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Abstract

Shell has developed a novel mono-diameter well concept for oil and gas wells as opposed to the traditional telescopic well design. A
Mono- diameter well contains multiple casing sections with the same internal diameter. This is achieved by expansion of the casing
sections concerned using an expansion cone. Since the well is drilled in stages and casings are inserted to support the open hole, an
overlap section between two consecutive (expandable) casings exists which has to be expanded. When the cone enters the overlap
section, the expansion force increases dramatically due to the expansion of two casings, cured cement and formation layers. When
the cone finalizes the expansion of the overlap section it pops out, the expansion force vanishes and the cone accelerates upwards
and it generates an empty volume to be filled by the well fluid (mud). As a result of this, fluid starts to flow through the drill pipe,
around the cone and the fluid volume below the cone starts to decompress. This induces a surge pressure wave traveling upwards
and a swab pressure wave in the expanded casing traveling downwards. If the pressure difference between outside and inside of the
expanded casing exceeds the collapse rating of the casing, the casing will collapse which leads to the loss of the concerned well
section. Repair of such a failure costs time and money, therefore this swab pressure must be well predicted to enable the installation
process to be designed such that this collapse can be avoided. A model of fully coupled fluid-structure interaction between cone
and the well fluid is built for calculating the swab pressure propagating downward and surge pressure propagating upward resulted
from transient process occurring after cone pops out. This model has shown an effective tool for predicting the swabbing pressure
in field deployments performed lately in Gulf of Mexico and according to its output the suitable cone is selected in order to avoid
the casing collapse.
c© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of EURODYN 2017.
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1. Introduction

Shell is working on mono-diameter well. Mono-diameter well means a well with a single diameter from surface
to total depth and it is accomplished by casing expansion [1]. Applying mono-diameter well technology increases the
potential of lateral reach, reduces drilling related risk and trouble time, and improves in capital efficiency on drilled
wells and overall field development [2]. In comparison to conventional well design, the mono-diameter well design
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Fig. 1: Cone pop out after expansion of overlap section

has economical and environmental benefits. Main economical benefit is the increase in production rate while main
environmental benefit is the reduced amount of rock cuttings [2–4].

Table 1: Swab and collapse pressures

Cone size Expansion force Swab pressure Collapse pressure
[inch] [tons] [bar] [bar]

10.2 215 151 150
10.0 193 140 163
9.9 167 50 170

Casing expansion can be performed hydraulically by applying pressure below the cone or mechanically by pulling
or pushing the cone by drilling rig through drill string [5]. In this study, mechanical expansion is considered and
the cone is pulled. Casing expansion is accomplished by (1) running the liner with bottom hole assembly (BHA)
including cone to the targeted depth (2) anchoring the top of the liner (3) casing expansion by pulling the cone by the
top drive [6]. After expansion of the single liner, the cone enters into an overlap section where a new liner is expanded
against a previously expanded liner, cured cement layer and formation as depicted in Figure 1. Therefore, expansion
force increases drastically during expansion of overlap section. The increase in expansion force can reach 100%. This
increase is mainly related to formation strength, cement strength, expansion ratio, friction, casing dimensions and
casing material. As a result of the expansion force and well depth which can reach the value of 5 kilometres, the drill
pipe is stretched and the amount of stretch can reach the value of 12 meters. When expansion of the overlap section is
finalized by the cone, the forces applied on the cone including friction and metal forming are released. Therefore, the
potential energy in the drill string is transformed into kinetic energy and the cone pops out. As result, a volume of fluid
below the cone must be filled by fluid flowing from annulus above the cone, through the drill string and expansion of
the fluid volume below the cone. The last one causes the so called swab pressure below the cone. When the difference
between external pressure (pressure of pore fluid) and internal pressure exceeds the collapse rating of the casing,
casing collpase occurs which is a fatal loss. Since the casing is expanded plastically, the increase in casing diameter
is accompanied by a decrease in casing length and wall thickness, and an increase yield stress due to hardening. The
increase in OD/tc due to casing expansion lowers the collapse rating of expanded liner according to API collapse
formula [7]. In order to avoid this incident, a proper prediction must be made to take the correct actions. A model is
built in house to calculate transient swab and surge pressure waves generated below and above the cone respectively
when the cone pops out. The model is described in section 2.
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Nomenclature

A cross-sectional area of the drill string
c speed of sound
Ev fluid bulk modulus
Eeq equivalent elastic modulus
Fexp expansion force applied on the cone
Fp force due to fluid pressure applied on the cone
Fs force due to friction between fluid and drill string
g gravitational acceleration
hloss frictional head loss
K global stiffness matrix of the drill string
L length of the drill string
Lol length of the overlap section
Lsl length of the single liner section
M global mass matrix of the drill string
OD casing outer diameter
Dh diameter of host casing
De diameter of expandable casing
p fluid pressure
U nodal displacement vector of the drill string
v fluid velocity
U̇ nodal velocity vector of the drill string
Ü nodal acceleration vector of the drill string
ρ fluid density
φ well angle
∆t time increment
tc casing thickness
t time
z spatial coordinate

2. Cone pop out modelling

The release of metal forming and friction forces causes the cone to pop out when it finishes the expansion of
overlap section. As a result, the potential energy is converted into kinetic energy. The high expansion force causes the
drill string to stretch prior to the pop out. In previous work performed on surge and swab pressure generation due to
running casing in or out of the well, it is stated that the swab and surge pressure are dependant on gel breaking, inertia
and viscous drag of mud [8,9]. A fluid structure interaction model is built to capture the dynamics of the drill string
and fluid flow towards the volume generated due to cone pop out. The fluid flow is composed into three branches: (1)
flowing through drill string (2) flowing through clearance between the cone and host casing, and (3) expansion of the
volume in the bottom hole.

2.1. Structural model

A discrete model is built to represent the drill string. The drill string is discretized into bar elements. Each bar
element has two nodes and each node has single degree of freedom in the longitudinal direction. The stiffness and
mass matrices of the drill string are built by assembling the stiffness and mass matrices of each element. The elemental
mass matrix is determined according to particle mass lumping method [10]. The dynamic equation (1) is built with
external forces including the expansion force, forces due to pressure and forces due to shear stresses generated by
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friction between well fluid and cone. The pressure and shear forces are determined from the fluid models described
below. The velocity and displacement are formulated in equations (2) and (3) in terms of acceleration and velocity
respectively using the trapezoidal rule. The symbols are defined in the Nomenclature.

MÜ + KU = Fexp(t) + Fp(t) + Fs(t) (1)

U̇t+∆t = U̇t +
∆t
2
(
Üt + Üt+∆t

)
(2)

Ut+∆t = Ut +
∆t
2
(
U̇t + U̇t+∆t

)
(3)

Equations (2) and (3) are manipulated such that cone acceleration and displacement are functions of cone velocity.
Finally they are substituted into Equation (1).

2.2. Fluid model

The fluid is represented in three domains: (1) fluid in drill string, (2) in annulus and (3) in bottom hole. The
continuity and momentum equations are built for each domain.

2.2.1. Continuity equation for unsteady flow
The continuity equation for unsteady and compressible flow is built according to [11,12]:

∂ρ

∂t
+ v
∂ρ

∂z
+ ρ
∂v
∂z
+
ρ

A

(∂A
∂t
+ v
∂A
∂z

)
= 0 (4)

The density and cross-sectional area depend on z and t via the pressure. After applying the chain rule, the continuity
equation becomes:

(1
ρ

∂ρ

∂p
+

1
A
∂A
∂p

)(∂p
∂t
+ v
∂p
∂z

)
+
∂v
∂z
= 0 (5)

but fluid bulk modulus is defined as:
1
Ev
=

1
ρ

∂ρ

∂p
(6)

using Equation (6) and elastic stress strain relations of a pressure vessel due to internal and external pressure [12], the
equivalent elastic modulus of the system is determined as described in Equation (7).

1
ρ

∂ρ

∂p
+

1
A
∂A
∂p
=

1
Eeq

(7)

2.2.2. Momentum equation for unsteady flow
The momentum equation is formulated according to [9,11]:

ρ
(∂v
∂t
+ v
∂v
∂z

)
+
∂p
∂z
− ρgsin(φ) + hloss = 0 (8)

where hloss is composed of friction and interruption of flow smoothness. The last is caused by expansion or contraction
in fluid flow area [11].

2.3. Method of charactersitics

The partial differential equations (PDE) contain two unknowns p(z, t) and v(z, t). A linear combination of two PDE
is performed by multiplying Equation (5) by ργc2 and adding it to Equation (8). Considering γ = ± 1

c , assuming v � c
and using the relation dv

dt =
∂v
∂t ± c ∂v

∂z two ordinary differential equations (ODE) are obtained.
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Fig. 2: Displacement and velocity of cone after pop out

2.4. Boundary and interface conditions

They include the following:

• The degree of freedom of the node at top of drill string is constrained. This assumption is valid because the
length from the cone to the bottom of the well is smaller than the length from the cone to top of the well.
• A fully reflective boundary condition is applied at the bottom of the fluid volume below the cone.
• At the top of the fluid column in the annulus a zero pressure is applied because it is assumed that it is open to

the atmospheric pressure.
• At the top of the fluid column in the drill string a zero pressure is applied because it is assumed that it is opened

to the atmospheric pressure. But in reality, a pressure can be applied.
• At interaction, the pressures in fluid regions are applied on the cone.

3. Results

A case is selected from our deployments in Gulf of Mexico and analyzed by the model. The related parameters
are tabulated in Table 1. The cone displacement, velocity, acceleration, flow rates to fill the volume generated by the
cone pop out, swab pressure below the cone and surge pressure above the cone are depicted in Figures 2, 3 and 4
respectively. The data is plotted with respect to time and the maximum time is equivalent to the time for the pressure
wave to travel downward and before reaching the bottom of the well. The pressure wave passes through two sections
one is an overlap section while the other is a single liner section. The collapse rating of the overlap section is almost
double the collapse rating of a single liner. The important section is the single liner section which has the tendency to
collapse when the difference between outer and internal pressure exceeds the collpase rating of the expanded single
liner. Therefore, the swab pressure must be predicted at this section in order to take the proper actions before the
deployment.

4. Conclusion

The model for transient swab pressure wave calculation is a successful tool which is built in house. It helps
the company to predict the swab pressure before deployments and to take the proper actions such as choosing a
smaller cone in order to avoid failure. In addition, this model provides the company with better understanding to find
mitigation solutions.

Acknowledgements

The authors would like to thank Jan Willem van Dongen and Harm Tillema for their work on the numerical model
and design of experimental setup during their master thesis assignments.

6 Author name / Procedia Engineering 00 (2017) 000–000

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time [s]

-5000

-4000

-3000

-2000

-1000

0

1000

C
on

e 
ac

ca
el

er
at

io
n 

[m
/s

ec
2]

Cone acceleration

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time [s]

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

Fl
ow

 ra
te

 [m
3 /s

ec
]

Flow rates

To be filled
Drill string
Bottom hole
Clearance

Fig. 3: Acceleration of cone and flow rates after cone pop out

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time [s]

695

700

705

710

715

720

725

730

735

740

745

P
re

ss
ur

e 
[b

ar
]

Pressure in bottom hole below the cone

Inner pressure
Outer pressure

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time [s]

740

745

750

755

760

765

770

775

P
re

ss
ur

e 
[b

ar
]

Pressure in annulus above the cone

Inner pressure
Outer pressure

Fig. 4: Pressure below the cone and pressure above cone after pop out

References

[1] K. Dupal, D. B. Campo, C. J. Andrews, R. L. Cook, L. M. Ring, P. L. York, Realization of MonoDiameter Well: Evolution of a Game-Changing
Technology, Offshore Technology Conference, Houston, Texas U.S.A. (2002).

[2] A. Filippov, M. Akhideno, D. Zijsling, K. Waddell, S. Costa, B. Watson, B. Bell, Continued Evolution of the One-Trip Expansion-Single
Diameter Wellbore, Offshore Technology Conference, Houston, Texas U.S.A. (2005).

[3] D. B. Campo, , C. Williams, A. Filippov, L. Cook, D. Brisco, B. Dean, L. Ring, Monodiameter Drilling Liner- From Concept to Reality,
SPE/IADC Drilling Conference, Amsterdam, The Netherlands (2003).

[4] A. Anchliya, B. Trivedi, Monodiameter Drilling: Review, Case Study, Current Status and Challenges, Canadian International Petroleum
Conference, Calgary, Alberta, Canada (2006).

[5] C. G. Ruan, W. C. Maurer, Analytical Model for Casing Expansion, SPE/IADC Drilling Conference, Amsterdam, The Netherlands (2005).
[6] M. Jabs, W. Portas, D. Zijsling, Expandable technology: Monodiameter (MoD) system achieves milestone, Shell Journal of Technology,

October (2012).
[7] Technical Report on Equations and Calculations or Casing, Tubing, and Line Pipe Used as Casing or Tubing; and Performance Properties

Tables for Casing and Tubing, API Technical report 5C3, first edition, 2008.
[8] J. A. Burkhardt, Wellbore Pressure Surges Produced by Pipe Movement, SPE Drilling Engineering, (1960).
[9] R. F. Mitchell, Dynamic surge / swab pressure predictions, SPE Drilling Engineering, (1988).

[10] R. D. Cook, D. S. Malkus, M. E. Plesha, R. J. Witt, Concepts and Applications of Finite Element Analysis, John Wiley and Sons, fourth edition,
2002.

[11] R. Daugherty, J. B. Franzini, E. J. Finnemore, Fluid mechanics with engineering applications, S I metric edition, McGraw-Hill (1989).
[12] R. F. Mitchell, Surge Pressures in Low-Clearance Liners, SPE/IADC Drilling Conference, Dallas, Texas, U.S.A. (2004).



	 W. Assaad  et al. / Procedia Engineering 199 (2017) 1276–1281� 1281
Author name / Procedia Engineering 00 (2017) 000–000 5

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time [s]

10.4

10.6

10.8

11

11.2

11.4

11.6

11.8

12

12.2

C
on

e 
di

sp
la

cm
en

t [
m

]

Cone displacement

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
time [s]

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

C
on

e 
ve

lo
ci

ty
 [m

/s
ec

]

Cone velocity

Fig. 2: Displacement and velocity of cone after pop out

2.4. Boundary and interface conditions

They include the following:

• The degree of freedom of the node at top of drill string is constrained. This assumption is valid because the
length from the cone to the bottom of the well is smaller than the length from the cone to top of the well.
• A fully reflective boundary condition is applied at the bottom of the fluid volume below the cone.
• At the top of the fluid column in the annulus a zero pressure is applied because it is assumed that it is open to

the atmospheric pressure.
• At the top of the fluid column in the drill string a zero pressure is applied because it is assumed that it is opened

to the atmospheric pressure. But in reality, a pressure can be applied.
• At interaction, the pressures in fluid regions are applied on the cone.

3. Results

A case is selected from our deployments in Gulf of Mexico and analyzed by the model. The related parameters
are tabulated in Table 1. The cone displacement, velocity, acceleration, flow rates to fill the volume generated by the
cone pop out, swab pressure below the cone and surge pressure above the cone are depicted in Figures 2, 3 and 4
respectively. The data is plotted with respect to time and the maximum time is equivalent to the time for the pressure
wave to travel downward and before reaching the bottom of the well. The pressure wave passes through two sections
one is an overlap section while the other is a single liner section. The collapse rating of the overlap section is almost
double the collapse rating of a single liner. The important section is the single liner section which has the tendency to
collapse when the difference between outer and internal pressure exceeds the collpase rating of the expanded single
liner. Therefore, the swab pressure must be predicted at this section in order to take the proper actions before the
deployment.

4. Conclusion

The model for transient swab pressure wave calculation is a successful tool which is built in house. It helps
the company to predict the swab pressure before deployments and to take the proper actions such as choosing a
smaller cone in order to avoid failure. In addition, this model provides the company with better understanding to find
mitigation solutions.
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