments, with a second or third bit used if

- time and money are available. We are leaning toward the use of insert

bits because of their frequent use in deep well drilling. We also want

to eliminate bit wear as a variable in this drilling program. The flow

~ rate of our triplex pump will be 200 gpm or slightly above for the deepest
well test simulation (at 15,000 psi well-bore pressure).

" Provided is a data sheet for your comments on bit types, showing a first
and second priority. Comments on the range of drilling parameters is
also desired. ‘

If you have any question regarding our request and/or clarification on
the program, please call me at (801) 582-2220. "Again, I extend our
thanks and consider your commendations toward the selection of drill bits
very valuable in meeting the objectives of our program. '

Sincerely,

Qe . B 2mcke_
Alan D. Black '

Director .
Drilling Research Laboratory

cc: Sidney J. Green
Ray Williams

-Arfon Jones
Howard Pratt

bcc: Don Guier
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Propertie§

SELECTED_ROCK PROPERTIES

ROCK TYPES

Mancos Shale

Bonne Terre Dolomite

Co]fdn Sandstone

Unconfined Strength

~ Strength at P_ =
- 7.25 ksi

Strength at P~
14.5 ksi

Strength at P_
29 ksi

Bulk Density

Porosity
(Atmos. Cond.)

7.5 ksi

16.0

21.0

*

26.0
2.56 g/cc

8.7%

2.67 g/cc

3.11%

* Maximum Stress @ 5.7% strain; did not fail
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5.8 ksi

22.5.
30.0

SR
42.5

2.8 g/cc

10.8%
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PRIORITY

7 7/8" BIT

‘MANCOS SHALE

ROCK TYPES

BONNE TERRE DOLOMITE

COLTON SANDSTONE

FIRST CHOICE

~Bit #:

Nozzle Size:

Flow Rate:

SECOND CHOICE

8L

Bit #:

Nozzle Size:

Flow Rate:

OTHER COMMENTS
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HUGHES TOOL COMPANY

HOUSTON, TEXAS

August 24, 1976

Mr. Alan D, Black
TerraTek

University Research Park
420 Wakara Way

Salt Lake City, Utah 84108

Dear Mr. Black:

Attached are my recommendations for bits in the Mancos Shale, Bonne
Terre Dolomite, and the Colton Sandstone., As indicated, the flow
rate and the nozzle size should be adjusted to give the desired
hydraulic horsepower and jet velocity at the bit. We have found
hydraulic horsepower to be the more reliable recorded parameter.

If I can be of any further help, please let me know.

Very truly'yours,

%utminghm

Manager Product Research
RAC:b]

Attachment

A
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ROCK TYPES

PRIORITY i 7A7/8" BIT MANCOS SHALE BONNE TERRE DOLOMITE COLTQN SANDSTGM

FIRST CHOICE Bit #: 0SC-3 J55 - J22
Nozzle Size:

- Flow Rate: 250 gallon/minute same same
SECOND CHOICE Bit #: 0SC-1G - Ja4 J33
§§ :

‘Nozzle Size:
Flow Rate: ~250 gallon/minute same same

OTHER' COMMENTS

Nozzle size and flow rates. need to be adjusted

to give the desired jet velocity.

A velocity

of about 300 ft/sec will give cleaning.



REEH’1tNDL¢INMW¥M!¥

DRILLING EQUIPMENT DIVISION

PO. BOX 2119, HOUSTON, TEXAS 77007
(713) 926-3121

August 13, 1976

Mr. Alan D. Black, Director D. R. L.
Terra Tek
University.Research Park
420 Wakara Way
. Salt Lake Clty, uT 84108

Dear Mr. Black
SUBJECT- Drilling Mechanics in Deep Holes - ERDA Program

With reference to your letter of July 26, 1976 to Dewey Thiessen,
I have indicated bit types and drilling parameters on the enclosed
data sheet that you provided.

You may note that the bit types that I have indicated are not
consistent with the bit types that we agreed to furnish in a
letter from Mr. Dewey Thiessen to Mr. Sid Green dated July 12,
1976. \

We would be pleased to furnish at no cost one bit of any of the
types that we have recommended for your program.

If we can be of any further a551stance to you, do not he51tate to
call on us. -

Sincerely,

&) %Aw/w

. P. W. Schumacher
PWS/asd
Enclosure '
cc: Mr. D. A. Thiessen
' Mr. S. J. Green
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ROCK TYPES

PRIGHITY 7 7/8" BIT - | MANCOS SHALE BONNE TERRE DOLOMITE COLTON SANDSTO!
. ; e

FIRST CHOICE ~  Bit #: FP-52 FP-63 FP-52
‘Nozzle Size: (3) 10/32 " (3) 10/32

(3) 10/32

Flow Rate: 1250 G. P. M. 250 G. P. M. 250 G. P. M.
13.5% mud 13.5% Mud 13.5% mud
SECOND CHOICE _ Bit #: FP-54 " Fp-62 FP-54

Nozzle Size:

Flow Rate:

OTHER COMMENTS

. N We ight‘ :\ange

RPM—Range‘

20,000-45, 000%

50-120

30,000-60, 000%

50-120"

120,000-45, 00¢

50-120°



3ii SMITH TOOL

Division of Smith Internationzl, Inc.

P. 0. Box 15500

17871 Von Karman Ave.

Irvine, California 92705

Phone (714} 540-7010 Telex: 6-74575

August 13, 1976

Mr. Alan D. Black :
Director, Drilling Research Laboratory

TerraTek .
420 wakara Way

Salt Lake City, Utah 84108

Dear'Mr. Black:

In response to your letter dated July 26, 1976 | am gléd to fill
in the table for you toward the selection of rock bits.

‘Calculations were made based upon mud weight 10 ppg, flow rate 200

gpm, and related assumptions in addition to the information provided
in your letter. Due to my limited knowledge of the test equipment
and procedures in the Drilling Research Laboratory, it is suggested
to use the table as a qualitative guide for your quantitative tests
and optimization. '

Bit type F3 in the table can be used as a reference bit since it

is popular in the oilfield. Changes of different nozzle size
during the tests are easily made to find the optimization of
hydraulics effects. The related hydraulic calculations can readily
be found in the Smith Tool Hydraulic Manual. :

As a final comment or suggestion, the greatest project success can
be reached by inviting the industry to review and present their own
analysis on the test data base in some drilling conferences.

Please do not hesitate to call me if you need further help. 1 enjoy
providing service to you. :

Very truly yours, - ‘ ' ,
A ae, el s
Raymon':Chia, Ph.D." -
Research_Engineer

RC/cb

cc: R. F. Evans

Attachment 184 -




ROCK TYPES

PRIORITY 7 7/8" BIT MANCOS SHALE BONNE TERRE DOLOMITE COLTON SANDSTC
FIRST CHOICE Bit #: "F3 F5 F3
Nozzle Size: L. 8 8" 8 g E (8" g g
32, 32, 32 32, 32, 32 32, 3z, 32
Flow Rate: . 200 200 200 .
(gpm) :
sgcouo CHOICE Bit #: F2 .. F7 ”
Nozzle Size: L 8 ﬂ) & L2 @ 8 8
32, 32, 32 32, 32, 32 32, 32, 32
FZow Rate: 4
gpm) 200 200 200

OTHER COMMENTS

See Letter



Diamond Tecﬁrio‘gbv Cenié?'i

iy

¥ 7 N |
g L TR ' : 2532 South 3270 West Street . -
RV . Salt Lake City, Utah 84119/ U:&:A,
: Telephone {80}) 487-5371
Telex: 388-491

Chrislenspn 2

August 18, 1976

Alan D. Black,

Director

Drilling Research Laboratory
University Research Park
420 Wakara Way

Salt Lake City, Utah - 84108

SUBJECT: 0il and Gas Well Drilling Parameter Optimization
For Hostile Environments ’ ' '

Dear Alan:

Attached are the "best guess' estimates of bit types for
the various rocks you expect to drill in your deep well drilling
study. Because of very limited diamond bit laboratory data a-
more accurate selection is not possible. As soon as drilling .
data under confining pressure for either roller or diamond bits
in these rocks is available, we could make a better selection.

The bit size selected is unusual for diamond bits, where
the average size is in the 6 inch range, but the 7 7/8 inch size
will present no real difficulties. The nominal flow rates and
flow areas shown on the attachments are typical in the field.

The critical parameters needing study include the effect of
bit weight 10-50,000 pounds, rotary speed 60 to 1000 rpm, and
flow rate 100 to 400 gpm. . This assumes the mud properties, another
subject of great interest, will be held constant because of  their
extreme complexity.

A very interesting study would be to take one bit style and
change the diamond size and possibly exposure to see the effects
on penetration rate and pressure drop. If a more limited test is
necessary, it would be possible to use one bit, MD-262, for all
three rocks. ' '

Please keep me informed on the status as the project develops.

Best regards,

Rherd
T

Bruce H. Walker ‘
" ‘Group Leader, Applied Research

“

Attachment as noted 186
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ROCK TYPES
PRIORITY 7 7/8" BIT MANCOS SHALE BONNE TERRE DOLOMITE COLTON SANDSTON
FIRST CHOICE Bit #: MD-262 MD-41 : . MD-331
TFA : 20 .16 B | .40
Flow Rate: 200 150 300
SECOND CHOICE  Bit #: MD-34 . MD-24 . | MD-262
® o
~
Nozzle Size: .20 ' .16 .20
Flow Rate: 200 150 200
OTHER COMMENTS
Diamond 1l to 4 stones 8 to 15 stones 2 to 4 ston
Size per carat ber carat . per carat
Hydraulic , 2.4 . 1.6 ‘ 2.0
horsepower '
per square
inch




DRESSER  Prprammey
INDUSTRIES Rt=ainniiacl o

OILFIELD PRODUCTS GROUP, DRESSER INDUSTRIES, INC. P.O. BOX 6504, HOUSTON. TEXAS 77005 713 784-6011 TELEX 76-2349: 76-2970

August 11, 1976

Mr. Alan D. Black

Director

Drilling Research Laboratory
TerraTek

University Research Park

420 Wakara Way

Salt Lake City, Utah 84108

Dear Mr. Black:
Reference your letter of July 26, 1976 concerning the ERDA-Fossil
Energy Research project and your request for comments concerning bit

type, operating parameters, etc. The attached information furnished by
our Security Division-should answer your questions.

We are looking forward to seeing the data generated by your project.
In the interim, if you need additional information or if we can be of
assistance, please advise.
Sincerely,
'-\Z { k/l/} c’\,)
R. A. on
Manager
Market Development & Planning
dge

Attachment
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DRESSER | 1 Qilfield Products GFOUD
INDUSTRIES | .
— , — Inter-Office Correspondence
To: Bob Jackson , Date: August 10, 1976
From: gteve Worford . . Sublect Terra Tek - Bit Recommendations

Copyto: E4 Moerbe

The rational used in the bit selection for each rock type was to minimize
the possibility of cutting structure damage. Bearing life should not be
a factor. A

Their mud pump should be able to handle the pressure loss thcrough 3 - 8/32"
nozzles unless they use high density fluid. There is no mention of the
density of the fluids to be used in the letter.

If you have any questions, give me a call.

Al
N

kph
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ROCK TYPES

RIORITY 7 7/8" BIT MANCOS SHALE BONNE TERRE DOLOMITE COLTON SANDS
S 4
“IRST CHOICE Bit #: S86F MB9TF MBYTF
Nozzle Size: 3 - 8/32"1 .3 - 8/32" 3 - 8/32"
(435 ft/sec. @ 1699 psi) A
Flow Rate: 200 GPM 200 GPM 200 GPM
SECOND CHOICE Bit #: S88F M84F H88F
©
O
Nozzle Size: Same Same Same
Flow Rate: Same Same Same

OTHER COMMENTS

1. Should the pressure loss through 3 - 8/32" nozzles be gieater than the pressure
rating for the liner being used, recommend using 3 - 9/32" nozzles (343 ft/sec.

@ 1061 psi).

This 1is based on a 10 ppg drilling fluid.

2. This appears to be a sharp, abrasive formation. An H88F may be required for thi.

formation.




&5ii SMITH TOOL

SOFT

MEDIUM
SOFT

HARD

TYPE 2

The Smith Type 2 bit drills soft formations, such as uncon-
solidated, sticky shales; soft shales; clays; red beds; salts;
soft limestones; anhydrites; gypsum, and tough, waxy shales.
It is especially effective where heavier weight drilling muds
are used.

Large diameter tungsten carbide inserts offer maximum
strength and resistance to wear. The chisel-crest configura-
tion of the inserts, plus maximum cutter offset, provides for
efficient gouging-scraping action and fastest penetration in
soft formations.

Precise insert spacing ensures smooth rotation and prevents
tracking. Bottom hole cleaning is aided by deeper relief
grooves on the three cutters.

The recommended weight ranges between 2,000 and 4,500
pounds per inch of bit diameter, with corresponding rotary
speeds of 50 to 70 rpm.

Available with roller-ball-friction bearings or solid journal
bearings. IADC Code 527.

TYPE3

The Smith Type 3 bit was developed primarily for use in
medium soft formations. These, generally, include sandy
shales and medium-hard shales with some softer streaks.
Penetration rates are as high as with medium-soft formation
milled tooth bits because of the chisel-crest inserts with
maximum extension from the cone body. This feature, along
with a large amount of cone offset, makes the Smith Type 3
the fastest drilling tungsten carbide insert bit in the field for
medium-soft formation drilling.

Improved bottom-hole cleaning and flushing is made possible
by use of long inserts and deep relief grooves on the cones.
Inserts are made of selected grades of tungsten carbide to
provide balanced wear resistance and strength. The cutters
are machined from special quality steel for superior strength
and insert retention.

Recommended drilling weights are 2,500 and 5,000 pounds
per inch of bit diameter with rotary speeds from 45 to 65 rpm.

Available with roller-ball-friction bearings or solid journal
bearings. IADC Code 537.

SOFT

MEDIUM
SOFT

MEDIUM
HARD

HARD

SOFT

MEDIUM
SOFT

MEDIUM
HARD

HARD

TYPE 4

The Smith Type 4 bit was developed to drill in medium soft to
medium hard formations. These include medium to medium-
hard shales, limestone, dolomite and medium-hard sand.
Chisel crest shaped inserts on the Type 4 offer deep pene-
tration and fast drilling rates.

Medium gouging-scraping action is provided by medium cone
offset. Varied insert pitch in all drive rows reduces tracking
while deep relief milling speeds chip removal.

The Type 4 bit has built-in ruggedness based upon a larger
journal diameter and a special quality cutter steel for supe-
rior strength and insert retention. Operating weights sug-
gested are 3,000 to 5,500 pounds per inch of bit diameter
with rotary speeds of 40 to 60 rpm.

Available with roller-ball-friction bearings or solid journal
bearings. IADC Code 617.
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M89TF

Medium Formation
Insert Bits

MB89TF This FerrAx bearing rock bit drills medium for-
mations with numerous hard abrasive streaks.
The M89TF combines true rolling cones with tooth-

shaped inserts with moderate extension. Close spaced
inserts provide for smooth running with increased resis-

tance to insert breakage.

Recommended weight is 4,000 to 7,000 pounds per inch
of bit diameter. Rotary speed should be in the range of
60 to 30 R.P.M.

SOFT

MEDIUM

HARD VERY HARD

S84F ] S86F

l

S88F

HB8F H100F
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Rock Bits
Insert type

Recommendations

Principal Application/Features

Bit Weight
(Pounds per inch
bit diameter)

Rotary
Speed
(RPM)

51

Soft “top-hole” formations—Designed
to drill low-compressive-strength and
high-drillability formations. Skew angle
of cutter, insert shape and positioning
provide optimum gouging-tearing-
scraping action.

52

Soft-to-medium soft—Skew angle and
insert shape and positioning yield cutting
action for soft through medium-soft yet
effectively handle inevitable hard streaks.

53

Medium-soft to soft-medium—
Similar to 52 but slightly less insert pro-
trusion. Handles both soft and hard streaks.

54

Broken medium-soft to medium—
Blunt, conical-shaped inserts cut with
high ROP through rough, broken medium-
soft to medium formations. Particularly
useful with light drilling tluids.
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ROCK SAMPLE PRESSURE LOADING CONSTRAINTS

The axial stress at the top of the rock specimen usually differs
from the axial stress at the bottom of the specimen. This occurs because
a portion of the upper surface of the specimen (i.e., the borehole area)
is subject only to reaction forces developed by the pressure of the cir-
culating drilling mud and the load exerted by the drill bit. If no mud
is circulating and no load is applied to the bit, the borehole area is
open to atmospheric pressure. The remainder of the reaction forces act
over the annular portion of the upper specimen surface external to the
borehole area. Figure 1 illustrates the situation. The axial stress
in the annular portion of the specimen is given the notation cz*. The
relationship betwgen oz* and the axial stress at the bottom of the

specimen (°a) is given by

Uz* = Pram Aram ¥ pcoRf (Arxck'Aram) ~ PboreAbore
rock bore
where Pram = Pressure applied to bottom.of sample
Aram = Area of ram
PConf = Confinfng pressure
Arock = Area of rock across diameter
Pbore = Borehole (mud) pressure
Abore = Area of borehole

One of the critical aspects of the experiment design was to determine
what combinations of confining, axial ram and borehole mud pressures could

be -exerted on a given rock specimen without failing the specimen. To
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accomplish this, a model predicting specimen failure was developed

‘according to the fo]]owing assumptions about a given sbecimen:

(1) " No 1arge_imperfections, sdéh as.cracks or fissures exist in the

specimen, i.e. the'specimen is completely homogeneous;

(2) The specimen will fail in shear;

(3) Shear failure will occur in the annulus formed by the dril-

ling of the borehole, i.e. stress concentrations at the bottom

of the boreho]evare not the primary cause of specimen failure;

(4) Radial and tangential stresses in the annu]us.surrounding

the borehole may be apprbxfmated by those developed in a thick-

walled pressure cylinder; |

(5) Maximum radial and tangential stresses occur at the outer

radius of the borehole (inside wall of the annulus).

Although thege assuhptibns are pérhaps overly simple, the mode]
has been used with very good success for specimens that are fairly homo-
Qeneous; "According to the model, the maximum principle stresses in a
specimen (i.e. maximum axial stress (c?*), maximum radial stress (Ur)

" and maximum tangential stress (°e) are given by

D= *
%2 %%
% T - Pbore |
_ b2+ a? p _2p? p
% = PpZ- aZ bore bZ- a2 "conf
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where a is the radius of the borehole (four inches) and b is the radius
of the specimen. With the ratio of Pconf to a, set at -.7, the axial
ram pressure Pram may be expressed as a function of Pconf’ and the

above stresses become (using the dimensions given):

* = -
g, .541 Pbore 2.202 Pconf
% =~ Phore
Oy = 2.082 Pbore - 3.082 pconf

In Figure 2, a hypothetical stress situation is plotted according
to Mohr's circle conventions. According fo Mohr's theory of failure, the

maximum shear stress is equal to the radius of the largest circle, or

- . . *
2 Thax Maximum Difference of (oz > O oe)

where Tnax is the maximum shear stress. Thus, the maximum shear stress

in a specimen.is a function of Pconf and Pboré’ since oz*’ o and de are
each functions of Pconf and Pbore (see above). The maximum shear stress
in a 13.5 inch diameter by three foot long specimen is plotted as a func-
tion of confining pressure and borehole mud pressure in Figure 3. The
curves are based on the specification that the .ratio of horizontal to
vertical stress is .7. Each 1line in Figure 3 shows the maximum shear

stress in the annulus of a specimen that exists at a particular confining

pressure and a given borehole mud pressure.

The dotted tensile stress limiting line shown in Figure 3 is a
warning that any stresses developed to the left of the line will induce
tensile tangentia1 stresses in the specimen. A strength curve for each

rock type (determined by triaxfa] strength tests) may be superimposed
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FIGURE 2
The Maximum Principle Stresses in a Specimen are Plotted
on a Common Axis for a Hypothetical Situation. The Maxi-
mum Shear Stress, according to Mohr's Theory of Failure, is
the Radius of the Largest Circle.
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MAXIMUM SHEAR STRESS x 2 [2’rMA;| (PSI)
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FIGURE 3.
Maximum Shear Stress in a 13/5 inch diameter by 36 inch Specimen is
Plotted as a Function of Confining Pressures and Borehole Mud Pressure-
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onAthe stress curves of Figure 3 and the pressure conditions corres-
ponding to the shear stresses under the strength curves may be exerted
on.a rock specimeh without failing the specimen. In effect, the strength
curve defines an operating window where the imposed pressure conditions

will not fail the specimen.
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