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2. Well trajectory

Figure 2.1 – Schematic diagram of a wellbore segment for the minimum-curvature
method (Miska, 2011)
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
RF =

Δ𝑠
𝛽
𝑡𝑎𝑛
𝛽
2

Where β - dog leg angle, deg;
φ1,2 – inclination angle, deg;
υ1,2 – azimuth angle, deg.

𝜑2 − 𝜑1
𝜐2 − 𝜐1
) + 𝑠𝑖𝑛𝜑2 𝑠𝑖𝑛𝜑1 𝑠𝑖𝑛2 (
)
2
2

β = 2𝑎𝑟𝑐𝑠𝑖𝑛√𝑠𝑖𝑛2 (

As soon as radius of curvature if found, it can be easily transformed into DLS:
DLS =

57.3 °
,
𝑅 𝑚
4

where R – radius of curvature, m

3. Drillstring mechanical modeling
3.1.

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. One of the
industry proven T&D models is soft-string model proposed by Johancsik (Johancsik et
al., 1984). It is known that soft string models give overestimated results because of the
assumption about continuous drillstring contact with wellbore. The model will be
adjusted by correction coefficient and used for T&D calculations.

Figure 3.1 – Forces acting on a drill string element during pickup
(Johancsik et al., 1984)
The magnitude of normal force can be calculated by the following formula:
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,
5

Where Δ𝑀 – increase in torsion over the length of element, Nm;
𝑟 – radius of drillstring element, m.

3.2.

Buckling

Calculated loads shall fit buckling limits. Helical buckling must be always
avoided, whereas sinusoidal buckling is permissible. Critical sinusoidal buckling loads
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;
𝐼=

𝜋
64

(𝑂𝐷4 − 𝐼𝐷4 ) – moment of inertia, 𝑚4 ;

𝑊𝑒 – unit weight, H;
𝜃 – inclination angle, rad;
𝑟 – radial clearance between pipe and hole, m.
Critical helical buckling loads can be found using the following equation:
𝐹𝑐𝑟,ℎ𝑒𝑙 = 2√2√

𝐸𝐼𝑊𝑒 𝑠𝑖𝑛𝜃
,
𝑟

where 𝐹𝑐𝑟,ℎ𝑒𝑙 – critical helical buckling limit, H.

3.3.

Vibrations

There are three different types of vibrations:
•

Axial

•

Lateral

•

Torsional (stick-slip)

Stick-slip vibrations are the most critical for drilling process as it may cause
variations in downhole RPM (bit RPM). That is why stick-slip vibrations were chosen as
the main candidate for including into the modeling.
To prevent any kind of vibrations, it was decided to use stick-slip severity (SSS)
map. Stick-slip severity map will be constructed at each simulation point. As soon as
6

system detects that operating point is outside of safe window (blue zone), it will
automatically adjust WOB and ROP to be inside of the safe window.

Figure 3.2 – Stick-Slip Severity map (Cesar & Andrade, 2013)
𝑆𝑆𝑆 =

𝐷𝑅𝑃𝑀𝑚𝑎𝑥 − 𝐷𝑅𝑃𝑀𝑚𝑖𝑛
,
2𝑆𝑅𝑃𝑀

where 𝐷𝑅𝑃𝑀𝑚𝑎𝑥 – maximum value in modeled range of bit RPM, 𝑠 −1 .
𝐷𝑅𝑃𝑀𝑚𝑖𝑛 – minimum value in modeled range of bit RPM, 𝑠 −1 .
𝑆𝑅𝑃𝑀 – surface RMP, 𝑠 −1 .
To get an RPM values in each particular period the system with two degree of
freedom (DOF) will be used (Figure 2.3)
The two DOF modeling can be governed as follows (Cesar & Andrade, 2013):
[

𝐽2
0

𝐶 + 𝐶𝑠
0 𝜑̈ 1
][ ]+ [ 1
𝐽1 𝜑̈ 2
−𝐶𝑠

−𝐶𝑠
𝜑̇
𝑘
] [ 1] + [
𝐶2 + 𝐶𝑠 𝜑̇ 2
−𝑘

−𝑇
−𝑘 𝜑1
] [𝜑 ] = [ 1 ],
𝑇2
2
𝑘

where 𝑇1 – torque on bit, 𝐻 ∙ 𝑚;
𝑇2 – surface torque, 𝐻 ∙ 𝑚;
𝐽1 – drill pipe’s equivalent moment of inertia, 𝑚4 ;
𝐽2 – BHA’s equivalent moment of inertia, 𝑚4 ;
𝐶1 , 𝐶2 – mud damping coefficients.
Polar moment of inertia can be calculated as:
𝐼=

𝜋
(𝑂𝐷4 − 𝐼𝐷4 ),
32

where 𝑂𝐷 – outside diameter of the pipe, m;
𝐼𝐷 – inner diameter of the pipe, m.
7

Then, J can be found as follows:
𝐽 = 𝜌𝐼𝐿,
𝑘𝑔

where 𝜌 – material’s density, 𝑚3 ,
𝐿 – section length, m.
Stiffness 𝑘 can found as:
𝑘=

𝐺𝐼1
,
𝐿1

where 𝐺 – shear modulus, Pa.
Shear modulus can be calculated by the following formula:
𝐺=

𝐸
,
2(1 + 𝜈)

where 𝐸 – Young’s modulus, Pa;
𝜈 – Poisson’s ratio.
Mud damping factor can be calculated as follows:
𝐶 = 𝐷𝑟 ∙ 𝐿,
where 𝐷𝑟 – mud damping factor.
The structural damping can be found as:
𝐶𝑠 = 2𝜉√𝑘𝐽1 ,
where 𝜉 – damping factor.
The damping factor value is 𝜉 = 0.02.
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Figure 3.3 – Torsional model of two degrees of freedom (Cesar & Andrade, 2013)
To solve second order differential equation, initial conditions are necessary. The
following initial conditions are defined:
{

𝜑𝑖 (𝑡 = 0) = 0
𝜑̇ 𝑖 (𝑡 = 0) = 0

Similarly, system with multiple DOF can be used. It will be decided while building
the simulator which model will be applied. It mainly depends on the speed of calculations
and difference in output results.
The schematic of system with multiple DOF is shown in Figure 2.4.

Figure 3.4 – Torsional model of multiple degrees of freedom
(Cesar & Andrade, 2013)
The output of the simulation will be bit RPM. An example of model output is
presented in Figure 2.5.

9

Figure 3.5 – An example of modeled RPM at the bit (Cesar & Andrade, 2013)
Value of bit RPM will be used as each discretized time step for calculation of
simulated drilling process’s parameters.

4. Directional Drilling control
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.

Figure 4.1 – Possible drill string configurations

10

4.1.

Bent PDM

To find build rate (DLS) in case Bent-PDM, simple 3 points curvature calculation
will be used (Azar & 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 2.7 shows schematic for 3 points curvature calculation.

Figure 4.2 - Schematic for 3 points curvature calculation (Azar & Samuel, 2007)

4.2.

RSS

Build rate prediction in case of RSS will be based on geometry approach. Two
different RSS systems will be considered:
•

Push-the-bit (two and three points contact geometry).

•

Point-the-bit (two points contact geometry).

4.2.1.

Push-the-bit RSS (2 point-contact-geometry)

In the push-the-bit mode, a drilling direction is changed when pads are extended
in order to achieve a desired tool offset. As a result, the tool center is moved away from
the borehole center as shown in Figure 2.8.
11

Figure 4.3 – The 2-point-contact geometry in push-the-bit RSS (Sugiura, 2008)
The angle 𝜃 indicated the borehole deviation angle. In the figure, touch points are
labeled as 1 (at the bit) and 2 (at the pad) respectively. The deviation angle can be derived
not only in terms of borehole deviation angle but also in terms of tool offset (OS) and the
distance between the pads to the bit (𝑑12 ). Therefore, knowing the desired trajectory, tool
offset required to follow that trajectory can be found and DLS can be calculated.
𝜃 = arcsin (

𝑂𝑆
𝑂𝑆
)≈
𝑑12
𝑑12

An expected DLS (°⁄𝑚) can be written as:
𝐷𝐿𝑆 ≈

4.2.2.

180 𝑂𝑆
180 𝜃
∙
=
∙
2
𝜋 (𝑑12 )
𝜋 𝑑12

Push-the-bit RSS (3 point-contact-geometry)

Similarly to the 2-point-contact method, a simple 3-point-contact model can be
constructed. In this model, the geometry of the RSS BHA is considered as a maximum
DLS constrain. In a high DLS borehole, the RSS body starts to interfere with the borehole
wall and limits the maximum DLS. In Figure 2.9, points are labeled as 1 (at the bit), 2 (at
the pad), 3(at the stabilizer) respectively. The fourth touch point (at the RSS body) has
been introduced in the high dogleg application.
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Figure 4.4 – The 3-point-contact geometry in push-the-bit RSS (Sugiura, 2008)
Dimensions A and B shown in Figure 2.9 can be expressed as follows:
𝑂𝐷𝑠 − 𝑂𝐷𝑡
2
𝑂𝐷𝑏 − 𝑂𝐷𝑡
𝐵=
2
𝐴=

where 𝑂𝐷𝑠 – outer diameter of the sleeve stabilizer, m.
𝑂𝐷𝑡 – outer diameter of the tool body, m.
𝑂𝐷𝑏 – outer diameter of the bit, m.
Therefore, the radius of wellbore curvature for particular tool can be written as:

𝑅≈

𝐵∙𝐷 2
𝐵 2 + (𝐴 + 𝐵 )
2∙𝐵

Finally, an expected DLS (°⁄𝑚) can be found using the following formula:
𝐷𝐿𝑆 ≈

4.2.3.

180
2∙𝐵
∙
𝜋 𝐵 2 + ( 𝐵 ∙ 𝐷 )2
𝐴+𝐵

Bit Side Force - Push-the-bit RSS

Sometimes, it is necessary to know side force acting at the bit. In the push-the-bit
configuration, the third touch point can provide the BHA with a pivoting point as
illustrated in the Figure 2.10.
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Figure 4.5 – The pivoting point in push-the-bit RSS (Sugiura, 2008)
Denoting 𝑑12 and 𝑑23 as the distance between the bit and pads and the distance
between the pads and stabilizer, the RSS tilt angle can be expressed as follows:
𝜑 = arcsin (

𝑂𝑆
)
𝑑23

Denoting 𝐹1 and 𝐹2 as side force at the bit and at the pad respectively, assuming
RSS body is rigid and the stabilizer provides perfect pivoting point, the side force at the
bit can be defined as:
𝐹1 =

4.2.4.

𝑑23
∙𝐹
𝑑12 + 𝑑23 2

Point-the-bit RSS (2 point-contact-geometry)

Figure 4.6 – The 2-point-contact geometry in point-the-bit RSS (Sugiura, 2008)
Similarly to the push-the-bit systems, the angle 𝜃denotes the borehole deviation.
In the Figure 2.11, touch points are labeled as 1 (at the bit), 2 (at the stabilizer), and 3 (at
the pad) respectively. The deviation angle can be derived in terms of the tool offset (OS)
and the distance between the eccentric unit and near-bit stabilizer (𝑑23 ). Conducting the
14

same simplifications as it was in case of 2-point contact push-the-bit RSS, the following
formula can be derived:
𝐷𝐿𝑆 ≈

4.2.5.

180 𝜃
∙
𝜋 𝑑23

Bit Side Force - Point-the-bit RSS

Figure 4.7 – The pivoting point in point-the-bit mode (Sugiura, 2008)
Similarly, the tilt of the RSS can be written as:
𝜑 = arcsin (

𝑂𝑆
)
𝑑23

Side force at the bit can be expressed as:
𝐹1 =

𝑑23
∙𝐹
𝑑12 3

5. Hydraulics
The main purpose of the hydraulics calculations is to define the pressure losses
along the drill string (inside and outside). The total pressure losses can be summarized
as (Leonov, E.G., Simonyants, 2014):
Δ𝑃 = Σ(Δ𝑃𝑖𝑛 ) + Σ(Δ𝑃𝑜𝑢𝑡 ) + Δ𝑃𝑙𝑜𝑐𝑎𝑙(𝑖𝑛) + Δ𝑃𝑙𝑜𝑐𝑎𝑙(𝑜𝑢𝑡) + Δ𝑃𝑠𝑢𝑟𝑓. + Δ𝑃𝑑𝑟𝑖𝑣𝑒 + Δ𝑃𝑏𝑖𝑡
+ Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡
where Σ(Δ𝑃𝑖𝑛 ) – pressure losses inside the drill pipes, Pa.
Σ(Δ𝑃𝑜𝑢𝑡 ) – annular pressure losses, Pa.
Δ𝑃𝑙𝑜𝑐𝑎𝑙(𝑖𝑛) – pressure losses at tool joints inside the drill pipes, Pa.
Δ𝑃𝑙𝑜𝑐𝑎𝑙(𝑜𝑢𝑡) – pressure losses at tool joints in the annular, Pa.
Δ𝑃𝑠𝑢𝑟𝑓 – pressure losses in the surface pipes, Pa.
Δ𝑃𝑑𝑟𝑖𝑣𝑒 – pressure losses in PMD or RSS, Pa.
15

Δ𝑃𝑏𝑖𝑡 – bit pressure losses, Pa.
`

Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡 – hydrostatic pressure difference in the annular and pipes, Pa.

Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡 depends on cuttings concentration in mud and can be expressed as:
Δ𝑃ℎ𝑦𝑑𝑟𝑜𝑠𝑡 = (1 − 𝜑)(𝜌𝑐 − 𝜌)𝑔𝐿
where 𝜑 – cuttings concentration.
𝜌𝑐 – average cuttings density,
𝜌 – mud density,

𝑘𝑔⁄
𝑚3 .

𝑘𝑔⁄
𝑚3 .

Firstly, it is necessary to define flow regime. Flow regime can be defined through
critical Reynolds number. For Bingham fluids, this number can be expressed as:
𝑅𝑒𝑐𝑟 = 2100 + 7.3𝐻𝑒 0.58 ,
where 𝐻𝑒 =

2
𝜌𝑑𝑐ℎ
𝜏0

𝜂2

– Hedstrom number.

𝜂 – plastic viscosity, 𝑃𝑎 ∙ 𝑠.
𝜏0 – Yield point, Pa.
𝑑𝑐ℎ - diameter of the flow channel, m.
As soon as critical Reynolds number is calculated, it is necessary to find the actual
Reynolds number inside and outside of the drill string.
𝑅𝑒𝑖𝑛 =

𝑅𝑒𝑜𝑢𝑡 =

𝜌𝑉𝑖𝑛 𝑑𝑖𝑛
4𝜌𝑄
=
𝜂
𝜋𝑑𝑖𝑛 𝜂

𝜌𝑉𝑜𝑢𝑡 (𝐷𝑤𝑒𝑙𝑙− 𝑑𝑜𝑢𝑡 )
4𝜌𝑄
=
𝜂
𝜋(𝐷𝑤𝑒𝑙𝑙+ 𝑑𝑜𝑢𝑡 )𝜂

4𝑄

where 𝑉𝑖𝑛 = 𝜋𝑑2 – average fluid velocity inside the drill string, m/s.
𝑖𝑛

𝑉𝑜𝑢𝑡 = 𝜋(𝐷2

4𝑄

2
𝑤𝑒𝑙𝑙 −𝑑𝑜𝑢𝑡 )

– average fluid velocity in the annular, m/s.

𝑑𝑖𝑛 , 𝑑𝑜𝑢𝑡 – inner and outer diameters of the drillstring, m.
Comparing the critical Reynolds number and the actual one, flow regime can be
defined. If the flow is in turbulent mode, then pressure losses can be found using DarcyWeisbach equation:
2
𝜌𝑉𝑖𝑛
8𝜌𝑄 2
Δ𝑃𝑖𝑛 = 𝜆𝑖𝑛
𝑙 = 𝜆𝑖𝑛 2 5 𝑙
2𝑑𝑖𝑛
𝜋 𝑑𝑖𝑛
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Δ𝑃𝑜𝑢𝑡

2
𝜌𝑉𝑜𝑢𝑡
= 𝜆𝑜𝑢𝑡
𝑙
2(𝐷𝑤𝑒𝑙𝑙 − 𝑑𝑜𝑢𝑡 )

where 𝑙 – length of the pipes with similar value of 𝑑𝑖𝑛 or 𝑑𝑜𝑢𝑡 and 𝐷𝑤𝑒𝑙𝑙 , m.
𝜆𝑖𝑛 , 𝜆𝑜𝑢𝑡 – coefficient of hydraulic friction inside the drillstring and in the
annular, respectively.
𝜆𝑖𝑛 = 0.1(
𝜆𝑜𝑢𝑡 = 0.107(

1.46𝐾 100 0.25
+
)
𝑑𝑖𝑛
𝑅𝑒𝑖𝑛

1.46𝐾
100 0.25
+
)
𝐷𝑤𝑒𝑙𝑙 − 𝑑𝑜𝑢𝑡 𝑅𝑒𝑜𝑢𝑡

where 𝐾 – pipe roughness.
Inside pipes and for cased annular hole 𝐾 = 3 ∙ 10−4 , for uncased annular hole 𝐾 =
3 ∙ 10−3 .
In case of laminar flow, pressure losses can be found as:
Δ𝑃𝑖𝑛 =

Δ𝑃𝑜𝑢𝑡 =

4𝜏0 𝑙
𝛽𝑖𝑛 𝑑𝑖𝑛

4𝜏0 𝑙
𝛽𝑜𝑢𝑡 (𝐷𝑤𝑒𝑙𝑙 − 𝑑𝑜𝑢𝑡 )

where 𝛽𝑖𝑛 and 𝛽𝑜𝑢𝑡 – coefficients depending on Saint-Venant number.
𝑆𝑒𝑖𝑛

𝑆𝑒𝑜𝑢𝑡

2
𝜏0 𝑑𝑖𝑛 𝜋𝜏0 𝑑𝑖𝑛
=
=
𝜂𝑉𝑖𝑛
4𝜂𝑄

𝜏0 (𝐷𝑤𝑒𝑙𝑙 − 𝑑𝑜𝑢𝑡 ) 𝜋𝜏0 (𝐷𝑤𝑒𝑙𝑙 − 𝑑𝑜𝑢𝑡 )2 (𝐷𝑤𝑒𝑙𝑙 + 𝑑𝑜𝑢𝑡 )
=
=
𝜂𝑉𝑜𝑢𝑡
4𝜂𝑄

Then, 𝛽𝑖𝑛 and 𝛽𝑜𝑢𝑡 cam be expressed as:
4
1 − (√1.2 + 0.5𝑆𝑒 − 1), 𝑖𝑓 𝑆𝑒 ≥ 10,
𝑆𝑒
𝛽={
𝑆𝑒
, 𝑖𝑓 𝑆𝑒 < 10.
12 + 1.3𝑆𝑒
Pressure losses along tool joint in the annular can be calculated using the following
formula:
Δ𝑃𝑙𝑜𝑐𝑎𝑙(𝑜𝑢𝑡) =

2
2
𝑙 𝐷𝑤𝑒𝑙𝑙
− 𝑑𝑜𝑢𝑡
2
( 2
− 1)2 𝜌𝑉𝑜𝑢𝑡
2
𝑙𝑝 𝐷𝑤𝑒𝑙𝑙 − 𝑑𝑡𝑗(𝑜𝑢𝑡)

where 𝑙𝑝 – length of the drill pipe, m.
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𝑙 – length of the pipe’s section with similar diameter, m.
𝑑𝑡𝑗(𝑜𝑢𝑡) – outer diameter of tool joint, m.
If inner diameter of tool joint is less than inner diameter of drill pipes, then
pressure losses along tool joints inside the drill string can be found as:
Δ𝑃𝑙𝑜𝑐𝑎𝑙(𝑖𝑛) =

𝑙
𝑑𝑖𝑛 2
2
((
) − 1)2 𝜌𝑉𝑖𝑛
𝑙𝑝 𝑑𝑡𝑗(𝑖𝑛)

where 𝑑𝑡𝑗(𝑖𝑛) – the smallest inner diameter of the tool joints, m.
Surface pressure losses can be calculated using the following formula:
Δ𝑃0 = (𝛼𝑠𝑝 + 𝛼𝑚ℎ + 𝛼𝑠𝑤 + 𝛼𝑘 )𝜌𝑄 2 ,
where 𝛼𝑠𝑝 – stand-pipe roughness.
𝛼𝑚ℎ – mud hose roughness.
𝛼𝑠𝑤 – swivel roughness.
𝛼𝑘 – kelly roughness.
All roughness coefficients can be found in (Leonov, E.G., Simonyants,
2014).Methodology for pressure losses calculation in the PDM, RSS and bit can be also
found in (Leonov, E.G., Simonyants, 2014).

6. Surge and Swab
Our team considered further extension of the system to make it robust not only for
classical drilling process simulation but also for simulation of some complications that
can arise during drilling process. One of such complication is a kick. Usually kick
happens during tripping out operation because of swab pressure. During tripping in
operation, exceeding of formation fracture gradient may happen because of surge
pressure. That is why it was decided to include surge & swab pressures calculations into
the system.
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Figure 6.1 – Representation of a concentric annulus as a slot
(Crespo & Ahmed, 2013)
Surge or swab pressure can be expressed as (Crespo & Ahmed, 2013):
Δ𝑃𝑠 2𝜌𝑉𝑝2 𝑓
=
𝐿
𝐻
where ΔP𝑠 – surge or swab pressure, Pa.
𝐿 – pipe length in the wellbore, m.
𝜌 – fluid density, 𝑘𝑔/𝑚3 .
V𝑝 – pipe velocity (tripping speed), 𝑚/𝑠.
𝑓 – friction factor.
𝐻 – slot thickness (annular clearance), m.
The relationship between friction factor and Reynolds number can be expressed
as:
𝑓=

16
𝑅𝑒

The expression for generalized Reynolds number is:
𝑅𝑒 =

16𝑅𝑒 ∗
−2.83 + 3.88(1 − 𝑒 −2.62Φ )

where 𝑅𝑒 ∗ - modified Reynolds number.
The yield stress factor Φ is dimensionless parameter and can be expressed as
follows:
Φ = [(

𝐻 𝐻 𝑛 𝜏0
)( )
]+1
𝑑ℎ 𝑉𝑝 𝑘

where 𝑑ℎ - Hole/casing diameter, m.
𝑘 – consistency index.
The modified Reynolds number expressed as:
𝜌𝑉𝑝2
𝑅𝑒 =
𝜏0 + 𝑘(𝐴 + 𝐵/𝑛)𝑛 (𝑉𝑝 )𝑛
∗

where 𝐴, 𝐵 – geometric parameters.
𝑛 – fluid behavior index.
𝐾=

𝑑𝑝𝑜
𝑑ℎ
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where 𝑑𝑝𝑜 – pipe outer diameter, m.
𝐴 = 0.42𝑒 2.82𝐾 + 0.0024𝑒 9.29𝐾
𝐵 = 2.12𝑒 1.7𝐾 + 1.85 ∙ 10−5 ∙ 𝑒 14.5𝐾

7. Automated control and optimization
Automated optimization of drilling parameters is becoming increasingly
important and relevant for improvements in drilling performance and operational
consistency.
The goal of practical automation is to perform repetitive, precise tasks at particular
moments or continuously. Drilling performance can be maximized by continuous
adjustment of WOB and RPM (and sometimes Flow Rate) to search an extremum of ROP
and mechanical specific energy (MSE). When dysfunctions are encountered, detection
and mitigation system responds (also notify operator) to particular type and mechanism
of downhole issues.
Possible scheme of control system is illustrated at Figure 1. Rig equipment (Top
Drive and Drawworks) being controlled through PLC and AutoDriller (PLC),
dysfunctions mitigation system and optimization algorithm are built as closed loop
control system. The optimization system is the outer supervisory loop which interacts
with the AutoDriller, top drive PLC, and rig sensors at a 1 Hz rate. The AutoDriller and
top drive PLC are inner loops that control the drilling process at a much faster rate. The
top drive PLC controls drill string RPM, whereas AutoDriller controls WHO (WOB).
The AutoDriller controls parameters (Drilling Limiters) associated with drill string
axial movement such as WOB, ROP, differential pressure (DIFP), and torque.
The driller does not directly control the AutoDriller parameters and top drive
setpoints as in traditional open-loop systems. Instead, the driller's main responsibilities
are to set appropriate parameter limits (technical, technological and geological limiters)
for both the optimization algorithm and AutoDriller system, and to ensure thorough
work of optimization loop.
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Figure 7.1 – Automated control schematic (adapted from Lai, 2020)
The user interacts with the application via graphical display. Configuration and
control of the optimization loop is performed using the optimization and ADR screens
on the rig display. Optimization configuration along with data logs are recorded and
stored for further improvement (initial set-ups for optimization algorithm). The primary
outputs of the main optimization loop are WOB and RPM setpoints which are sent to the
ADR and top drive, respectively. The main optimization loop provide control via sending
signals to equipment and receiving status signals from both the ADR and top drive about
operational parameters (and data from other rig sensors).

7.1.

Optimization algorithm

The first step in optimization algorithm work is to get all the inputs from the
system. Then it calculates necessary values and checks whether the pre-determined
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thresholds are exceeded. In case of detected dysfunctions, the algorithm run a mitigation
task which begins with identification the mechanism and type of downhole issue
followed by execution specific sequence of actions (changing drilling parameters). When
dysfunction is mitigated, the optimization will continue based on ROP/MSE criteria or
other combination of drilling parameters and indicators. When new WOB and RPM are
proposed by algorithm, they are sent to the Drawworks and Top Drive which will
implement provided values as an operating point until new control signal is received.
Real-time data-driven optimization is focused on settings determination for
drilling parameters to achieve desired performance which could be expressed by
objective (cost) function. Operational constraints have a big impact on possible
optimization outcome. They reflect actual limits of equipment (max RPM, WOB), drilling
process (steering performance, borehole cleaning, max ROP limited by LWD/MWD
capacity of data transmission).

Figure 7.2 – Flow chart of algorithm work
The simplest and most common objective is to find settings for WOB and RPM
which maximize ROP. This optimization problem can be visualized as a search for the
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extremum. ROP could be mapped as a function of WOB or RPM, or both of these
parameters (3D surface). Different relationships between high ROP and low mechanical
specific energy (MSE) could be established, an objective function containing a prescribed
adjustment coefficient for both ROP and MSE can be used in place of ROP as the main
optimization goal (Payette et al. 2017).

Figure 7.3 – Searching for the extremum (cost function landscape could be much more
complicated than illustrated by figure)

7.2.

Adaptive control

Changes ahead of bit are not known and could not be forecasted with high degree
of certainty, optimal set of WOB, RPM will be different at any particular depth (specific
lithology). Continuously searching for the extremum will allow to maximize drilling
efficiency, however there is a risk of getting into local extremum. This issue is likely to be
resolved by algorithm tuning and setting algorithm coefficients (gains, amplitude,
frequency) for avoiding stuck into non-optimum condition (especially when dealing with
complex cost function landscape).
For optimization algorithm a method was chosen that allows to perform
optimization task in real-time and it is non-model-based known as extremum seeking
control (ESC). This class of optimization technique employs continuous perturbation
signal to the physical process (with unknown complex, highly dimensional model) to
adaptively search for an extremum of cost function (Ariyur and Krstić 2003; Ng and
Khromov 2019; Brunton, 2019).
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Extremum-seeking control (ESC) is a particularly attractive form of adaptive
control for complex systems because it does not rely on an underlying model and it has
guaranteed convergence and stability under a set of well-defined conditions.
General scheme (Fig. 4) represents the principal of algorithm working. Drilling
equipment, drill string, bottom hole assembly (BHA), hydraulics, formation being drilled
(considering associated complex, non-linear dynamic processes like bit-rock interaction,
vibrations, interdependence of many parameters) are represented by unknown plant
while the outputs of the cost function can be measured. In our case ROP, MSE or other
combination of drilling parameters and indicators could be used as an objective function
to maximize on-bottom drilling performance. As controllable inputs WOB, RPM (directly
in rotary drilling) and Flow rate (influencing downhole RPM) are used. When sliding
drilling is performed Differential pressure instead of hook weight should be used for
better algorithm performance.

Figure 7.4 – Principal scheme of ESC controller connected to the Plant
In rotary drilling the ADR WOB and top drive RPM are the parameters placed
under closed-loop control.
Engineering limits for parameters over specific depths and used equipment
configuration provide “borders” within which algorithm could properly work.
This is vital to allow the ROP/MSE optimization algorithm to work and search in
2D space defined by WOB and RPM limits.
Simple example is presented below showing objective function J (static parabolic
function with single maximum value), input parameter u and imposed perturbation
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signal – u*. The sinusoidal patterns in WOB and RPM will be readily visible to the user
and provide an indication that the algorithm is continually searching for the optimal
point. It is clearly seen that sinusoidal input (perturbation signal) leads to sinusoidal
response in objective function. Oscillations are bigger than further we are from the peak.
When mean component (from plant response) is removed by high pass filter, signal is
multiplied by perturbation input, The product of these two signals have a mean
component, which is extracted by the low-pass filter. Based on positive or negative value
the decision is “made” by algorithm from which side from extremum we are. Final step
is to integrate demodulated signal into best estimate.

Figure 7.5 – Example of ECS implementation for 1D static problem (Brunton, 2019)
For a slow perturbation (relative to the plant response) the plant appears as a static
map and its dynamics do not interfere with Extremum Seeking scheme. To illustrate
algorithm working principle in 2D operating space the following figure is given.
Changing drilling parameters and obtaining objective function response the upward
convex function is built for particular interval. When change in rock properties is
encountered, response surface will be transformed being not static, but transient in time
and space.
The drilling system, with the auto-driller, has a closed loop response time which
is primarily given by the aggressiveness of the auto-driller tuning and rock properties.
However, the aggressiveness of the auto-driller tuning is dependent on length and
geometry of the drill string (the delay and BHA time constant). These points are
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worthwhile noting as this time constant determines the convergence speed of the
extremum seeking algorithm we propose in the following.

Figure 7.6 – Example of ECS implementation for 2D non-steady state problem
(Lai, 2020)
To mitigate drilling dysfunctions when detected optimization task is stopped, at
the same time type and mechanism of dysfunctions is determined distinguishing
between axial, lateral, torsional vibrations, abrupt lithology change (interface severity),
bit wear. Then automated protocol is executed to remove the dysfunction condition.
When the specific parameter (torsional severity estimate, acceleration over axis,
sudden increase in MSE) exceeds a preset threshold, the protocol is executed against
identified dysfunction. The sequence of actions and its logic are followed by industrystandard practice for alleviating this type of dysfunction and mimicing driller’s normal
activities.
Besides sinusoidal signal, different combinations of RPM and WOB perturbations
could be tried for implementation depending on circumstances (limitations, equipment
capabilities, wellbore complexity and technological requirements).

Figure 7.7 – Possible WOB and RPM variations for ECS algorithm
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7.3.

Parameter Limit Roadmaps

Setting operational limits is essential for all closed-loop control systems. Being
initially introduced into system, limits ensure that the system functions in the intended
control regime and does not cause damage to personnel, equipment or wellbore
(fracturing). It is important to set available range of parameters for performance gain and
not to restrict optimization area to very narrow range of controllable parameters to avoid
instability in the optimization system.
The optimization space is defined by a combination of the limits established by
limitations of equipment specifications, hydraulic system capacity, technologicalgeological constraints (i.e. it well known that certain WOB and RPM range lead to whirl
at the transition zone between formations). The optimization algorithm searches an
extremum in two-dimensional space defined by WOB and RPM. Along with limits, there
are ADR constraints is possible that the ADR cannot achieve certain WOB values because
another ADR parameter is limiting first. In these cases, the other ADR limits effectively
reduce the upper WOB limit causing the optimization space to be reduced. This scenario
is illustrated in Figure 6.8.

Figure 7.8 – 2D space (WOB-RPM) for optimization task by ESC algorithm
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7.4.

ADR Management

Besides controlling RPM and WOB parameters for optimization and dysfunction
mitigation purposes, other drilling indicators should also be controlled for safe
operations: ROP, Differential Pressure, Torque, Stand Pipe Pressure. Limits for these
parameters should be entered for proper control management.
When multiple parameters are close to their limit, unstable behavior of control
system could be observed. To avoid such outcome the system automatically monitors
and detects operating set points (parameters), indicators and available working space.
Having identified the problem, a software protocol is executed to return the ADR to a
satisfactory state.
The drilling process is such that an increase in any one parameter usually results
in a corresponding increase in all the others. Consequently, most ADR control algorithms
are designed so that only one parameter is regulated at any given time. The active
parameter is the one that is closest to or over its setpoint. The other parameters, which
should be below their respective setpoints, remain inactive unless they too are near their
setpoint. If another parameter approaches or exceeds its setpoint, the ADR switches
modes so that the new parameter is in control. The active parameter is the one that is
closest to or over its setpoint. The other parameters, which should be below their
respective setpoints, remain inactive unless they too are near their setpoint. If another
parameter approaches or exceeds its setpoint, the ADR switches modes so that the new
parameter is in control.
Table 7.1 – Schematic illustration of optimization space constraints
Optimization
algorithms

AutoDriller constraints

Dysfunction
mitigation

space for
optimization

safety and feasibility control

control for abnormal
situation

WOB

Upper and lower
limit

-

Rate of change
dWOB/dt

RPM

Upper and lower
limit

-

Rate of change
dRPM/dt, TSE, g-force
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ROP

-

Directional targets, interfacial
severity, bit and hole cleaning

-

Differential
Pressure

-

PDM stalling

-

Torque

-

Make-up torque, max TDS
capacity

-

SPP

-

Pump cabacity

-

Schematic illustration of abovementioned limits and constrains for 3 different
systems is presented below. Not all of the states, WOB and RPM combinations, are
suitable for particular system and drilling conditions. Some of the boundaries are static,
whereas other is derived empirically during actual drilling process. Unknown exactly
dynamics leads to necessity to respond promptly to any change in downhole conditions
that is possible to do with automatic predetermined protocols and thoroughly tuned
optimization algorithm.

Figure 7.9 – Schematic illustration of optimization space constraints

7.5.

Equipment constrains and actual performance
modeling

Need to notice that available equipment (PDM, turbodrill, Top Drive) cover broad
range of rotational speed, but specific type could provide only quite narrow window
(marked by red rectangle) for closed-loop optimization. Lack of continuous, broad and
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independent (when hydraulic motor is used) control over downhole RPMs is a big
drawback for gaining substantial performance.

Figure 7.10 – Schematic illustration of RPM range provided by different equipment
For consideration of DHM performance the equipment specification is used to
model actual response for parameters change. Change in flow rate or DIFP (WOB)
ensures change in motor’s shaft output rotational speed and correspondingly to Depthof-cut (ROP).

Figure 7.11 – Integration of PDM spec into the model considering actual performance
(El-sayed, 2020)
As PDM performance is not stable over time, stator wear and corresponding
change in RPM factor is considered. Performance degradation was observed in field tests
and it put certain constraints on ROP optimization.
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Figure 7.12 – PDM performance degradation over drilling time (El-sayed, 2020)
Another factor that is usually not considered is Depth-of-Cut change over bit run
due to RPM factor decrease (Fig. 12). As motor wears-out, output RPM decrease and it
will lead to decrease in DOC (ROP). The first response during drilling will be increase
the WOB. That is not best decision because the maximum DOC is limited by bit design
(depth-of-cut control elements) and this results in higher torque, stress concentration
among the bit cutters causing vibrations. As a result, bit wear will progress with higher
intensity. To avoid this, top drive RPM or flow rate could be increased. The former
variant is more preferable, because increase in pump strokes will intensify motor
degradation. It is important to understand that the root cause of changing ROP (DOC) is
PDM’s output RPM reduction in order to make appropriate decision and to avoid
premature bit and motor wear and damage.
Introducing apparent and actual RPM factor in the model we will able to observe
how inappropriate actions sometimes could be taken.

Figure 7.13 – Comparison of calculated Depth-of-Cut with and without correction for RPM
factor (El-Sayed et al., 2020)
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Mechanical Specific Energy concept for efficient
drilling

7.6.

Mechanical Specific Energy (MSE) has been used for a long time as a drilling
efficiency indicator both in post-analysis and more recently in real-time providing
additional information for making justified decisions in parameters optimization or bit
pulling out of the hole. MSE is the total amount of the energy that is being put into the
string, divided by the amount of rock destroyed. Drilling 100% efficiently means that all
of the energy put into the drill string is used to destroy rock. Drilling inefficiently will
eventually cause to drill slower. Events usually reducing efficiency are bit and BHA
balling, bit wear, different types and modes of vibrations, formation transition, suboptimal bit operation parameters.
Well-known equation for Mechanical Specific Energy calculation (Teale, 1965):
𝑀𝑆𝐸 =

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

𝑀𝑆𝐸 =

1
𝑅𝑃𝑀 · 𝑇𝑂𝐵
(𝑊𝑂𝐵 + 2𝜋
)
𝐴
𝑅𝑂𝑃

𝑀𝑆𝐸 – mechanical drilling specific energy, MPa;
𝑊𝑂𝐵 – weight on the bit, N;
𝑅𝑃𝑀 – bit rotation speed, rev/s;
𝑇𝑂𝐵 – bit torque, N·m;
𝑅𝑂𝑃 – rate of penetration, m/s;
𝐴=𝜋

𝑑𝑏2
4

– cross section area of the rock removed, m2;

𝑑𝑏 – bit diameter.

A former experimental effort published by the authors of this paper, Akbari et al.
(2013), focused on the effect of differential pressure at a given elevated pore pressure. The
results of that work agreed well with the important conclusions that were made by a
preceding study that was made on this same facility by Rafatian et al. (2010). The former
study was performed where the control on the pore pressure was not the concern; the
results showed significant increase of MSE with the confing pressure increase.
Based on these results, the following correlation for the MSE versus two
parameters of pore pressure and confining pressure can be proposed (Akbari et al., 2014).
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Figure 7.14 – MSE versus cell confining pressure for two sets of tests (Akbari, 2014)
𝑀𝑆𝐸(𝑃𝑐𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 , 𝑃𝑑𝑖𝑓𝑓 ) = 𝑈𝐶𝑆 + (𝑎 + 𝑏

𝑃𝑑𝑖𝑓𝑓
𝑃𝑐𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔

) 𝑙𝑛 (

𝑃𝑐𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔
)
𝑃𝑎𝑡𝑚

𝑃𝑑𝑖𝑓𝑓 = 𝑃𝑐𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 − 𝑃𝑎𝑡𝑚

𝑃𝑎𝑡𝑚 – is the atmospheric pressure.
The two constants a, and b can be determined for a certain type of rock. One was
shown to be a strong and direct function of the UCS and internal friction angle of the
rock; the other was propsed to be a function of intact porosity and dilation angle of the
rock and drainage level of the system.
The coefficient ‘a’ should be a strong function of rock internal friction angle,
because it is an indicator of the intensity by which the rock strengthens with confinement.
The coefficient ‘b’ should have a strong dependence on rock permeability, porosity, and
the fluid viscosity and compressibility and also rotary speed and depth of the cut.
The same type of effect with the MSE also exists for the drilling strength. However,
it should be noted that the intensity of the effect is lower for the strength (about 10%
change in drilling strength compared to 15% change in the energy). This means that there
would be a change in the slope in the energy versus strength (E-S) diagram; please refer
to Detournay et al. (2008) work for detailed description of the E-S diagram. A change in
the slope of this diagram means a change in the friction coefficient between the rock and
the cutter; therefore, the pore pressure also has something to do with the frictional
behavior of the cutter and the rock.
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Teale (1965) laboratory experiment showed that MSE was nume- rically close to
the 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. In other words, when all the input energy is used to
destroy rock and there is no energy loss, drilling will achieve a maximum efficiency. On
this condition, we can think MSE can be equal to the CCS of rock. In order to verify the
accuracy of the MSE model, actual drilling parameters can be used to calculate MSE and
then the MSE can be compared with the formation CCS. The widely practiced and
accepted rock mechanics method for calculating CCS of rock is as follows (Hector, 2005):

𝐶𝐶𝑆 = 𝑈𝐶𝑆 + 𝑃𝑑𝑖𝑓𝑓 + 2𝑃𝑑𝑖𝑓𝑓 ·

7.6.1.

𝑠𝑖𝑛𝜑
1 − 𝑠𝑖𝑛𝜑

Inputs for MSE Calculation

The value of results obtained could significantly differ due to data source used. Downhole
parameters could be calculated using surface data, however direct measurements of downhole
parameters could reveal much more important information about drilling performance.
There are two major groups of data used for MSE calculation: surface and downhole (Table 2).

Table 7.2 – Input parameters for MSE calculation
Input
parameter

Mean of parameter estimation

Alternative way

WOB

Calculated based on WOH measurements, T&D
model or free rotation test.

Downhole sensor.

TOB

Calculated based on T&D model, free rotation
test, on- and off-bottom motor pressure
difference.

Downhole sensor.

RPM

Top drive/rotary RPM + calculated downhole
RPM given by power section

Downhole sensor.

ROP

Block position change over time (drawworks
sensor).

Crownblock sensor

If there are no measurements of downhole torque in case of drilling with motor,
PDM performance curve and motor characteristics are used to estimate. In this case to
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obtain an accurate MSE during drilling, monitoring of motor differential pressure is
required at the rig (measuring standpipe pressure).
𝑇𝑂𝐵 =

𝑇𝑚𝑎𝑥
𝛥𝑃
𝑃𝑚𝑎𝑥

Torque on the bit could be calculated using following formula that consider
formation strength and bit revolutions per minute (Pessier, 1992; Islam, 2018; Belayneh,
2019).
𝑇𝑂𝐵 =

𝑑𝑏
𝑈𝐶𝑆
𝜇𝑊𝑂𝐵 +
𝑘
3
𝑅𝑃𝑀

𝑘 – coefficient considering RPM, rock and bit properties on torque;
𝜇 – coefficient of sliding friction for drill bit (typically 0.6-2.0).

7.7.

Other Drilling Performance Indicators

Mechanical Specific Energy is used for many years to quantify the efficiency of
rock destruction. Its application is very simple, however, MSE alone is not able to
distinguish between drilling inefficiency (vibrations, bit wear, bit balling) and change in
the rock strength.
Following drilling performance indicators could be used in combination with MSE
to optimize drilling efficiency, identify the root cause of MSE change, symptoms of
downhole problems and detect dysfunctions (Table 3).
Table 7.3 – Drilling performance indicators complementing drilling efficiency monitoring
Drilling performance indicator
MSE

Mechanical
Energy

Description

Specific Related to the contribution of torque on the bit

DS

Drilling strength

Related to the contribution of weight on the
bit

MSE/DS

MSE to DS ratio

Considers WOB and TOB interrelation

Depth-of-Cut

Consider the efficiency of cutting structure of
each particular bit at certain drilling
parameters

DOC

Efficiency Mechanical Efficiency

Compares actual MSE and CCS of the rock

35

The depth of cut (DOC) of a bit is a direct indication of its aggressivity. The greater
the DOC, the more aggressive the bit and the higher the potential 𝑅𝑂𝑃; on the other hand,
a high DOC leads to high reactive torque and can cause stick-slip and other drilling
vibrations or loss of tool-face control during sliding operations. Limiters (DOC feature)
of cutter indentation are usually used in PDC bits design to prevent from torsional
vibrations (Fig. 14).
𝐷𝑂𝐶 =

𝑅𝑂𝑃 · 1000
𝑅𝑃𝑀

𝐷𝑂𝐶 – depth of cut, mm/rev.

Figure 7.15 – Depth of Cut feature impact(Al-Suwaidi, 2003), of TOB(ROP,DOC) versus
WOB curves for different bit types (Dupriest et al., 2005, 2006)
A typical use is to compare the MSE to the rock strength to see whether the right
amount of energy is utilized at the bit and not wasted or dispersed somewhere else.
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 – mechanical efficiency;
𝐶𝐶𝑆 – confined compressive strength, MPa.
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CCS is always preferred over the more commonly used UCS as it includes the
effect of confining pressure that can significantly affect the resistance of the rock.
However, to obtain this value acoustic log data (shear and compressional travelling time),
bulk density log, laboratory core tests and cuttings are required.
Drilling strength derives its usefulness from analyzing WOB much in the same
way that MSE uses TOB. DS is directly related to the WOB contribution to drilling
efficiency:
𝐷𝑆 =

𝑊𝑂𝐵
𝐷𝑂𝐶 · 𝑑𝑏

𝐷𝑆 – drilling strength, MPa.
Comparison of MSE and DS along the drilling process (abrupt or gradual increase,
stable, decrease) allows to detect drilling dysfunctions, identify formation transition and
prevent from problems once identified.
MSE/DS ratio (Fig. 6.16) could also provide additional information by monitoring
of pattern change over drilled interval: recognize the symptoms of different possible
problems, formation change identification, bit wear tracking, founder point
identification. The ratio MSE/DS (equivalent to coefficient of sliding friction (μ)
coefficient, well-known in literature) can give information about the drilling efficiency as
it represents the torque generated by a given WOB in specific formation by particular bit
and drilling mode:
𝑅𝑃𝑀 · 𝑇𝑂𝐵
𝑀𝑆𝐸 2𝜋 𝐴 · 𝑅𝑂𝑃
𝑇𝑂𝐵
𝑀𝑆𝐸/𝐷𝑆 =
≈
=𝐾
𝑊𝑂𝐵
𝐷𝑆
𝑊𝑂𝐵
𝐷𝑂𝐶 · 𝑑𝑏
𝐾 – coefficient of proportionality depending on bit diameter.
Because of many existing issues with accurate and precise estimation of MSE, DS,
Mechanical Efficiency, trends are usually used to observe changes in the drilling system
efficiency instead of comparing UCS (CCS) with MSE, or other indicators with offset
wells data.
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Figure 7.16 – MSE/DS ratio in comparison with coefficient of sliding friction
for different bit types

Figure 7.17 – Example of performance indicators change while efficient drilling and when
dysfunctions observed
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Table 7.4 – Drilling indicators trends and associated dysfunctions (adapted from Menand, 2017)
MSE

DS

↗

↗

↘

↘

↗

↗

↗

↗

MSE/DS

DOC

Dysfunction

Comments

Depends on autodriller settings, bit
type, DOC limiters
feature, formation
strength

↘

Formation change
UCS ↗

MSE, DS increase
gradually

Formation change
UCS ↘

MSE, DS decrease
gradually

Wear/Balling

High values,
deviation from the
base line, magnitude
depends on wear and
balling severity

Vibrations/shocks

Erratic fluctuations,
high values, spikes,
significant deviation
from the base line

↘

→
↗
→

↘

↗

↘

8. Trajectory control
An open approach will be followed to model the dynamics of the inclination and
azimuth downhole. Instead of trying to describe the exact dynamics of the process, a set
of equations are proposed where phenomenological models mimic the dynamics of the
system. The equations used to describe the evolution of the inclination and azimuth
downhole can be represented by ordinary differential equations, or by mathematical
models obtained by the use of input-output correlations, such as neural networks or
polynomials correlations.
Equations below describe the continuous evolution of inclination and azimuth
downhole, these depends of the rate
𝑑𝐼𝑛𝑐
= 𝑅𝑂𝑃 · [𝑆𝑅 · 𝐷𝐿𝑆𝑚𝑎𝑥 · cos(𝑇𝐹)] + 𝐷𝑅
𝑑𝑡
𝑑𝐴𝑧 𝑅𝑂𝑃 · [𝑆𝑅 · 𝐷𝐿𝑆𝑚𝑎𝑥 · sin(𝑇𝐹)]
=
+ 𝑊𝑅
𝑑𝑡
sin (𝐼𝑛𝑐)
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𝑑𝑇𝐹 𝑇𝐹𝐷 − 𝑇𝐹
=
𝑑𝑡
𝜆
Where – tool face response time.
𝑆𝑅 – steering ratio.
𝐷𝐿𝑆𝑚𝑎𝑥 – Maximum DLS (curvature capability) for the tool.
𝑇𝐹 – toolface command (angle control input).
𝐷𝑅 – drop rate disturbance (𝐷𝑅 = 𝛼sin (𝐼𝑛𝑐), 𝛼 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡).
𝑊𝑅 – walk rate (turn rate bias disturbance).
𝐼𝑛𝑐 – Inclination angle.
𝐴𝑧 – Azimuth angle.
𝑇𝐹𝐷 – Tool face desired.
𝑅𝑂𝑃 –rate of penetration (uncontrolled parameter in case of trajectory control).
𝑆𝑅 · 𝐷𝐿𝑆𝑚𝑎𝑥 = 𝑈𝐷𝐿𝑆
Fig. 8.1 shows the block diagram for the RSS tool attitude control. It can be seen as
two separate control loops run in parallel, one that controls the inclination (hold-theinclination), and a second that controls the azimuth (hold-the-azimuth). The target
inclination and azimuth are set by a downlink command in actual drilling (that could
introduce delay in some cases to transfer all required trajectory data) and then the control
strategy will continuously sample the inclination (actual Inc) and azimuth (actual Az).
These two variables will be compared with the target inclination and target azimuth (how
to properly choose target values will be discussed later). A nonlinear control strategy,
defined by the function is implemented in the RSS Control Unit and produces the desired
toolface and steering ratio which act as the commands to the RSS steering mechanism.
The toolface (TF) is the direction to drill and the steering ratio (SR) is the percentage of
time time that the RSS will spend in holding the desired toolface.

Figure 8.1 – RSS control loop
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We can define a 2-D space with the co-ordinate system defined as the Azimuth on
the X axis and the inclination on the Y axis. The target operational point can be
represented as the point (Desired Azimuth, Desired Inclination) in this 2-D space. The
current operational point can be represented as another point (Current Az, Current Inc)
in this 2-D space. See Fig. 8.2 for a picture representation.
Let 𝑑(𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛) be the difference between the desired inclination (Inc_Des) and
the current Inclination. Let 𝑑(𝐴𝑧𝑖𝑚𝑢𝑡ℎ) be the difference between the desired azimuth
(𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐴𝑧) and the 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐴𝑧. Let Magnitude be the magnitude of the 2-D vector
composed by (𝑑(𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛), 𝑑(𝐴𝑧𝑖𝑚𝑢𝑡ℎ)).
The different between desired (target) and actual (current) inclination and azimuth
angles provide the magnitude of the 2D vector and represented by following expressions:
𝑑(𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛) = 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐼𝑛𝑐 − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐼𝑛𝑐
𝑑(𝐴𝑧𝑖𝑚𝑢𝑡ℎ) = 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐴𝑧 − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐴𝑧
Defining the Toolface as the direction to steer from the current operational point
to the target operational point, this is equivalent to the angle between the steering vector
and the Y axis. Figure below shows the concept of the Steering Areas imposing ellipses
as the shape of each area.
𝑇𝐹 = atan (

𝑑(𝐴𝑧𝑖𝑚𝑢𝑡ℎ)
)
𝑑(𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛)

Figure 8.2 – Concept of steering control (Matheus, 2014)
Many drilling tools will always respond with their maximum curvature response,
Kdls, when drilling. Therefore, to generate curvatures less than Kdls, the tool is made to
drill in drilling cycles (much the same idea as a duty cycle in power electronics or pulse41

width-modulation) in which the drilling time is quantized into regularly spaced intervals
which are further proportioned into neutral and bias periods. In the neutral phase the
tool-face Utf input is cycled at a constant rate such that the net trajectory response of the
tool is approximately a tangent with zero net curvature, and in the bias phase the toolface is held constant and the tool responds with a net curvature equal to Kdls.
Consequently, the average curvature over one drilling cycle can, in principle, be varied
anywhere between zero and Kdls. The ratio of the neutral to bias phase in the drilling cycle
is referred to as the % steering ratio, and therefore in all the subsequent equations in this
paper the input Udls implies the product of the steering ratio and Kdls. Kdls is therefore a
plant parameter proportioned by the steering ratio to arrive at the control input U dls.
The tool kinematics are non-linear with two state variables (azimuth and
inclination) and two inputs (tool-face and steering ratio). It can also be seen that the
azimuth response is coupled to the inclination response by the sine of the inclination term
in the denominator of the expression factoring the azimuth governing equation. Consider
(1) and (2) with the drop and turn disturbances removed:
𝑑𝐼𝑛𝑐
= 𝑅𝑂𝑃 · [𝑈𝐷𝐿𝑆 · cos(𝑇𝐹)]
𝑑𝑡
𝑑𝐴𝑧 𝑅𝑂𝑃 · [𝑈𝐷𝐿𝑆 · 𝑠𝑖𝑛(𝑇𝐹)]
=
𝑑𝑡
sin (𝐼𝑛𝑐)

(3)
(4)

These represent the dominant dynamics of the tool response. The following
transformation is proposed:
𝑈𝐷𝐿𝑆 = 𝐾𝐷𝐿𝑆 √(𝑈𝐼𝑛𝑐 )2 + (𝑈𝐴𝑧𝑖 )2
𝑈𝐴𝑧𝑖
)
𝑇𝐹 = atan (
𝑈𝐼𝑛𝑐
where Uazi and Uinc are virtual controls for the azimuth and inclination
respectively. Substituting (5) and (6) into (3) and (4) gives the open loop dynamics as
𝑑𝐼𝑛𝑐
= 𝑅𝑂𝑃 · [𝐾𝐷𝐿𝑆 · 𝑈𝐼𝑛𝑐 ]
𝑑𝑡
𝑑𝐴𝑧 𝑅𝑂𝑃 · [𝐾𝐷𝐿𝑆 · 𝑈𝐴𝑧𝑖 ]
=
𝑑𝑡
sin (𝐼𝑛𝑐)

(5)
(6)

Therefore, the control transformations, (5) and (6), partially linearize and and
decouple the governing equations.
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It is proposed to use a PI controller. The gains are determined based on the
nominal plant, where the actuator and measurement dynamics are ignored. The
proposed scheme is shown in Fig. 8.3 below.

Figure 8.3 – PI control scheme (Panchal, 2010)
It is of significant importance to point out the unmodelled dynamics and their
effects on the robustness and performance capabilities of control system. In this work, the
unmodelled dynamics are included in the design of the controllers and later for a
frequency domain robustness analysis.
Specifically, point the bit type actuation systems exhibit a lag in the actual tool face
response, Utf (Panchal et al., 2010). The lag is modelled as a first order lag with a unity
gain and time constant of τd. The actual tool face angle 𝑇𝐹 is
𝑇𝐹 = ℎ𝑙𝑎𝑔 (𝑠)𝑇𝐹(𝑠)
where ℎ𝑙𝑎𝑔 is given by the Laplace transform
ℎ𝑙𝑎𝑔 =

1
1 + 𝑠𝜏𝑑

Actuation Delay
The drill cycle operation also induces an actuation delay. The demand toolface Utf
is applied over a drilling cycle and the delay τ2 is a function of the drill cycle. This delay
is modeled using a first order Pade approximant. Pade approximants are the most used
rational descriptions of a time delay which is otherwise expressed as the Laplace
transform e−sτ , where τ is the associated time delay. The delay τ1 is assumed to be half
the drilling cycle in the Laplace transform,
𝜏
1 − 𝑠 21
ℎ1 (𝑠) =
𝜏
1 + 𝑠 21
43

Measurement Delays
Lastly, there is a measurement delay on both feedback channels, as the attitude sensors
are at a fixed distance behind the bit. The delay exists because there is a delay between the drilling
of the new hole and its actual measurement. This delay time is dependent on ROP. For a nominal
𝑅𝑂𝑃, the delay in seconds is calculated assuming the sensor is at a fixed distance, D, behind the
bit as
𝜏2 =

𝐷
𝑅𝑂𝑃

It is modelled as a first order Pade approximant,
𝜏2
2
ℎ2 (𝑠) =
𝜏2
1+𝑠 2
1−𝑠

The robust PI controller is designed in Simulink using the Control System Tuner
application. This design includes the input and output delays as well as the lag which described
above.

Figure 8.4 – Simulink Closed Loop Interconnection (Ghole, 2016)

9. Bit projection
The survey data are measured at either the MWD tool and/or at the RSS tool, but
not at the bit. In other words, the inclination and azimuth measurements that are
available for any learning and decision making do not reflect what is happening at the
bit, but—instead—they only measure what is happening at the D&I sensor (anywhere
from 3 to 4 ft behind the bit all the way to 50 to 60 ft, or even more, in some cases).
Therefore, a projection (an estimate) needs to be made of what is actually happening at
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the bit in terms of inclination, azimuth, and position (TVD, N/S, E/W). This projection is
needed so that the optimal (desired) steering response from the bit forward can be
selected (see Fig. 17 left, end of green segment).

Figure 9.1 – Bit projection to target and error estimation (Pirovolou, 2011)
The underlying assumption is that the steering behaviour of the BHA has not
changed during this (green line) interval, and therefore the model produced so far (using
data from the current depth of the D&I sensor and further backwards) is still good and
can be used to calculate the bit projection. This projection assumes the steerability of the
tool has not changed over the projected length, which generally holds true. However, in
some cases, where there is a significant change in lithology or BHA behaviour due to, for
example, bit damage, the projection can be erroneous.

9.1.

Bit steerability and walking

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, gauge-pad
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).
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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 9.1 – Bit steerability and walk angle definitions (Menand, 2003, 2012)
(DI-lateral displacement, Da-axial displacement, Fl- lateral/side force, Fa – axial force/WOB)
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.

46

9.2.

Bit steerability and walking tendency

Figure 9.2 – 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 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):
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𝐷2
tan (𝜔𝑐 + 𝜃𝑓 ) ((𝐶 + )
16

−1

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
−
(𝑆𝑓𝐴𝐺 + 𝑆𝑓𝑃𝐺 )
4
𝜋
𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛
(𝑆𝑓𝐴𝐺 + 𝑆𝑓𝑃𝐺 )
𝐿 +𝐿
tan(𝜔𝑐 + 𝜃𝑓 ) (𝐶 + 𝐺 + 𝐴𝐺 4 𝑃𝐺 ) +
𝜋
2(𝐶 − 𝐺) −

−1

𝐷2
tan (𝜔𝑐 + 𝜃𝑓 ) ((𝐶 + 16 )
2

𝐵𝑆 = 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.
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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9.3.

ROP and bit wear model

Based on MSE concept ROP prediction could be expressed as:
𝑅𝑂𝑃 = 𝑊𝑓

2𝜋𝑅𝑃𝑀 · 𝑇𝑂𝐵 − 𝛽𝛥𝑃𝑏 𝑄
𝐶𝐶𝑆⁄ · 𝐴 − 𝑊𝑂𝐵
𝜂

𝑊𝑓 − nondimensional wear function calibrating 𝑅𝑂𝑃 values for a worn bit
(Motahhari, 2008);
𝛥𝐵𝐺 𝑚
)
𝑊𝑓 = 1 − (
8
𝑛

𝛥𝐵𝐺 = 𝐶𝑎 ∑ 𝑅𝑃𝑀𝐶1 · (𝑊𝑂𝐵)𝐶2 (𝑈𝐶𝑆) ℎ𝑖
𝑖=1

𝐶𝑎 − bit wear coefficient (property of the bit);
𝐶1 , 𝐶2 − empirical model constants depending on rock properties;
𝑈𝐶𝑆 − unconfined rock strength;
ℎ − footage drilled.
As bit-rock interaction output, ROP will be modeled using another analytical
dependency. The following modifiable by the user constants are used (Kelessisis, 2015):
𝑅𝑂𝑃 = 𝑓𝑙𝑜𝑤𝑓𝑎𝑐𝑡𝑜𝑟 · 𝐶 · 𝑎𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑖𝑡𝑦 · 𝑅𝑃𝑀 · 𝑇𝑜𝑜𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ · 𝐺
𝑊𝑂𝐵 𝑐𝑢𝑟𝑣
12
)
( 2.5
)]
𝐺 = 1 − 𝑒𝑥𝑝 [− (
𝑈𝐶𝑆
𝐷 (0.4 · 𝑇𝑜𝑜𝑡ℎ_𝑙𝑒𝑛𝑔𝑡ℎ)
where:
•

C is a constant;

•

𝑎𝑔𝑟𝑒𝑠𝑠𝑖𝑣𝑖𝑡𝑦 is a formation and bit characteristic constant ranging between
20% and 100% and normally is given the value of 35%;

•

𝑇𝑜𝑜𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ is the average length of the bit teeth;

•

𝑐𝑢𝑟𝑣 is a formation-bit interaction constant and it is usually given the value
of 1.5;

•

𝑓𝑙𝑜𝑤𝑓𝑎𝑐𝑡𝑜𝑟 · is a constant, ranging between 50% and 100% and defines the
capability of the system to adequately clean the bit front by the cuttings.

The torque required for a worn bit changes with bit wear as:
𝛥𝐵𝐺 𝑅𝑝
) )
𝑇𝑂𝐵𝑤 = 𝑇𝑂𝐵 · (1 + 𝑅𝑡 (
8
𝑅𝑡 − is usually negative;
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𝑅𝑡 − is usually in the range of 0.8 to 1.0.

10. Rig equipment modeling
For rig equipment model preparation available and open resources will also be
used (MathWorks). Highly detailed and thoroughly elaborated example of drawworks
and hoisting system have been introduced by software developers.

Figure 9.3 – Fully developed model for drawworks and hoisting system (MathWorks, 2020)
Simulation studies can aid in exploring the limits of equipment and allow for
control strategies to be optimized for common scenarios based on available specifications
of the equipment used. In this example, drive speed and top drive load are varied to see
distance required to stop a load. Introducing additionally Top Drive model to the
automated drilling system will allow to make process more realistic and understand the
equipment operational limits in different cases.
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Conclusion
General comprehension of desired result has been obtained during design phase
and turned into formal description of each module of automated drilling simulator to be
developed.
Hundreds of different models were reviewed, discussed and ranked based on their
complexity, real-time calculation capabilities, generality (work not only for particular
case), flexibility (how difficult to adjust for new conditions)
Key points summarizing the work carried out are presented below:
• models, describing drilling system, have been chosen to be analytical and physics
based.
• industry standard methods for well profile calculations, T&D simulation are used
• simulator to be developed includes consideration of different BHA types (PDM with
AKO, Point and Push-the-bit RSS), effect of bit design features to directional tendency,
torsional vibrations, bit-rock interaction based on formation properties and bit features,
analytical (derived from physical principles) hydraulics Bingham model as well as surge
and swab.
• automated trajectory control is proposed to perform using PID 2 controllers for Inc
and Az correspondingly
• for drilling performance optimization module Extremum Seeking Control
algorithm is considered. ESC control is the best suit for complex, non-liner, highlydimensional problems (such as maximizing drilling rate). Because it is non-model based,
data-driven, adaptive technique, the implementation will require minimum adjustments
and tuning for particular conditions, making this solution quite attractive for use.
• to consider real-life conditions when downhole dysfunctions are common, different
cases (stick-slip, buckling limit) are modelled for which system will resolve the issues by
running predetermined protocols (sequence of actions - changing WOB, RPM)
• control system that provide safe conditions for optimum drilling equipment
functioning, checks operating limits and keep parameters within safe window.
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• open-source software is used for modelling drilling rig systems (i.e. drawworks by
MathWorks) to make process more realistic. Extension to include Mud Pump and Top
Drive are considered, but will be limited by tome and workload for automated directional
drilling system development.
• Prototype of user interface was developed and terms of reference for software
design were formulated.
The main discussion were about trade-off between model complexity, simation time
and results objectivity. Sometimes simple model gives the same output but with
significantly less computational power. Considering that real-time response is quite
important on actual drilling operations, the emphasis was made on simplicity, but with
consideration key features and elements of drilling process.
To make 3D digital twin with FEA lots of efforts and time are required, such
solution exist on the market, in service and operator companies. However, major goal for
us was to understand the overall process (drilling, optimization, control, automation, rig
and downhole equipment modelling) rather than dive deep in details of particular topic,
so finalizing this report and developing ADD system we would like to be prepared and
qualified to the future challenges of our industry.
The competition is thought-provoking and push to explore different engineering
disciplines closely connected to drilling automation. The aspiration to use data-driven
optimization models are explained by our desire to understand its value not only for
simulation purposes, but also for real drilling process where high level of uncertainty is
always present.
Implementation of Machine Learning techniques is highly relevant today because
amount of data generated is increasing continuously. Data-driven approach combined
with physics-based modelling will provide hybrid solution for automated drilling,
performance optimization, trajectory control and for achieving other goals that are
beyond the scope of this competition.
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