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" Introduction

During drilling, monitoring and evaluation of multiple parameters ideally favor improved
productivity and cost savings

A method is needed to enable the intuitive interpretation of response parameters and is
amenable to implementation in computational algorithms for real-time evaluation

A method is demonstrated whereby drilling response parameters may be interpreted for
improved drilling performance

This analysis is not an exhaustive assessment but rather an overview of representative bit
performance that demonstrates the application of the approach using rock reduction
constraints

Drilling data from the Utah FORGE site have been used for the analyses
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Utah FORGE Drilling Program
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FORGE Well 16(A)_78-32

Total |Timeon
Bit Run No. Manufacturer Type Serial No. BHA Bit Dia.| Depth | Depth Footage | Bottom Net ROP Net ROP (ft/h r)
(in) |Start (ft) |End (ft) (#t/hr)
(ft) (hrs)
1 NOV ReedHycalog TKC76-C5 PDC A275580 |SurfaceBHA| 17.50 | 28.0 | 1629.0 | 1601.0 [ 21.5 74.5 80.0
2 NOV ReedHycalog TKC6-R1 PDC E266453 2 12.25 - - - 3.0 - 70.0
3 Smith GF 15BODJPS TRI-CONE | RKG132 3 12.25 | 1629.0 | 1644.0 - 0.5 - E 60.0
4 NOV ReedHycalog TKCE6-R1 PDC E266453 4 12.25 | 1644.0 | 4552.0 | 2208.0 | 61.5 47.3 £ 50.0
5 Smith MDSi516 JM 7398 5 12.25 | 4552.0 | 4964.0 | 412.0 55.0 7.5 a 40.0
5 Smith 77135 JP4755 g 12.25 | 4964.0 | 5113.0 | 149.0 16.5 2.0 e 30.0
7 Ulterra GTX63 R28DF - 8.75 | 4987.0 | 5112.0 | 125.0 6.0 20.8 9 20.0
8 Smith XS616 V2705 ] 8.75 | 5113.0 | 5345.0 | 232.0 17.5 13.3 z -
E Ulterra UG16M PDC 54132 10 8.75 | 5345.0 | 5469.0 | 124.0 2.0 13.8 138 1l I I I .. I I I I I sl ls
10 CCl - Canamera 713 Core 462-06 11 8.75 | 5462.0 | 5495.0 | 26.0 0.0 0.0 : MNP ONMINENA NSNS RSN RS
10 CCl - Canamera 713 Core 462-06 12 8.75 | 5495.0 | 5504.0 | 2.0 0.0 0.0 )
11 NOV ReedHycalog TKC66-P3 PDC A271693 14 8.75 | 5504.0 | 5846.0 | 342.0 | 43.5 7.9 Bit Run N -
12 nine blade core bit Core Core 15 8.75 5846.0 | 5856.0 10.0 5.0 2.0 It n No.
13 Ulterra UB16M 54131 16 8.75 | 5856.0 | 5858.0 | 2.0 0.5 4.0
14 CCl - Canamera 713 Core Core 17 8.75 | 5858.0 | 5832.0 | 34.0 6.5 5.2
15 NOV ReedHycalog TKCE3-C7 A255857 18 875 | 5892.0 | 6360.0 | 468.0 | 15.5 30.2 Total Footage (ft)
16 NOV ReedHycalog SKC613M-01C A232400 20 8.75 | 6360.0 | 6526.0 | 166.0 11.0 15.1 3500.0
17 NOV ReedHycalog SKC513M-01C A275122 22 8.75 | 6526.0 | 6245.0 | 419.0 | 21.0 20.0 3000.0
18 NOV ReedHycalog FTKCE3-01 A275121 23 8.75 | 6945.0 | 7383.0 | 444.0 18.0 24.7 F
19 NOV ReedHycalog TKCE3-C7 A255857 30 8.75 | 7382.0 | 8024.0 | 635.0 | 23.5 27.0 Eﬂ 2500.0
20 OTHER Mill Mill - - 8024.0 | 8025.0 | 1.0 - - @ 2000.0
21 NOV ReedHycalog SKC513M-01C A275122 34 8.75 | 8025.0 | 8241.0 | 216.0 6.0 36.0 § 1500.0
22/23 NOV ReedHycalog SKC613M-01C A230682 35 8.75 | 8241.0 | 8535.0 | 294.0 6.0 24.0 =
24 NOVReed Hycalog TKC63-01 A270812 38 8.75 | 8535.0 | 9064.0 | 529.0 12.5 42.3 & 1000.0
25 NOV Reed Hycalog TKC63-01 A270978 39 8.75 | 2064.0 | 9748.0 | 684.0 20.5 33.4 P 500.0 I I I
26 NOVReed Hycalog TKCE3-P1 A271435 11 8.75 | 9748.0 |104320.0| 742.0 17.5 42.4 0.0 l el 0 I n I I _ul I I L1
27 NOVReed Hycalog TKCE3-P1 A271437 42 8.75 | 10490.0 [10955.0| 465.0 14.0 33.2 TAMTner 0 g g INENEIRNRRARRAERR
28 CCl - Canamera 713 Core 713 3402-01 47 8.75 | 10955.0 [10971.0| 16.0 4.0 4.0 q
29 Ulterra PDC U613M 47954 48 8.75 | 10971.0 |10973.0| 2.0 1.0 2.0 Bit Run No.
30 CCl - Canamera 713 Core 713 77302 43 8.75 | 10973.0 |10987.0| 14.0 4.5 3.1




FORGE Well 56-32

Net ROP (ft/hr)
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. . Bit Dia. | Depth | Depth Total |Time on Net ROP
Bit Run No. Manufacturer Type Serial No. BHA ) Footage | Bottom
(in) |[Start (ft)| End (ft) (ft/hr)
(ft) (hrs)
1 ReedHycalog TK59-B1 A252419 1 17.50 124.0 381.0 247.0 1.2 205.8
2 - M-22 - - 12.25 381.0 390.0 9.0 0.1 90.0
3 ReedHycalog TKCB6-R1 A266974 2 12.25 390.0 3309.0 | 2919.0 9.7 200.9
4 ReedHycalog TKB3-A1A A268226 3 12.25 | 3309.0 | 3500.0 191.0 2.6 73.5
5 - GX-177 - 4 8.75 3500.0 | 3506.0 6.0 0.8 7.5
6 ReedHycalog TKC73-H1 A275660 4 8.75 3508.0 | 4595.0 | 1089.0 28.9 37.7
7 - EP5475 5042714 5 8.75 4595.0 | 5143.0 548.0 26.2 20.9
8 ReedHycalog TKCB3-P1 A277166 6 8.75 5143.0 | 5610.0 467.0 15.5 30.1
9 ReedHycalog TKCB3-P1 A271436 7 8.75 5610.0 | 59992.0 389.0 14.8 26.3
10 ReedHycalog FTKC73-A1 A275803 8 8.75 5999.0 | 7208.0 | 1209.0 52.1 23.2
11 ReedHycalog FTKC73-A1 A276121 9 8.75 7208.0 | 7620.0 412.0 4.8 85.8
12 E6 Hammer - - 8.75 7620.0 | 7628.0 8.0 0.8 10.0
13 ReedHycalog FTKC63-A1 A276121 - 8.75 7628.0 | 7663.0 35.0 1.1 31.8
14 E6 Hammer - - 8.75 7663.0 | 7667.0 4.0 0.8 5.0
15 ReedHycalog TKCB3-P1 A271437 10 8.75 7667.0 | 8900.0 | 1233.0 37.0 33.3
16 ReedHycalog FTKCS83-A3 A276071 11 8.75 8900.0 | 9145.0 245.0 3.2 76.6
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/" Typical Drilling Parameter Data
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/ Drilling Parameters Well 56-32/ Bit 15
—— Weight on Bit (lbs) —— Bit Torque (ft-lb) ——Bit Speed (RPM) —— On Bottom ROP (ft_per_hr)
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'/ Rock Reduction Model Constraint (Detournay and Defourny, 1992)

_F5s

A

—_fn

T A
EF=c¢
E=E,+usS
Eo = (11— ud)e

& intrinsic specific energy
¢ cutting force ratio
u friction coefficient

F vertical cutter force
F, horizontal cutter force
A frontal area of cut

(1) SpecificEnergy

2) Drilling Strength
3) Sharp Cutter

4) Blunt Cutter
5) Intercept

—— e e




Single Cutter Data (Glowka, 1987)

Specific Energy vs Drilling Strength
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/" Full Bit Model (Detournay and Defourny, 1992)
/4 E

rd

r bit radius
y unitless bit constant
o depth of cut per revolution

TT (1= uyl)edr + uyw (6) Torgue constraint

E = % (7) Bit Specific Energy

S = % (8) Bit Drilling Strength
E =E,+ uyS (9) Friction Line
Eo=(1- p)e (10) Intercept

B = yul (11) uy Friction Line Slope




/" Laboratory Validation
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Specific Energy & Drilling Strength (psi)

Weight on Bit (Ib)and Torgie (indb)
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Utah FORGE Bit Evaluations - Formation intrinsic specific energy

Drilling Parameters Well 56-32/Bit 4 E & S Strip Chart
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Utah FORGE Bit Evaluations - Bit Response
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Utah FORGE Bit Evaluations - Bit Response (cont.)

Specific Energy and Drilling Strength
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Utah FORGE Bit Evaluations - Cutting Structure Damage

E & S Strip Chart
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7 Utah FORGE Bit Evaluations - Cutting Structure Damage (cont.)

/ o X 10° Bit-05 Point Deviation vs. Measured Depth
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/~ Utah FORGE Bit Evaluations - Drilling Vibration Detection

Linear Actuator with
integral force and
displacement

transducers
Bit Force Drillstring Driver Actuator (Response)
(model/data)
F Fm Xp A\Y
Bit Load Cell 1/5500 Inverse | Actuator Xm
(WOB) 0.0007562 s* +0.011s+1 Actuator TF g (Drillstring) g
G(s) H(s)




Utah FORGE Bit Evaluations - Drilling Vibration Detection (cont.)

Sandia Hard Rock Drilling FaC|I|ty Simulations with Rotational Drillstring Compliance

Torsional Compliance Fixture
Applied Torque vs Deflection

1
Torque = 123.13(deflection) + 85.507
) R =0.0623
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Angular Deflection (degrees)
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Utah FORGE Bit Evaluations - Drilling Vibration Detection (cont.
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/" Drilling Cost Constraints
3

rd

/
_ BC +RR(DT +TT)
CPF = .
DT = L
ROP
— L
D — D0+5
D _ D, L
T = TR—TR+2TR
RR
kl —E
RR
k :zgﬂﬁ _ ki
4 2TR 2TR
1 ki 2Do
CPF' =3 + -& + k, (1+22)

CPF = CPF" x BC

(A-1)
(A-2)
(A-3)
(A-4)

(A-9)

(A-10)
(A-11)
(A-12)

(Bourgoyne, AJ.T., et al, 1986)

CPF = cost per foot [$/ft]
BC = bit cost [$]

RR =rig rate [$/hr]

DT = drilling time [hr]
TT = tripping time [hr]

L = footage drilled [ft]

D, initial interval depth [ft]
D average interval depth [ft]

CPF' Contour in ROP-Footage plane




/7 Improve ROP or Footage?

4
‘4

56-32 Bit 11: Rate of Penetration vs. Footage (CPF') 16A_78-32 Bit 15: Rate of Penetration vs. Footage (CPF')
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CPF' Comparisons

Well Bit No. Start Depth Footage Drilled End Depth Dbar ROP CPF'
16A_78-32 7 4987.0 125.0 5112.0 5049.5 20.8 0.00977
16A_78-32 8 5113.0 232.0 5345.0 5229.0 13.3 0.00626
16A_78-32 15 5892.0 468.0 6360.0 6126.0 30.2 0.00306
16A_78-32 16 6360.0 166.0 6526.0 6443.0 15.1 0.00812
16A_78-32 17 6526.0 419.0 6945.0 6735.5 20.0 0.00371
16A_78-32 18 6945.0 444.0 7389.0 7167.0 24.7 0.00338
16A_78-32 19 7389.0 635.0 8024.0 7706.5 27.0 0.00256
16A_78-32 21 8025.0 216.0 8241.0 8133.0 36.0 0.00594
16A_78-32 22 8241.0 150.0 8391.0 8316.0 25.0 0.00858
16A_78-32 23 8391.0 144.0 8535.0 8463.0 24.0 0.00895
16A_78-32 24 8535.0 529.0 9064.0 8799.5 42.3 0.00270
16A_78-32 25 9064.0 684.0 9748.0 9406.0 33.4 0.00234
16A_78-32 26 9748.0 742.0 10490.0 10119.0 42.4 0.00209
16A_78-32 27 10490.0 465.0 10955.0 10722.5 33.2 0.00321

56-32 6 3506.0 1089.0 4595.0 4050.5 37.7 0.00152

56-32 7 4595.0 548.0 5143.0 4869.0 20.9 0.00296

56-32 8 5143.0 467.0 5610.0 5376.5 30.1 0.00304

56-32 9 5610.0 389.0 5999.0 5804.5 26.3 0.00363

56-32 10 5999.0 1209.0 7208.0 6603.5 23.2 0.00180

56-32 11 7208.0 412.0 7620.0 7414.0 85.8 0.00302

56-32 15 7667.0 1233.0 8900.0 8283.5 33.3 0.00155

56-32 16 8900.0 245.0 9145.0 9022.5 76.6 0.00508




' Conclusions

Bit performance metrics for Utah FORGE Well 16(A)_78-32 and Well 56-32 have been evaluated
and reported

* Arock reduction model has been presented with laboratory validation
« This model may be used to provide insight into field drilling performance
« This model has been applied to the drilling response of bits from the FORGE drilling campaigns

- Examples presented allow insight into the methods used to evaluate bit response, formation
hardness, wear rate, cutting structure damage, and drilling dynamic dysfunction conditions

« The analyses have been conducted post drilling yet may be applied to real-time evaluations for
improved drilling performance

« The relative cost-benefit of improving the penetration rate response and bit durability has been
evaluated

- In addition to bit design enhancements that may be evaluated using this method, the impact of
ROP and bit life performance improvements on drilling cost savings can also be addressed
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