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Introduction

Introduction
While still working out “Industry 4.0”, there is already mention of “Industry 5.0”.
Staying ahead of the game in terms of automation and digitalization is the key for a
thriving business nowadays. Already innumerable steps have been taken in this
direction by the oil and gas industry, more precisely the drilling industry, but many
more must be taken. Developing software and hardware capable of drilling and/or
simulating a drilling operation is an essential step in leading this industry to a new era.
This design report will illustrate how the student team at the Mining University of
Leoben will tackle this issue as part of the 2020 Drillbotics ® Group B Competition.

Student Biographies
Timur Berdiev
•
•
•

Previous degree in drilling engineering (bachelor)
Current degree in drilling engineering (master), expected graduation 06/2020
Main contribution: surge and swab model description

Rostislav Gupalov
•
•
•

Previous degree in pipeline engineering (bachelor)
Current degree in drilling engineering (master), expected graduation 06/2020
Main contribution: hydraulics and cuttings bed modelling

Aleksei Olkhovikov
•
•
•

Previous degree in drilling engineering (bachelor)
Current degree in drilling engineering (master), expected graduation 06/2020
Main contribution: well trajectory and drillstring mechanical modelling

Aleksandr Geraskin
•
•
•

Previous degree in drilling engineering (bachelor)
Current degree in drilling engineering (master), expected graduation 06/2020
Main contribution: directional drilling and bit performance modelling

Pavel Iastrebov
•
•
•

Previous degree in reservoir engineering (bachelor)
Current degree in drilling engineering (master), expected graduation 06/2020
Main contribution: rock modelling

5

Well trajectory

Well trajectory

Figure 1.1 – Schematic diagram of a wellbore segment for the minimumcurvature method
In this method, two successive points on the trajectory are assumed to lie
on a circular arc located in a plane, as shown schematically in Fig.1.1 In other
words, Points 1, 2, and O in Fig. 8.13 lie on the same plane, and the curvature of
the segment between Points 1 and 2 is constant. The MD between Points 1 and 2
is Δs, and the radius of the circular arc connecting the two points is R. The angle
β is called the DL.
Δ𝑥 = (𝑠𝑖𝑛𝜙1 𝑐𝑜𝑠𝜐1 + 𝑠𝑖𝑛𝜙2 𝑐𝑜𝑠𝜐2 )𝑅𝐹
Δ𝑦 = (𝑠𝑖𝑛𝜙1 𝑠𝑖𝑛𝜐1 + 𝑠𝑖𝑛𝜙2 𝑠𝑖𝑛𝜐2 )𝑅𝐹
Δ𝑧 = (𝑐𝑜𝑠𝜙1 + 𝑐𝑜𝑠𝜙2 )𝑅𝐹
Δ𝑠
𝛽
RF =
𝑡𝑎𝑛
𝛽
2
Where β - dog leg angle, deg;
φ1,2 – inclination angle, deg;
υ1,2 – azimuth angle, deg.
𝜑2 − 𝜑1
𝜐2 − 𝜐1
) + 𝑠𝑖𝑛𝜑2 𝑠𝑖𝑛𝜑2 𝑠𝑖𝑛2 (
)
2
2

β = 2𝑎𝑟𝑐𝑠𝑖𝑛√𝑠𝑖𝑛2 (
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Drillstring mechanical modeling
Torque & Drag (T&D) calculations
The most crucial part in drill string mechanical modeling is T&D
calculations. It is used to simulate Weight on Bit (WOB) and Torque on Bit (TOB)
values. The most important value for directional drilling control is dog-leg
severity (DLS). It was decided to use different approaches for DLS calculations
depending on drill string configuration.

Drillstring
Drill pipes

BHA

Bent PDM

RSS
Point-theBit
Push-theBit

Figure 2.1 – Possible drill string configurations
Soft-string model proposed by Johancsik (Johancsik, Friesen, and Dawson
1984) will be used for T&D calculations.

Figure 2.2 – Forces acting on drill string element during pickup
The magnitude of normal force can be calculated by the following formula:
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𝐹𝑛 = [(𝐹𝑡 ∆𝛼 𝑠𝑖𝑛𝜃̅)2 + (𝐹𝑡 ∆𝜃 + 𝑊𝑠𝑖𝑛𝜃̅)2 ]1/2 ,
Where 𝐹𝑛 – magnitude of normal force, N;
𝐹𝑡 – axial force acting at lower end of element, N;
Δ𝛼 – increase in azimuth angle over length of element, rad;
𝜃̅ – average inclination angle of element, rad;
Δ𝜃 – increase in inclination angle over length of element, rad;
𝑊 – buoyed weight of drillstring element, N.
Tension increment can be calculated by the following formula:
𝐹𝑡 = 𝑊𝑐𝑜𝑠𝜃̅ ± 𝜇𝐹𝑛 ,
Where 𝜇 – sliding friction coefficient between drillstring and wellbore.
Torsion increment can be calculated by the following formula:
Δ𝑀 = 𝜇𝐹𝑛 𝑟,
Where Δ𝑀 – increase in torsion over the length of element, Nm;
𝑟 – radius of drillstring element, m.
To find build rate in case Bent-PDM, simple 3 points curvature calculation
will be used (Azar and Samuel 2007):
𝐵𝑅 = 2 ∙

𝜃
,
𝐿1 + 𝐿2

where BR - build rate, deg/m;
𝜃 – tilt angle, deg;
𝐿1 – length between bent sub and upper stabilizer, m;
𝐿2 – length between bit and bent sub, m.
Figure 1.3 shows schematic for 3 points curvature calculation.
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Figure 2.3 - Schematic for 3 points curvature calculation
In case of push-the-bit RSS, DLS can be calculated by the following
formula (Zhang and Samuel 2015):
2(
𝐷𝐿𝑆 =

𝑑1 − 𝑑2 𝑑3 − 𝑑2
𝐿1 + 𝐿2 )⁄
(𝐿1 + 𝐿2 ),

where 𝑑𝑖 – distance between a BHA axis and the bottom of the wellbore
(Fig. 1.4), m;
𝐿𝑖 – length of drillpipe between two components (Fig. 1.4), m.

Figure 2.4 – DLS of push-the-bit BHA
|𝐹𝑠1 | = √

𝑅𝑂𝑃 ∙ 𝑆𝑟 𝑑1 − 𝑑2 𝑑3 − 𝑑2 𝑑1 − 𝑑3
∙|
+
+
|,
𝐴
𝐿1
𝐿2
𝐿1 + 𝐿2

where 𝑅𝑂𝑃 – rate of penetration, m/hr;
𝑆𝑟 – dimensionless rock strength;
𝐴 – coefficient of side cutting.
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Figure 2.5 – Force model of rigid push-the-bit BHA
Calculations for point-the bit RSS is very well described in the same paper
(Zhang and Samuel 2015).
Buckling limit can be calculated by the following formula (Dawson 1984):
𝐹𝑐𝑟,𝑠𝑖𝑛 = 2√

𝐸𝐼𝑊𝑒 𝑠𝑖𝑛𝜃
,
𝑟

where 𝐹𝑐𝑟,𝑠𝑖𝑛 – critical sinusoidal buckling limit, H;
𝐸 – Young’s modulus, Pa;
𝜋

𝐼 = 64 (𝑂𝐷4 − 𝐼𝐷 4 ) – moment of inertia, 𝑚4 ;
𝑊𝑒 – unit weight, H;
𝜃 – inclination angle, rad;
𝑟 – radial clearance between pipe and hole, m.
𝐹𝑐𝑟,ℎ𝑒𝑙 = 2√2√

𝐸𝐼𝑊𝑒 𝑠𝑖𝑛𝜃
,
𝑟

where 𝐹𝑐𝑟,ℎ𝑒𝑙 – critical helical buckling limit, H.
To prevent any kind of vibrations, it was decided to use WOB vs. ROP
window. As soon as system detects that operating point is outside of safe
window, it will automatically adjust WOB and ROP to be inside of the safe
window.

10

Drillstring mechanical modeling

Figure 2.6 – Dynamic stability window (Yaveri, Damani, and Kalbhor
2010)
In case of vibrations, program will simulate only torsional vibrations.
Physical model of drilling process with required input and output parameters is
shown on Fig. 2.7.

Figure 2.7 – Schematic of drilling process with input and output
parameters
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Figure 2.8 – Representation of a drillstring as a torsional pendulum
driven by a top drive motor (Arjun Patil and Teodoriu 2013)
The model describing the drillstring torsional vibration is obtained by
assuming that the drillstring behaves as a torsional pendulum which is driven by
an electric motor from the top and the bit–rock interaction at the bottom which is
modeled by a nonlinear friction model. Drillstring consists of the set of drill pipes
which are screwed together to form a long pipe and the BHA, which consists of
the drill collars, the stabilizers, a heavy weight drill pipe and the bit. The BHA
section above the bit is stiffer than the drill pipes in order to keep the drill pipes
under tension. As the well makes progress the length of the drill pipes increases
while the length of the BHA remains constant. This will permit to study drill
pipes dynamics and the BHA dynamics separately. Assumptions made are:
•

The borehole and the drillstring are both vertical and straight.

•

Well stabilized bit in order to have no lateral movement at the bit.
12
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•

Drilling mud is simplified by a constant viscous-damping along the

drillstring for all the cases considered during simulation.
•

The drive torque is supposed to be constant and positive.

The equations of motion are:
{

𝐽𝑑 𝜃𝑑 ̈ − 𝑐𝑑 (𝜃𝑚 ̇ − 𝜃𝑑̇ ) − 𝑘𝑑 (𝜃𝑚 − 𝜃𝑑 ) + 𝑐𝑏 (𝜃𝑑̇ − 𝜃𝑏̇ ) + 𝑘𝑏 (𝜃𝑑 − 𝜃𝑏 ) = 0,
𝐽𝑏 𝜃𝑏̈ − 𝑐𝑏 (𝜃𝑚̇ − 𝜃𝑏̇ ) − 𝑘𝑏 (𝜃𝑑 − 𝜃𝑏 ) = −𝑇𝑏 ,

where 𝑇𝑏 - a nonlinear function representing torque-on-bit (Tb<0 for ωb>0),
H·m;
𝐽𝑑 – moment of inertia of a bottom-hole assembly, m4;
𝐽𝑑 – moment of inertia of a drill pipe, m4;
𝜃𝑚,𝑑,𝑏 – angular displacement of motor, drillstring and bit respectively,
rad;
𝑐𝑏,𝑑 – damping coefficient along BHA and drillstring respectively,
Nms/rad;
𝑘𝑏,𝑑 – torsional stiffness of BHA and drillstring, Nm/rad.
Friction forces and the reactive torque at the bit result in reproduction of
stick-slip torsional vibrations. The nonlinear reactive torque Tb is mainly
influenced by the friction at the bit due to rock cutting process and damping at
the bit due to the drilling mud and can be written as:
𝑇𝑏 (𝜔𝑏 ) = 𝑐𝑏1 𝜔𝑏 + [𝜇𝑐𝑏 (𝜔𝑏 ) + (𝜇𝑠𝑏 − 𝜇𝑐𝑏 )𝑒 −𝜆|𝜔𝑏| ][𝑊0 + 𝑘𝑓 𝑥0 (1 − 𝑠𝑖𝑛(2𝜋𝑓𝑡))]𝐷𝑏 ,
Where 𝑐𝑏1 – damping coefficient at the bit, Nms/rad;
𝜔𝑚,𝑑,𝑏 – angular velocity of motor, drillstring and bit respectively, rad/s;
𝜆 – decay factor;
𝜇𝑐𝑏,𝑠𝑏 – Coulomb and static dry friction coefficient respectively;
𝐷𝑏 – bit diameter, m.
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Hydraulics calculation
•Flow rate
•Well geometry
•Rheological model
•Model parameters (consistency, power law index etc.)
•Fluid Density
•Cuttings density
•Cuttings diameter
•Pipe roughness

Inputs

Outputs

• ECD
• Cuttings transportation approval (or warning related
to transportation impossibility)
• Required pump pressure

Frictional pressure drop calculation
In this section we introduce the equations and relationships for various types of fluids
(Mitchell, Miska 2011)

Rheological Model 1: Newtonian Fluids.
Laminar flow
Pipe flow

Turbulent flow

Frictional pressure drop:
𝑑𝑝𝑓 2𝑓𝜌𝑣 2
=
𝑑𝑠
𝐷
where ƒ – friction coefficient,
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ρ – mud density, kg/m3
υ – fluid velocity, m/sec,
D – pipe diameter, m.
Reynolds number:
𝑁𝑅𝑒 = 𝐷𝜌𝑣/𝜇
where μ – plastic viscosity, cP.
𝑓 = 16/𝑁𝑅𝑒

1
√𝑓

for NRe < 2100

𝑘/𝐷

= −4𝑙𝑜𝑔10 [3.7065 +

1.2613
𝑅𝑒√𝑓

]

for NRe > 3000
where k – pipe roughness
coefficient, m

Annular flow

Frictional pressure drop:
𝑑𝑝𝑓
2𝑓𝜌𝑣 2
=
𝑑𝑠
𝑑𝑤 − 𝑑𝑝
where dw – wellbore diameter, m,
dp – pipe diameter, m.
Reynolds number:
𝑁𝑅𝑒 = (𝑑𝑤 − 𝑑𝑝 )𝜌𝑣/𝜇

𝑓 = 16/𝑁𝑅𝑒

1
√𝑓

for NRe < 2100
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𝑘/𝐷

= −4𝑙𝑜𝑔10 [3.7065 +
for NRe > 3000

1.2613
𝑅𝑒√𝑓

]

Hydraulics calculation

Rheological Model 2: Bingham Plastic Fluids.
Pipe flow
Frictional pressure drop:
𝑑𝑝𝑓 2𝑓𝜌𝑣 2
=
𝑑𝑠
𝐷
Reynolds number:
𝑁𝑅𝑒 = 𝐷𝜌𝑣/𝜇
Laminar flow

𝑓 = 16 [

4
1
𝑁𝐻𝑒
𝑁𝐻𝑒
+
−
2
8 ]
𝑁𝑅𝑒 6𝑁𝑅𝑒
3𝑓 3 𝑁𝑅𝑒

for 𝑁𝑅𝑒 < 𝑁𝑅𝑒𝐵𝑃1, where
𝑁𝐻𝑒 = 𝜏0 𝜌𝐷2 /𝜇𝑝2 – Hedstrom number (τo – Graves-Collins yield
stress, Pa),
𝑁𝑅𝑒𝐵𝑃1 = 𝑁𝑅𝑒𝐵𝑃2 − 866(1 − 𝛼𝑐 )
𝑁𝑅𝑒𝐵𝑃2

0.968774 − 1.362439𝛼𝑐 + 0.1600822𝛼𝑐4
= 𝑁𝐻𝑒 (
)
8𝛼𝑐

2𝑁
2𝑁
𝑁
( 𝐻𝑒 + 0,75) − (( 𝐻𝑒 + 0,75)2 − 4( 𝐻𝑒 )2 )1/2
24500
24500
𝛼𝑐 = 0,75 [ 24500
]
𝑁𝐻𝑒
2
24500
𝑓 = 𝐴(𝑁𝑅𝑒 )−𝐵

Turbulent flow
for 𝑁𝑅𝑒 > 𝑁𝑅𝑒𝐵𝑃2, where

For 𝑁𝐻𝑒 ≤ 0.75 × 105 , 𝐴 = 0.20656 𝑎𝑛𝑑 𝐵 = 0.3780
For

0.75 × 105 < 𝑁𝐻𝑒 ≤ 1.575 × 105 , 𝐴 = 0.26365 𝑎𝑛𝑑 𝐵 =

0.38931
For 𝑁𝐻𝑒 > 0.75 × 105 , 𝐴 = 0.20521, 𝐵 = 0.35579, and 𝑁𝐻𝑒 =
Annular flow
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𝜏0 𝜌𝐷 2
2
𝜇𝑝

Hydraulics calculation

Frictional pressure drop:
𝑑𝑝𝑓
2𝑓𝜌𝑣 2
=
𝑑𝑠
𝑑𝑤 − 𝑑𝑝
Reynolds number:
𝑁𝑅𝑒 = (𝑑𝑤 − 𝑑𝑝 )𝜌𝑣/𝜇
𝑓 = 16 [
Laminar flow

4
1
𝑁𝐻𝑒
𝑁𝐻𝑒
+
−
2
8 ]
𝑁𝑅𝑒 6𝑁𝑅𝑒
3𝑓 3 𝑁𝑅𝑒

for 𝑁𝑅𝑒 < 𝑁𝑅𝑒𝐵𝑃1, where
2
𝑁𝐻𝑒 = 𝜏0 𝜌(𝑑𝑤
− 𝑑𝑝2 )/𝜇𝑝2

𝑁𝑅𝑒𝐵𝑃1 = 𝑁𝑅𝑒𝐵𝑃2 − 866(1 − 𝛼𝑐 )
𝑁𝑅𝑒𝐵𝑃2

0.968774 − 1.362439𝛼𝑐 + 0.1600822𝛼𝑐4
= 𝑁𝐻𝑒 (
)
8𝛼𝑐

2𝑁𝐻𝑒
2𝑁
𝑁
+ 0,75) − (( 𝐻𝑒 + 0,75)2 − 4( 𝐻𝑒 )2 )1/2
24500
24500
24500
𝛼𝑐 = 0,75 [
]
𝑁𝐻𝑒
2
24500
(

𝑓 = 𝐴(𝑁𝑅𝑒 )−𝐵

Turbulent flow
for 𝑁𝑅𝑒 > 𝑁𝑅𝑒𝐵𝑃2, where

For 𝑁𝐻𝑒 ≤ 0.75 × 105 , 𝐴 = 0.20656 𝑎𝑛𝑑 𝐵 = 0.3780
0.75 × 105 < 𝑁𝐻𝑒 ≤ 1.575 × 105 , 𝐴 = 0.26365 𝑎𝑛𝑑 𝐵 =

For
0.38931

𝑁𝐻𝑒 > 0.75 × 105 , 𝐴 = 0.20521, 𝐵 = 0.35579, and

For

2 −𝑑2 )
𝜏0 𝜌(𝑑𝑤
𝑝
2
𝜇𝑝
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Rheological Model 3: Power Law Fluids.
Laminar flow
Pipe flow

Turbulent flow
Frictional pressure drop:
𝑑𝑝𝑓 2𝑓𝜌𝑣 2
=
𝑑𝑠
𝐷
Reynolds number:
𝑁𝑅𝑒

𝐷𝑛 𝑣 2−𝑛 𝜌
= 𝑛−1
8 [(3𝑛 + 1)/4𝑛]𝑛 𝐾

where n- power law index,
K – consistency index, Pa*s.
1

𝑓 = 16/𝑁𝑅𝑒
for 𝑁𝑅𝑒 ≤ 3250 − 1150𝑛

Annular flow

√𝑓

=

4

𝑛

𝑛

0,4
𝑛1,2

𝑛

0,4
𝑛1,2

log (𝑁𝑅𝑒 𝑓 1− 2 ) −
0,75

for 𝑁𝑅𝑒 ≥ 4150 − 1150𝑛

Frictional pressure drop:
𝑑𝑝𝑓
2𝑓𝜌𝑣 2
=
𝑑𝑠
𝑑𝑤 − 𝑑𝑝
Reynolds number:
𝑁𝑅𝑒 =

(𝑑𝑤 − 𝑑𝑝 )𝑛 𝑣 2−𝑛 𝜌
8𝑛−1 [(3𝑛 + 1)/4𝑛]𝑛 𝐾
1

𝑓 = 16/𝑁𝑅𝑒
for 𝑁𝑅𝑒 ≤ 3250 − 1150𝑛
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√𝑓

=

4

𝑛

log (𝑁𝑅𝑒 𝑓 1− 2 ) −
0,75

for 𝑁𝑅𝑒 ≥ 4150 − 1150𝑛

Hydraulics calculation

Rheological Model 4: Yield Power Law Fluids.
Laminar flow
Pipe flow

Turbulent flow
Frictional pressure drop:
𝑑𝑝𝑓 2𝑓𝜌𝑣 2
=
𝑑𝑠
𝐷
Reynolds number:
𝑁𝑅𝑒𝑌𝑃𝐿

8𝜌𝑣 2
=
𝜏𝑦 + 𝐾𝛾𝑒𝑛

where 𝜏𝑦 - yield stress, Pa,
𝛾𝑒 – effective shear rate, 1/s.
8𝑣

𝛾𝑒 =𝐷

𝑒

𝐷𝑒 =

4𝑛
𝐶𝐷
3𝑛 + 1 𝑐

2𝑛2 𝑥 2
2𝑛𝑥
𝐶𝑐 = (1 − 𝑥) [
+
+ 1]
(1 + 2𝑛)(1 + 𝑛) 1 + 2𝑛
𝜏𝑦

𝑥=𝜏

𝑤

𝐷 𝑑𝑝𝑓
4 𝑑𝑠

𝜏𝑤 =
𝑓 = 16/𝑁𝑅𝑒𝑌𝑃𝐿
For 𝑁𝑅𝑒 ≤ 3250 − 1150𝑛

1

=

√𝑓

4

𝑛

for 𝑁𝑅𝑒 ≥ 4150 − 1150𝑛
Annular flow

Frictional pressure drop:
𝑑𝑝𝑓
2𝑓𝜌𝑣 2
=
𝑑𝑠
𝑑𝑤 − 𝑑𝑝
Reynolds number:
𝑁𝑅𝑒𝑌𝑃𝐿 =

12𝜌𝑣 2
𝜏𝑦 + 𝐾𝛾𝑒𝑛
12𝑣

𝛾𝑒 = 𝐷

𝑒
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𝑛

log (𝑁𝑅𝑒 𝑓 1− 2 ) −
0,75

0,4
𝑛1,2

Hydraulics calculation

3𝑛
𝐶 (𝑑 − 𝑑𝑝 )
2𝑛 + 1 𝑐 𝑤
𝑛𝑥
𝐶𝑐 = (1 − 𝑥) [
+ 1]
1+𝑛

𝐷𝑒 =

𝜏𝑦

𝑥=𝜏
𝜏𝑤 =

(𝑑𝑤 − 𝑑𝑝 ) 𝑑𝑝𝑓
4
𝑑𝑠
1

𝑓 = 24/𝑁𝑅𝑒
for 𝑁𝑅𝑒 ≤ 3250 − 1150𝑛

𝑤

√𝑓

=

4

𝑛

𝑛

log (𝑁𝑅𝑒 𝑓 1− 2 ) −
0,75

for 𝑁𝑅𝑒 ≥ 4150 − 1150𝑛

Pump pressure calculation
Pump pressure calculation (Boyun, Gefei 2011):
𝑃𝑝𝑢𝑚𝑝 = ∆𝑃𝑠𝑒 + ∆𝑃𝑑𝑝 + ∆𝑃𝑏ℎ𝑎 + ∆𝑃𝑏𝑖𝑡 + ∆𝑃𝑎𝑛𝑛.𝑏ℎ𝑎 + ∆𝑃𝑎𝑛𝑛.𝑑𝑝.𝑐𝑎𝑠 + ∆𝑃𝑎𝑛𝑛.𝑑𝑝.𝑜ℎ
∆𝑃𝑠𝑒 – surface equipment pressure loss (fixed assumed value), Pa,
∆𝑃𝑑𝑝 – drill pipe pressure loss (calculated using frictional pressure drop), Pa,
∆𝑃𝑏ℎ𝑎 – BHA pressure loss (calculated using frictional pressure drop), Pa,
𝑄2𝑊

∆𝑃𝑏𝑖𝑡 – bit pressure loss, psi (∆𝑃𝑏𝑖𝑡 = 1,8∗𝐴2, where
𝑄 – flow rate, m3/s,
𝑊 – mud weight, kg/m3,
𝐴 – total flow area, m2)
∆𝑃𝑎𝑛𝑛.𝑏ℎ𝑎 – BHA annulus pressure loss (calculated using frictional pressure
drop), Pa,
∆𝑃𝑎𝑛𝑛.𝑑𝑝.𝑐𝑎𝑠 – annulus drill pipe pressure loss in cased hole (calculated using
frictional pressure drop), Pa,
∆𝑃𝑎𝑛𝑛.𝑑𝑝.𝑜ℎ – annulus drill pipe pressure loss in opened hole (calculated using
frictional pressure drop), Pa.
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ECD calculation
ECD should be calculated and compared with fracture gradient (Boyun,
Gefei 2011):
𝐸𝐶𝐷 =

∆𝑃𝑎𝑛𝑛
+ 𝑊,
𝑔 ∗ 𝑇𝑉𝐷

Where ∆𝑃𝑎𝑛𝑛 − annular pressure loss, Pa (calculated using frictional pressure
drop),
TVD – total vertical depth, m,
W – mud weight, kg/m3.
If ECD will be close to fracture gradient (95%) warning will appear, which
alert user. If ECD will exceed fracture gradient, parameters have to be changed.

Cuttings transport model
Let 𝐹𝑟 be the Froude number and 𝑅𝑒 be the corresponding Reynolds
number, such that (Martin, Georges et al. 1987):
𝑅𝑒 =

𝑣𝑓𝑚𝑖𝑛 𝐷𝜌𝑙
𝜇

where 𝑣𝑓𝑚𝑖𝑛 − minimum average fluid velocity ensuring cuttings recovery, m/s,
D – inside diameter of tube, m,
𝜌𝑙 − density of fluid, kg/m3,
𝜇 − viscosity, cP.
𝐹𝑟 =

𝑣𝑓𝑚𝑖𝑛
𝜌 −𝜌
√ 𝑠 𝜌 𝑙 𝑔𝐷
𝑙

Where 𝜌𝑠 − density of particles, kg/m3,
𝑔 – acceleration of gravity, 𝑔=9,81 m/s2.
The number 𝐾 is defined so that:
𝐾 = 𝐹𝑟√𝑅𝑒
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𝐾 is determined by measurements performed in the laboratory between θ
= 0° and θ = 90°, within a viscosity range from 1 to 100 mPa*s., where θ –
inclination angle.
Experience has shown that, within the limited 𝜌𝑠 range and for a given
recovery rate in a determined length of time, 𝐾 depends only on θ and . Figures
3.1 and 3.2 give the variations of 𝐾 versus μ for inclinations of 15 and 45° and for
different percentages of cuttings recovery (R*).

Figure 3.1 - Values of 𝐾 vs. viscosity for θ = 15".
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Figure 3.2 - Values of 𝐾 vs. viscosity tor θ=45°.
From the practical standpoint, the values of 𝐾 = f(θ, μ) are included in the
program for the numerical model. The computing process is diagrammed in
Figure 3.3. 𝐾 is determined immediately, and 𝑣𝑓𝑚𝑖𝑛 is then deduced from the
equation:
2/3

𝑣𝑓𝑚𝑖𝑛

𝐾((𝜌𝑠 − 𝜌𝑙 )𝑔𝜇)1/2
=[
]
𝜌𝑙

After input data is included in model, minimum flow rate is defined. Flow
rate, which is defined by user should be equal or more than minimum.
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Figure 3.3 - Numerical model. Computing process
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Surge and swab
Since analytical integration for surge and swab pressures for YLP fluids is
not possible due to nonlinearity introduced by the YPL fluid model, a numerical
scheme is introduced. Numerical solution for surge and swab phenomena in
concentric annuli has originated from equation of motion. Following
assumptions has been made for derivation: no gravitational force, no slip at
wellbore, isothermal, steady state, axisymmetric and fully developed laminar
flow in only axial direction, incompressible fluid and closed-ended pipe. The
equation of motion in z direction in cylindrical coordinates is shown in the below
equation.
𝜕𝑣𝑧
𝜕𝑣𝑧 𝑣𝜃 𝜕𝑣𝑧
𝜕𝑣𝑧
𝜕𝑝
1𝜕
1 𝜕
(𝑟𝜏𝑟𝑧 ) +
)=−
𝜌(
+ 𝑣𝑧
+
+ 𝑣𝑥
−(
𝜏 ) + 𝜌𝑔𝑧
𝜕𝑡
𝜕𝑟
𝑟 𝜕𝑟
𝜕𝑧
𝜕𝑧
𝑟 𝜕𝑟
𝑟 𝜕𝜃 𝑧𝑧
After simplifying this and according to the assumptions, the following is
obtained.
𝜕𝑝 1 𝜕𝑣𝑧
𝜕 2 (𝑣𝑧 )
= (𝜇
+ 𝜇𝑟
)
𝜕𝑧 𝑟
𝜕𝑟
𝜕𝑟 2
Discretizing the above equation and applying finite difference scheme and
solving with respect to the boundary conditions illustrated in Figure 4.1 gives the
final form of numerical solution.

Figure 4.1 – Cross-section of Annulus
An apparent viscosity needs to be defined since the fluid in nonNewtonian (Erge et al., 2014). Viscosity terms will be replaced with 𝜇𝑎𝑝𝑝 .
𝜇𝑎𝑝𝑝 =
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In which YLP defines 𝜏 as:
𝜏 = 𝜏0 + 𝐾𝛾 𝑛
Apparent viscosity function for YLP fluids can be defined as:
𝜇𝑎𝑝𝑝 =

𝜏0
+ 𝐾𝛾 𝑛−1
𝛾

Where shear rate function given as:
𝛾=

𝜕𝑣𝑟
𝜕𝑧

The modelling work includes simplifying the Navier-Stokes equation to
the governing equations for the surge and swab pressures in concentric annuli
under aforementioned assumptions. The numerical model includes a finite
difference approximation and a numerical scheme that can calculate frictional
pressure losses for the given input parameters, i.e. the fluid properties, wellbore
geometry, pipe velocity etc.
To solve the scheme iteratively, a MATLAB code is written within the
scope. The input parameters are listed in flow chart (Figure 4.2) that represents
the numerical scheme. (Erge, Akin, and Gucuyener 2018)
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Figure 4.2- - Flow Diagram of Numerical Model Solution
Using this, the velocity profile for a given pressure value is calculated.
In order to obtain the pressure for a given velocity, a root finding
algorithm, MATLAB’s fzero() function is used, which is a combination of
secant, bisection and inverse quadratic interpolation methods that that
27
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enables finding the pressure losses for a given velocity (Forsythe et al.,
1977).
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Directional Drilling and Bit
Performance Model
This chapter presents an analytical model that has successfully predicted
the directional behavior of different bottom hole assemblies’ types, including
bent subs and downhole motors, push-the-bit and point-the-bit RSS. The model
framework is based on Brett model (1986) and has been installed as a part of the
simulator for automated drilling and combines the effects on directional behavior
of bottom hole assembly configuration, hole geometry, rock drillability, bit type
and operating parameters such as flow rate, weight-on-bit and rotary speed.
The model assumes non-isotropic rock properties, which change with
depth. It does not take BHA dynamics into account, it only predicts bit walk due
to hole curvature affects and BHA type.
Figure 5.1 summarizes the major components of the model. These
component models include the Static BHA model, which finds the position of the
BHA within the wellbore, and the Lateral and Axial Penetration Rate models.
These models act together as a system to predict the new wellbore direction by
sharing information on the wellbore, BHA and operating parameters (such as
weight-on-bit, bit torque and mud properties) while drilling proceeds.
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Figure 5.1 – Diagram of automated directional drilling process
Axial and lateral penetration model make up bit performance model.
Figure 4.2 illustrates all necessary input data for bit performance model.
Required parameters can be divided into 4 groups: drive mechanism, bit
characteristics, operational and well parameters.
Different models are used for each drive mechanism to calculate side force
acting on the bit which can be converted into side cutting rate in order to calculate
lateral displacement of the bit. Geometric parameters of the bit are necessary to
find walking tendency and bit steerability.
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Point-the-bit RSS

Push-the-bit RSS

Drive mechanism

Hybrid RSS

INPUTS

PDM
Geometric characteristic

BIt characteristics

Tool face
WOB

Operational parameters

RPM
Flow rate
UCS

Well parameters

Inclination
Azimuth

Figure 5.2 – Input parameters for bit performance models
Developed model is able to predict drilling direction for different BHA’s
and drilling modes (Table 5.1).
BHA type
Drilling
modes

Bent motor

Sliding

Rotating

RSS
Point
the bit

Push
the bit

Hybrid

Table 5.1 – Summary of drives and modes considered in the directional
drilling model
As model reflects real drilling rig, we need to consider rig, surface and
downhole drilling equipment limitations and restrictions, hydraulic capabilities
of existing capabilities and cleaning efficiency, directional control, vibrations, bit
wear.
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Vibrations

CONTRIBUTORS

Bit wear
WOB available

RPM, torque limitations of top drive and drill string
Tool face disorientation
Directional control
Bit and bottomhole balling
Bit durability

Figure 5.3 – Processes and values contributing to the directional drilling model
Results of calculation (fig. 5.4) will be available in several forms: values
indication on the monitor, diagrams of safe drilling window, alarms, graphs.

Build, turn rates
Well path calculation

Inclination, azimuth
DLS

OUTPUTS

Torque on the bit

Tool face
Directional drilling adjustments

Side force
Torsional deflection
MSE, MDSE, HSE, DOC

ROP

Cuttings concentration

Drilling efficiency

Bottomhole cleaning

Drilling parameters optimization

Bit cleaning

Figure 5.4 – Output parameters from directional drilling model
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To simulate drilling process close to reality following models are used.
They are presented in general form as a function of several variables used in
calculations (fig. 5.5).

Bit walking tendency=f(bit type, bit geometry characteristic)
Bit steerability=f(bit type, bit geometry characteristic)
Bit wear=f(Rock, ROP, bit, drilling parameters)
Vibrations=f(RPM, WOB, Rock, bit)
ROP=f(Rock strength, drilling parameters, bit wear)
Bit, bottomhole cleaning=f(flow rate, bit diameter)
Figure 5.5 – Submodels used for bit performance and directional drilling models
𝑀𝑆𝐸 is the total amount of the energy that is being put into the string,
divided by the amount of rock that is being destroyed. If we could drill 100%
efficiently all of the energy that is put into the drill string would be used to
destroy rock.
We do need 𝑀𝑆𝐸 and do not just focus on 𝑅𝑂𝑃 because the 𝑀𝑆𝐸 trend
gives us an idea of whether we are efficient. Drilling inefficiently will eventually
cause us to drill slow. Events leading to lower efficiency are bit and BHA balling,
vibrations, low hydraulic energy transmitter to the bottomhole.
The 𝑀𝑆𝐸 trend makes it easier to determine whether changing parameters
was a good change, or a bad change.
𝑀𝑆𝐸 =

𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
𝑊
𝑊
=
=
𝑅𝑜𝑐𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 𝑉
𝐴 · 𝑅𝑂𝑃

Drilling specific energy (𝐷𝑆𝐸) can be defined as the work to excavate and
remove, underneath the bit, a unit of volume rock considering hydraulic energy
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(Armenta, 2008). Teale’s original equation was modified to include a bit
hydraulics-related on the 𝑀𝑆𝐸 correlation. 𝐷𝑆𝐸 can be calculated as follows:
1
𝑅𝑃𝑀 · 𝑇𝑂𝐵 𝛽𝛥𝑃𝑏 𝑄
(𝑊𝑂𝐵 + 2𝜋
)
−
𝐴
𝑅𝑂𝑃
𝑅𝑂𝑃
1
𝑇𝑂𝐵
𝛽𝐻𝐻𝑃
)−
𝐷𝑆𝐸 = (𝑊𝑂𝐵 + 2𝜋
𝐴
𝐷𝑂𝐶
𝐴 · 𝑅𝑂𝑃
1 𝛽𝛥𝑃𝑏 𝑄
𝐷𝑆𝐸 = 𝑀𝑆𝐸 −
= 𝑀𝑆𝐸 − 𝐻𝑆𝐸
𝐴 𝑅𝑂𝑃
𝐷𝑆𝐸 =

𝐷𝑆𝐸 = 𝑀𝑆𝐸 − 𝐻𝑆𝐸
𝑇𝑂𝐵 =

𝑑𝑏
𝜇𝑊𝑂𝐵
3

𝑀𝑆𝐸 – mechanical drilling specific energy, MPa;
𝐷𝑆𝐸 – mechanical drilling specific energy, MPa;
𝐻𝑆𝐸 – hydraulic specific energy, MPa;
𝐻𝐻𝑃 – hydraulic horse power;
𝑊𝑂𝐵 – weight on the bit, N;
𝑅𝑃𝑀 – bit rotation speed, rev/s;
𝑇𝑂𝐵 – bit torque, N·m;
𝑅𝑂𝑃 – rate of penetration, m/s;
𝑄 – flow rate, m3/s;
𝛽 – coefficient of hydraulic horsepower;
𝛥𝑃𝑏 – pressure drop across the bit;
𝐴=𝜋

𝑑𝑏2
4

– cross section area of the rock removed, m2;

𝜇 – coefficient of sliding friction for drill bit (typically 0.6-2.0 (fig. 5.6)).
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Figure 5.6 – Example of TOB-WOB relationship for roller cone and PDC bits
(ideal – left (Al-Suwaidi, 2003), real-right (Dupriest, 2005, 2006))
Teale’s laboratory experiment showed that 𝑀𝑆𝐸 was numerically close to
the unconfined compressive strength (𝑈𝐶𝑆) of the formation at maximum drilling
efficiency. However, the tests were conducted at atmospheric conditions. In the
real drilling process, 𝑀𝑆𝐸 is numerically close to the 𝐶𝐶𝑆 of the formation at
maximum drilling efficiency. In other words, when drilling achieves a maximum
drilling efficiency, the minimum 𝑀𝑆𝐸 is reached and is roughly equal to the 𝐶𝐶𝑆
of the rock drilled.
𝜂=

𝑀𝑆𝐸𝑚𝑖𝑛
𝐶𝐶𝑆
=
𝑀𝑆𝐸
𝑀𝑆𝐸

𝜂 = 30 − 40% for PDC bits;
𝐶𝐶𝑆 – confined compressive strength, MPa.
ROP model is based on abovementioned assumption:
𝑅𝑂𝑃 = 𝑊𝑓

2𝜋𝑅𝑃𝑀 · 𝑇𝑂𝐵 − 𝛽𝛥𝑃𝑏 𝑄
𝐶𝐶𝑆⁄ · 𝐴 − 𝑊𝑂𝐵
𝜂
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𝑊𝑓 − nondimensional wear function calibrating 𝑅𝑂𝑃 values for a worn bit
(Motahhari, 2008);
𝛥𝐵𝐺 𝑚
)
𝑊𝑓 = 1 − (
8
𝑛

𝛥𝐵𝐺 = 𝐶𝑎 ∑ 𝑅𝑃𝑀𝐶1 · (𝑊𝑂𝐵)𝐶2 (𝜎) ℎ𝑖
𝑖=1

𝐶𝑎 − bit wear coefficient (property of the bit);
𝐶1 , 𝐶2 − empirical model constants depending on rock properties;
𝜎 − unconfined rock strength;
ℎ − footage drilled.
The torque required for a worn bit changes with bit wear as:
𝛥𝐵𝐺 𝑅𝑝
) )
𝑇𝑂𝐵𝑤 = 𝑇𝑂𝐵 · (1 + 𝑅𝑡 (
8
𝑅𝑡 − is usually negative;
𝑅𝑡 − is usually in the range of 0.8 to 1.0.
The depth of cut (𝐷𝑂𝐶) of a bit is a direct indication of its aggressivity. The
deeper the 𝐷𝑂𝐶, the more aggressive the bit and the higher the potential 𝑅𝑂𝑃; on
the other hand, a high 𝐷𝑂𝐶 can also lead to stick-slip and other drilling vibrations
or loss of tool-face control during sliding operations (fig. 5.7-5.9):
𝐷𝑂𝐶 =

𝑅𝑂𝑃 · 1000
𝑅𝑃𝑀

𝐷𝑂𝐶 – depth of cut, mm/rev.

Figure 5.7 – Reactive torque management (Brown, 2010, Beuershausen, 2010)
36

Directional Drilling and Bit Performance Model

Figure 5.8 – Reactive torque management – Depth of Cut feature (Al-Suwaidi,
2003)

Figure 5.9 – Typical drilling limiter charts (Bailey, 2017)
To calculate rate of side cutting side force is used and can be recalculated
to the 𝑅𝑂𝑆 (Zhang, 2015), coefficients can be determined analytically for rock type
and specific drill bit using walking tendency, bit steerability models (fig. 5.10)
and drive mechanism:
𝑎𝐹𝑠2
𝑅𝑂𝑆 =
𝑆𝑟
𝑅𝑂𝑆 – side cutting rate, m/s;
𝐹𝑠 – total side force on the bit, N;
𝑎 – empirically determined factor from directional response of building,
dropping and holding assemblies (or PDM, push RSS - 5·10-6/point RSS – 7·10-5)
and different bits;
𝑆𝑟 – dimensionless rock strength.
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Bit steerability corresponds to the ability of the bit, submitted to lateral
and axial forces, to initiate a lateral deviation. The bit steerability can be defined
as the ration of the lateral drillability over the axial drillability (Menand, 2012):
𝛥𝐿⁄
𝐿𝐷
𝐹𝑠
𝐵𝑆 =
=
𝛥𝐻
𝐴𝐷
⁄𝑊𝑂𝐵
𝐵𝑆 – bit steerability is depending on cutting profile, gauge cutters, gaugepad characteristics;
𝐿𝐷 – lateral drillablility is defined as the lateral displacement 𝛥𝐿 per bit
revolution over side force (𝐹𝑠 );
𝐴𝐷 – axial drillability is the axial penetration 𝛥𝐻 per bit revolution over
weight on bit (WOB).
Walk angle is angle measured in a plane perpendicular to the bit axis,
between the direction of side force applied to the bit and in the direction of lateral
displacement of the bit. Walk angle qualifies the intrinsic azimuthal behavior of
the PDC bit.

Figure 5.10 – Bit steerability and walk angle definitions (Menand, 2003, 2012)
(DI-lateral displacement, Da-axial displacement, Fl- lateral/side force, Fa – axial
force/WOB)
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Drill string is rotated from surface with a torque load applied to the bit, it
tends to wind and unwind as a torsional spring (Davis, 2012). It is factor
influences tool face orientation and changes with torque on the bit.
Θ=

𝑇𝐿
𝐺𝐽

Θ – torsional deflection between top drive and BHA;
𝑇 – resultant torque acting at the cross section;
𝐿 – length of the pipe;
𝐺 – shear modulus;
𝐽 – polar momentum of inertia of the pipe.
Bit steerability and walking tendency

Figure 4.11 – Bit geometric characteristics for walk tendency and steerability
calculations (Menand, 2004)
According to well-known paper related to PDC bit steerability (Menand,
2003, 2004) bit steerability depends greatly on the bit profile: the flatter the profile
is, the more steerable the bit is. The walk angle of PDC cutting structure can be
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approximately estimated by a simple equation linking the inner cone depth C,
the outer structure height G and the PDC back rack angle ωc :
𝛼𝑐𝑠 = 𝑎𝑟𝑐𝑡𝑎𝑛

2(𝐶 − 𝐺)
tan (𝜔𝑐 + 𝜃𝑓 )(𝐶 + 𝐺)

𝐶 > 𝐺 − left walking tendency;
𝐶 < 𝐺 − right walking tendency;
𝐶 ≈ 𝐺 − neutral walking tendency.
Bit steerability of the bit profile (cutting structure):
−1

𝐷2
tan (𝜔𝑐 + 𝜃𝑓 ) ((𝐶 + 16 )
2

𝐵𝑆𝑐𝑠 = 0.125𝐷2

−1

𝐷2
+ (𝐺 + 16 ) )
2

2
√tan (𝜔𝑐 + 𝜃𝑓 ) (𝐶 + 𝐺)2 + (𝐺 − 𝐶)2
4

The previous formulas concern only the cutting structure of the PDC bit (profile
and back-rake angles). To consider the whole bit, it is necessary to include the
active and passive gauges.
The walk angle can be estimated:
𝐿𝐴𝐺 + 𝐿𝑃𝐺 𝑡𝑎𝑛𝜃𝑓
− 𝜋 (𝑆𝑓𝐴𝐺 + 𝑆𝑓𝑃𝐺 )
4
𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛
(𝑆𝑓𝐴𝐺 + 𝑆𝑓𝑃𝐺 )
𝐿 +𝐿
tan(𝜔𝑐 + 𝜃𝑓 ) (𝐶 + 𝐺 + 𝐴𝐺 4 𝑃𝐺 ) +
𝜋
2(𝐶 − 𝐺) −

𝐵𝑆
−1

𝐷2
tan (𝜔𝑐 + 𝜃𝑓 ) ((𝐶 + 16 )
2

= 0.125𝐷2

−1

𝐷2
+ (𝐺 + 16 ) )
2

2
2
2
√tan (𝜔𝑐 + 𝜃𝑓 ) (𝐶 + 𝐺)2 + (𝐺 − 𝐶)2 + 4(𝑆𝑓𝐴𝐺 + 𝑆𝑓𝑃𝐺 ) (1 + tan2 𝜃𝑓 )
4
𝜋2

𝛼𝑐𝑠 −walk angle of cutting structure, degrees;
𝐵𝑆𝑐𝑠 −bit steerability of cutting structure;
𝛼 − bit walk angle, degrees;
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𝐵𝑆 − bit steerability;
𝐶 − inner cone depth, mm;
𝐺 − outer structure height, mm;
𝐿𝐴𝐺 − active-gauge length, mm;
𝐿𝑃𝐺 − passive-gauge length, mm;
𝑆𝑓𝐴𝐺 − total frictional surface of the active gauge, mm2;
𝑆𝑓𝑃𝐺 − total frictional surface of the passive gauge, mm2;
𝜔𝑐 − back-rake angle, degrees;
𝜃𝑓 − frictional angle between PDC bit and rock, degrees;
𝐷 − bit diameter, mm.
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We will describe the rock model from the point of 𝑀𝑆𝐸 – Mechanical Specific
Energy, the mechanical work done to remove a unit volume of rock. The equation
for 𝑀𝑆𝐸 is the following:

𝑀𝑆𝐸 =

𝑊𝑂𝐵 120 ∙ 𝜋 ∙ 𝑁 ∙ 𝑇
+
𝐴𝐵
𝐴𝐵 ∙ 𝑅𝑂𝑃

Where:

𝑀𝑆𝐸 - Mechanical Specific Energy (psi)
𝑊𝑂𝐵 - Weight on bit (lb)
𝐴𝐵 – Borehole area (in²)
𝑁 – rpm
𝑇 – Torque (ft-lbf)
𝑅𝑂𝑃 – Rate of penetration (ft/hr)
As long as the torque 𝑇 is not measured at the rig site, a bit-specific
coefficient of sliding friction 𝜇 was introduced to express 𝑇 as the function of

𝑊𝑂𝐵:
𝜇 = 36

𝑇
𝐷𝐵 ∙ 𝑊𝑂𝐵

There was also introduced the concept of Minimum Specific Energy

𝐸𝑠 𝑚𝑖𝑛 , which is actually a rock strength. When the 𝑀𝑆𝐸 approaches or roughly
equal to rock strength, the 𝐸𝑠 𝑚𝑖𝑛 is reached (Pessier & Fear, 1992). In this terms
Mechanical Efficiency 𝐸𝐹𝐹𝑀 is calculated as the following:

𝐸𝐹𝐹𝑀 =

𝐸𝑠 𝑚𝑖𝑛
∙ 100%
𝑀𝑆𝐸
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We will consider, that 𝐸𝑠 𝑚𝑖𝑛 is equal to 𝐶𝐶𝑆 – Confined Compressive
Strength of the rock.
Rearranging first and third equations we define the required Torque to
destroy the rock:

𝐶𝐶𝑆
4 ∙ 𝑊𝑂𝐵
𝐷𝐵2 ∙ 𝑅𝑂𝑃
𝑇= (
−
)∙(
)
𝐸𝐹𝐹𝑀
480 ∙ 𝑁
𝜋 ∙ 𝐷𝐵2
Solving the equation in terms of 𝑅𝑂𝑃, we get the following:

𝑅𝑂𝑃 =

13.33 ∙ 𝜇 ∙ 𝑁
𝐶𝐶𝑆
1
𝐷𝐵 (
− )
𝐸𝐹𝐹𝑀 ∙ 𝑊𝑂𝐵 𝐴𝐵

Now, our aim is to define 𝐶𝐶𝑆. We will do it as follows (considering differential
pressure at the bottom hole) (Caicedo, Calhoun, Ewy, Energy, & Company, 2005):

𝐶𝐶𝑆𝐷𝑃 = 𝑈𝐶𝑆 + 𝐷𝑃 + 2𝐷𝑃 ∙

sin 𝜃
1 − sin 𝜃

Where:

𝐷𝑃 = 𝐸𝐶𝐷 − 𝑃𝑝
In case with impermeable rock and a vertical well, a relationship is described by
Skempton (Skempton, 1954):

𝐶𝐶𝑆𝑆𝑘 = 𝑈𝐶𝑆 + 𝐷𝑃𝑆𝑘 + 2𝐷𝑃𝑆𝑘 ∙

sin 𝜃
1 − sin 𝜃

Where:

𝐷𝑃𝑆𝑘 = 𝐸𝐶𝐷 − 𝑃𝑝 𝑆𝑘
𝑃𝑝 𝑆𝑘 = 𝑃𝑝 −

(𝑂𝐵 − 𝐸𝐶𝐷)
3

𝑃𝑝 𝑆𝑘 (Skempton pore pressure) describes in-situ pore pressure modified by the
pore pressure change in response to change in average stress, which is usually
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(𝑂𝐵−𝐸𝐶𝐷)
3

. In case with inclined borehole the overburden stress 𝑂𝐵 is substituded

with one perpendicular to borehole, which used to exist before the well was
drilled. It could be calculated as follows:

𝑂𝐵 = (𝜎𝐻 cos 2 𝛼 + 𝜎ℎ sin2 𝛼) sin2 𝜑 + 𝜎𝑣 cos 2 𝜑
We will assume, that:

𝜎𝐻 = 𝜎ℎ =

𝜈
𝜎
1−𝜈 𝑣

Then:

𝑂𝐵 = 𝜎𝑣 [

𝜈
sin2 𝜑 (cos 2 𝛼 + sin2 𝛼) + cos 2 𝜑]
1−𝜈

Where:

𝜈 – Poisson’s ratio
𝜑 – inclination angle
𝛼 – azimuth angle
𝜎𝑣 – overburden stress
We will consider 𝐶𝐶𝑆𝐷𝑃 and 𝐶𝐶𝑆𝑆𝑘 as endpoints. To calculate all the
possible values in-between, we will use the following conditions:

𝐶𝐶𝑆𝐷𝑃 𝑖𝑓 𝜑 ≥ 0.20
𝐶𝐶𝑆𝑆𝑘 𝑖𝑓 𝜑 ≤ 0.05

𝐶𝐶𝑆 = {

𝐶𝐶𝑆𝐷𝑃 (𝜑−0.05)
0.15

+

𝐶𝐶𝑆𝑆𝑘 (0.20−𝜑)
0.15

𝑖𝑓 0.05 < 𝜑 < 0.20

Another parameter that we have also mentioned there is 𝜇, the coefficient of
sliding friction. For PDC bits with more than seven blades it is equal to:
−6 ∙𝐶𝐶𝑆

𝜇 = [0.9402 ∙ 𝑒 −8∙10

] ∙ [−0.8876 ∙ ln 𝑀𝑊 + 2.998]

∙ [0.0177 ∙ 𝐶𝑍 + 0.6637]
Where:
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𝑀𝑊 – Mud Weight (ppg)
𝐶𝑍 – Cutter Size (mm)
The last parameter we have to input is Maximum Mechanical Efficiency

𝐸𝐹𝐹𝑀 . For bits with more than seven blades the nominal (average) efficiency is
represented by this correlation:

𝑁𝑜𝑚 𝐸𝐹𝐹𝑀 = 0.00095 ∙ 𝐶𝐶𝑆 + 10.319

Rock
model
(CCS)
• UCS
• ECD
• σv
•θ
•ν
• PP
•ϕ
• Azi, Inc

ROP
• CCS
• EFFM = f(CCS)
• μ = f(CCS, CZ,
MW)
•N
• DB
• WOB
• AB
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