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Abstract - Drilling operation is the most important and costly essential work in oil and gas
exploration and development. Therefore, the studies about rate of penetration have been car-
ried out continuously to improve drilling efficiency. In recent years, data-driven models have
been developed by various researchers to overcome disadvantages of traditional mathematical
models. For the data-driven models, selecting proper algorithms and parameters is very
important. In addition, data-driven models should be retrained in real-time during continuous
drilling operations in order to improve the model performance. In this paper, the latest studies
are investigated to provide information about algorithms, drilling parameters and model re-
training intervals that used in drilling optimization.
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Table 1. Drilling variables for four analytical ROP
models divided into data types[33]
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Analytical ROP Model (OREORROREOY;

Operational Variables

Weight-on-Bit, WOB O

Rotary Speed, RPM O

Flow Rate, g

Well Depth, D

Equivalent Circulating Density, o

oO|lO0O|]O|]O|O]|O

Bit Wear, h or W;

Rock Properties

Pore Pressure Gradient, g, O

[Unconfined Compressive Strength, ¢ O

Confined Compressive Strength, S (e}

Bit Properties

Bit Diameter, dj O] O0|O|O

Bit Nozzle Diameter, d, O

PDC Cutters Design Properties

Number of Cutter, N,

Cutter Diameter, d.

Cutter Siderake Angle, a

O]lO0]|]O]|O

Cuter Backrake Angle, &

Drilling Fluid Properties

Mud Density, p O

IApparent Viscosity at 10,000 sec-1, O
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dutA o7 AFAAAE HA AY T AlF
Z2 ¥ we}l WOB, RPM, ©|59 HZH(Mud
flow rate)2 A3}, 71 AIZF < YAHSIA 3+

A

A g 2y A AF diHSE §A 8
D# AlFe] Fdago] FAFA "ok 1 olfi =
5(Stick-slip) s FF o] TAsla AlF
o1]L‘17<](Dnlhng Specific Energy; DSE)7} &o}A|H
&4 %] (Bottom-Hole Assembly; BHA)7} <4¥
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et ddd widsE ABHoR —4"—’(51'
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Table 2. Parameters controlling ROP[7]

@ Bingham(1964)

@ Bourgoyne and Young(1974)
(@ Hareland and Rampersad(1994)
@ Motahhari et al.(2010)

Factors effecting ROP

surface
measurements
available in
real-time

uncertain data constant
availability in during
real-time a bit run

Hardware Environmental |Uncontrollable| Operational
Bit type .
. . Mud ¢ Format:

Bit design Muélj dei:?t ) o;g:ﬁ;r; Rotary speed
Bit wear state y vpe . Y Mud flow rate
X . | Mud properties Formation X .
Bit hydraulic . R Weight on bit

. Equivalent properties
Bit nozzle | . X . .. Torque
circulation density| Bit size
arrangement
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Table 3. ROP related drilling parameters classi-
fication[3]

2 A89 A% 28 A48 e 59

Rig and bit related . Drilling fluid
Formation parameters .
parameters properties
Weight on bit(WOB) Local siresses
Hardness .
Torque Mineralo Mud weight
Rotary speed(RPM) [Porosity and ii]leabilit Viscosity
Flow rates Y pe Y Filtrate loss

Formation abrasiveness

Pump stroke speed(SPM) Solid content|

Pump pressure Dn]:l)fb;lty Gel strength
Hook load P Mud pH
. Temperature . .
Bit wear .| Yield point
Type of the bit Unconfined compressive
P strength(UCS)

Table 4. Some of the parameters known to affect
the ROP[13].

Personal
efficiency

- Competence
- Psychological factors

- Compressive strength

+ Hardness and/or abrasiveness
- In-situ stress

- Permeability

- Porosity

 Mineral composition

- Temperature

Formation
characteristics

- Weight on bit

Operating - Rotary speed
condition - Bit type
ROP - Torque
- Density

- Rheological flow properties
- Filtration characteristics

- Solid content

- Solid size distribution

+ Chemical composition

Drilling fluid
properties

- Bottom hole cleaning

Bit hydrauli
1 YAAUIES 1 Bt teeth cleaning

- Repair and maintenance
- Proper size
- Ease of operation

Rig efficiency

4 842 BF3I v/l H5E RS TH(Table
2)[7]. Shi et al.(2016)2 )19} HIE, X|Z, o]
#EH A2 ERSta upATE FESIET
(Table 3)[3]. Anemangely et al.(2018)2 HF+
Table 23} ] ARSI 7NQ1 2119 & -&(Per-
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sonal & Rig efficiency)* 8 A #Fs}3l7] oz &
FE F7FstAth(Table 4)[13].
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Table 5. Summary of ROP prediction models with artificial intelligence

Input

Reference Model Input Parameter Output Parameter
number
Formation drillability, Formation abrasiveness, Bearing wear,
Bilgesu et al.(1997)[38] ANN 9 Tooth wear, Pump rate, Rotating time, Rotary torque, WOB, ROP
and RPM
Bahari and . . . . . .
Seyed(2007) [28] Fuzzy 4 UCS, Rock quality designation, Bit Load, and Bit rotation ROP
Moran et al. (2010)[39] ANN 6 Rock strength, Rock type, Ve:ir;?:on, WOB, RPM, and Mud ROP and wear
Bataee and
Mohseni ANN 4 Bit diameter, WOB, RPM, and Mud weight ROP
(2011)[2]
AL-Rashidi
011)[7] ANN 4 Depth, WOB, RPM, and Flow rate ROP
AHP UCS, Bit size, Bit type, Drillability coefficient, Gross hours
Zhang et al. (2012)[40] BP AN’N 9 drilled, WOB, RPM, Drilling mud density, and Apparent ROP
viscosity
Differential pressure, Hydraulics, hole depth, Pump pressure,
Density of the overlying rock, Equivalent circulating density,
Jahanbakhshi ANN 20 Hole size, Formation drillability, Permeability, Porosity, Drilling| ROP
et al.(2012) [41] fluid type, Plastic viscosity of mud, Yield point of mud, Initial
gel strength of mud, 10 min Gel strength of mud bit type and
its properties, WOB, RPM, Bit wear, and Bit hydraulic power
Amar and . .
i | KR ELA |7 | Do B e KM e v Kopts b o
(2012)[42] > = 8 censily, g
Drill collar outside diameter, Drill collar length, Kick of point,
Monazami et ANN 3 Azimuth, Inclination angle, WOB, Flow rate, RPM, Mud ROP

al.(2012)[43] weight, Solid percent, Plastic viscosity, Yield point, and

Measured depth

Mud viscosity, Mud weight, Pump rate, Pump pressure, Angle
11 of well deviation, RPM, WOB, Interval drilled, Formation ROP
lithology, Bit size, and Tooth wear

BPANN,

Bodaghi et al.(2015)[44] hybrid SVRs

Bit size, Bit type, UCS, Formation drillability, Formation
Shi et al.(2016)[3] ELM, USA 10  |abrasiveness, Pump pressure, Rotational per speed, WOB, Mud ROP
type, and Mud viscosity

Hegde an([ilgray(2017) RF 4 WOB, RPM, Flow rate, and UCS ROP

Eskandarian et al.(2017) RF, WOB, Mud weight, Incline, Azimuth, Pump pressure, and

[45] MON-MLP 6 Plastic viscosity ROP
Hegde et al. (2018)[6] motfl{)fibagSM 4 WOB, RPM, Flow rate, and UCS ROP
Anemangely et al.(2018) hybrid MLPs 5 RPM, WOB, Hear wave slowness, Compressional wave ROP
[13] Y slowness, and Flow rate
I SVR, ELM, WOB, RPM, rotary torque, standpipe pressure, mud
ed et al.(2019)[46] IANN, LSSVR| 9 flow-in rate, Depth, Mud weight, and Bit Size ROP

Well depth, Rotation speed of bit, WOB, Shut-in pipe pressure,
Zhao et al.(2018)[47] ANN 7 Fluid rate, Ratio of yield point to plastic viscosity, and Ratio ROP
of 10 min gel strength to 10 s gel strength

MLR, LDA, Downhole
Okoli et al. (2019)[48] | KNN, DT, 3 Torque, ROP, and WOB Vibrati
ibration
GNB
Soares and Gray(2019) | RF, SVM,
[33] NN model 4 Depth, WOB, RPM, and Flow rate ROP
Gan et al. (2019)[49] | hybrid SVR 6 Standpipe pressure, Flow rate, Torque, RPM, WOB, and Depth| ROP
Liao et al. (2019)[50] ABC 4 Thrust, RPM, Flushing media, and Compressive strength ROP
. hybrid RBF WOB, Gamma ray, Bit flow rate, Pore pressure, Pump
Ashrafi et al (2019)(51] and MLP 8 pressure, Shear wave velocity, Density, and Rotary speed ROP
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Table 6. Input variables in feature ranking[45]
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Table 7. Statistical summary of input data[47]
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Variable (unit) Range Parameter (unit) Range
WOB (KIb) 6-30 Well depth (m) 1016-4235
RPM 4-100 Rotation speed of bit (rpm) 91.38-192.00
Flow Rate (gpm) 350-1100 Weight on bit (KIb) 1.02-43.26
Pump Pressure (psi) 1200-3800 Shut-in pipe pressure (psi) 898.98-4085.82
Incline (°) 5.1-56 Fluid rate (gpm/day) 726.92-1054.75
Azimuth (°) 52.41-322 The ratio of y}eld .pomt to plastic 0.962.09
viscosity
Measured Drilling Depth (m) 1020-5186
The ratio of 10 min gel strength to L13-1.50
Mud weight (ppg) 8.85-17.25 10 sec gel strength i
Funnel Viscosity (sec) 28-179
Mol A &9 AN AF HHs Bl M= 6
Plasic Viscosity (cp) i Nl Mg A4S A5 AR o
o]:L T =9 1:1:1/\405 o Zgrto
Yield Point, 1b/100sf 476 &HQ*?TJ‘TﬁE 3tef e T8=
H5E Al )stal AFERE 7ol
Gel strength after 10 sec, 1b/100sf 1-73
V. AAIZE Al =|A3
Gel strength after 10 min, 1b/100sf 2-143 AAIZE AlE st
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We ZUE A4 8 AHIE QPshe AL of
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A

AATE HH 3 AT A= AF HE e e =
o] AFHL st Zlo] YukHolth Hegde and
Gray(2017)< 25, 50, 100 ft, Soares and Gray(2019)
+= 10, 20, 30 ft, Okoli et al.(2019)<> 90 ft2] Al
AN A AEAE LA SHATH14,33,48]. H714 A
4 AL 2] AP R AAEEH, /&
Hog AFA 7717} Fotel ulet BE mdof
A B A% RHET) PP x| 28
= ARte] H4dAl ®TH14, 33].

A JPTE AAIE A F A mdEL A
8} (Deep learning) HTh= -2 3¢5 (Shallow learn-
ing) 02 FHEHAJTE L olfFE AeH A4t AzE
of EAowM R shro] AulE Aolt). ojn
3 @FolE M= HeHE WEH wd £
= HeEE AN AF RS AATE Aeole
wale] Q4N 4 weisted MRS @
o) ABRAES FHaA ATA 1AL du
oF & Aojt}. dagEe Al ALAIZE
HlEsly AEA A0 Fofd =%
g=7t F7vshr] W&ol 7 7R 249 A
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AN rlo
oxl

v.2 =

Aol A HlFo] 2 AFo] tig |53} 1l &
Aol o AFE ALH 02 o] Lol Frk. 17
3L AFE 7143} Ao wHO R Qlske] AEA S
5ot malolq Ao R R ARE B8
5 9t BATE ol g3 Bl deithlo] A3
551 Q). o] FAl = EA &o) M 0.2 Fenl g
A7 0|8 A o8 F2e AT Fopolth

e 7129 B3 A shie] mdlo) m
£ @ge] Mg 0E AgE 5 glonE Azl 4
o} AskARre] AAT Yl Fel Mol W
o] 21& sfotg wi el Ao v S 2 a5l
=3 g male] e dstel AAzoR
2R AT Sistel BR] QWA A
AAZS nEstn A FUEAT1Y] 9% A
£ NF2Y & ARkt F, AF 230
A el g, A% v Es, 2R AE 1 o] b4
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AR =

B A7 20199 % A EdFe] Ao =
A 7]&H 714 (KETEP)S] A ¢S who} a3
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ABC : Artificial Bee Colony

AHP : Analytic Hierarchy Process

ANN : Artificial Neural Network

BPANN : Back Propagation Artificial Neural
Network

DT : Decision Tree

ELM : Extreme Learning Machine
GNB : Gaussian Naive Bayes

KNN : K-Nearest Neighbour

LDA : Linear Discriminant Analysis

LSSVR : Least Square Support Vector Regression
MLP : Multi-Layer Perceptron neural network
MLR : Multinomial Logistic Regression
MON-MLP : Monotone Multi-Layer Perceptron
NN : Neural Network

RBF : Radial Basis Function neural network
RF : Random Forest

RSM : Random Search Method
SVR : Support Vector Regression
USA : Upper layer Solution Aware
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