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Abstract

Wellbore ballooning is commonly observed during drilling.
Understanding the mechanisms and factors controlling
wellbore ballooning is important for distinguishing it from a
kick and avoiding unnecessary operational costs. The drilling
industry needs realistic models that can predict and interpret
wellbore ballooning. However, challenges exist in modeling
this phenomenon because it involves coupling between fracture
opening/closing in the formation and dynamic mud circulation
pressures in the wellbore. Most wellbore ballooning models are
based on analytical methods and assume a pre-existing fracture
whose aperture changes with a predefined fluid pressure in the
fracture. None of them couple mud circulation in the annulus
with fracture mechanics, which is important for capturing
realistic wellbore ballooning processes.

In this paper, a novel numerical approach is presented,
which for the first time couples dynamic mud circulation and
fracture behavior in wellbore ballooning. Mud circulation is
modeled based on Bernoulli’s equation, taking into account
both gravity and viscous pressure losses. Fracture behavior is
described using the well-established cohesive zone approach.
The model captures drilling mud loses into the formation during
mud circulation and flow-back into the wellbore with pumps off.
In addition, the model can provide estimates of time-dependent
wellbore pressure, fluid loss/gain rate, and the fracture profile.

Introduction

Borehole ballooning is the phenomenon of reversible mud
losses and gains during drilling (Lavrov and Tronvoll, 2005). It
has been a major, but not well-understood, problem in the
drilling industry. Borehole ballooning is an indicator of a likely
subsequent lost circulation event. Failure to control borehole
ballooning may result in significant fluid loss and, consequently,
increased drilling time and cost (Ozdemirtas et al., 2007, 2009).
Furthermore, mud gain from a formation in the pump-off period
may be diagnosed as a well kick, prompting an increased mud
weight to prevent it. This could lead to even worse lost
circulation events, especially in high-pressure, high-
temperature (HPHT) formations, where the safe drilling margin
is narrow and a minor change in mud weight can cause wellbore

failure (Feng et al., 2015; Feng and Gray, 2016, 2017; Helstrup
et al., 2004). On the other hand, borehole ballooning also has
its valuable aspects. For example, Ziegler and Jones (2014)
argued that some information collected from borehole
ballooning can be used to constrain the fracture gradient of a
wellbore.

Borehole ballooning mostly occurs in naturally fractured
formations. During mud circulation, high equivalent circulation
density (ECD) in the annulus resulting from additional
frictional pressure exceeds reopening pressure of the natural
fractures, resulting in mud loss into the formation. With pumps
off, the annulus pressure falls below the fracture reopening
pressure due to the removal of frictional pressure, and a sizeable
amount of mud flows back into the wellbore. An accurate model
capturing this process can aid in understating the mechanisms
behind borehole ballooning, distinguishing it from a well kick,
and improving mud optimization (Bychina et al.,, 2017,
Mehrabi et al., 2012; Shahri et al., 2011).

For a comprehensive borehole ballooning model, three
major physical processes should be taken into account and
modeled simultaneously. They are wellbore hydraulics, fracture
opening/closing, and deformation of porous formation. There is
a very limited number of published borehole ballooning models.
To the authors’ knowledge, none of them couples the three
components above.

Sanfillippo et al. (1997) proposed a mud loss model which
assumes mud flows into a non-deformable fracture with a
constant aperture and impermeable fracture walls. Similarly,
Lietard et al. (1999) developed a model for mud flow into a non-
deformable, infinite radial fracture. These models, neglecting
fracture deformation with pressure buildup inside the fracture,
may cause underestimation of fluid loss volume (Bychina et al.,
2017). Lavrov and Tronvoll (2004) introduced a borehole
ballooning model for fluid loss into a fracture of finite length
undergoing fracture aperture change with a linear deformation
law. Later, they extended the model to fracture deformation
with an exponential deformation law (Lavrov and Tronvoll,
2005). Ozdemirtas et al. (2009) also used a model with a linear
fracture deformation law to investigate borehole ballooning
with an emphasis on the effect of fracture roughness. Similar
models using a linear or exponential deformation law to relate
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fracture aperture and fluid pressure in the fracture were also
presented in Majidi et al. (2010, 2008) and Shahri et al. (2011).
None of these models describes the initiation, propagation, and
closure of the fractures based on a fracture mechanics theory.
Moreover, they do not explicitly model mud circulation in the
wellbore as well as rock deformation and pore fluid flow in the
bulk formation surrounding the fracture. Therefore they cannot
capture fluid exchanges between the wellbore, fracture, and
formation during borehole ballooning events.

In this paper, we present a new model, which for the first
time couples dynamic mud circulation, fracture
opening/closing, and formation deformation during borehole
ballooning. The model significantly reduces the shortcomings
of previous models. Mud circulation is modeled based on
Bernoulli’s equation, taking into account both gravity and
viscous pressure losses. Fracture behavior is described using the
well-established cohesive zone approach. The model captures
mud losses into the formation during mud circulation and mud
gains from the formation during pump-off period. In addition,
the model can provide estimates of time-dependent wellbore
pressure, fluid loss/gain rate, and the fracture profile. A
numerical example is carried out in this paper to illustrate the
capabilities of the new model.

Modeling Theory

Borehole ballooning is modeled using a coupled fluid flow
(including fluid flows in the wellbore, fracture, and formation)
and geomechanics approach. Finite-element code Abaqus is
used to develop the model. As mentioned above, a
comprehensive borehole ballooning system should consist of
three major components: the wellbore, the hydraulic fracture,
and the formation, as illustrated in Fig. 1. The corresponding
physical processes in these three components during borehole
ballooning include (1) mud circulation in the wellbore, (2)
dynamic fracture growth/closure and fracture fluid flow, and (3)
deformation and pore fluid flow of the formation. In this section,
the theories used to model these three parts are described briefly.

Wellbore Fluid Flow

During drilling, the drilling mud is pump into the wellbore
through the drill pipe and circulated out through the annulus, as
shown in Fig. 1. The bottom hole pressure in the annulus during
mud circulation consists of two parts: the hydrostatic pressure
induced by the gravity of the mud column and the viscous
pressure losses in the annulus due to fluid flow. Mud circulation
in the wellbore is modeled based on Bernoulli’s equation
(using a Darcy-Weisbach approach) considering both gravity
and viscous pressure terms as follows (SIMULIA, 2016; Feng
and Gray, 2017h)
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where, AP is the pressure difference between the two points;
AZ is the elevation difference between two points; v is the fluid
velocity in the pipe; p is the fluid density; g is the gravity
acceleration factor; C, is the loss coefficient; L is the pipe
length; f is the friction factor; Dy, is the hydraulic diameter of
the pipe; A is the cross-sectional area of the pipe; and S is the
wetted perimeter of the pipe.

The friction factor f in Eg. 2 is an important parameter
which determines the friction loss during fluid flow. In the
simulation, the friction factor is determined by the Churchill
friction loss formula (Churchill, 1977)

where 4 = [—2.457ln ((é)og +0.27 g—;)]w; B = (3735")16;

Re

Re is Reynolds number; K is roughness of the pipe.
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Fig. 1 Diagram of the borehole ballooning system. Three
major components of the system include the wellbore, the
fracture, and the formation.



AADE-18-FTCE-063

Numerical Modeling of Wellbore Ballooning 3

Fracture Model

Natural fractures intersecting the wellbore through which
mud loss and gain occur are modeled as initially closed weak
planes with low material strength. Hydraulic fractures initiate
and propagate along these weak planes when the ECD in
wellbore annulus during drilling exceeds the strength of weak
planes (Chuanliang et al., 2014; Feng et al., 2016; Feng and
Gray, 2017c; Yan et al., 2014). With pumps off, the fractures
will gradually close under negative net pressure.

The cohesive zone model (CZM) is used to simulate the
mechanical behavior of the fractures (Zhu et al., 2015). The
fracturing process in CZM is represented as the damage
evolution between two initially bonded interfaces with zero
interfacial thickness. The constitutive response of CZM is
characterized by a traction-separation damage law, which
consists of three phases: initial loading before damage, damage
initiation, and damage evolution. Fig. 2 is a diagram of the
traction-separation law used in this study. The initial loading
process before the traction reaches cohesive strength T, of the
material follows linear elastic behavior, controlled by stiffness
K,. Damage initiation occurs when traction reaches T,. After
initiation, damage evolution will occur, characterized by a
progressively degraded stiffness, K;. A scalar damage variable
is used to represents the damage of the interface in the
numerical model. The variable has an initial value of 0 and
monotonically evolves from 0 to 1 upon further loading from
damage initiation to complete failure of the interface.
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Fig. 2 Traction-separation damage law.

Fluid flow in the fracture is incorporated into the CZM to
capture the influence of fracture fluid on the mechanical
behavior of the fracture. As the damage initiates and evolves,
fluid flow in the cohesive interface is modeled as a transition
from Darcy flow to Poiseuille flow, approximating the changes
of fluid flow through an initially undamaged porous material to
flow in a fracture as the material is damaged. Fluid flow in the
fracture includes two components: longitudinal flow along the

fracture and normal flow (leak-off) from the fracture surfaces
to the surrounding porous medium. Mass conservation of fluid
inside the fracture is governed by Reynold’s lubrication theory.
Longitudinal flow in the fracture is modeled as Poiseuille flow
between two narrow parallel plates. Fluid leak-off on the
fracture surface is controlled by a leak-off coefficient for the
pore fluid material, which defines a pressure-flow relationship
between the fluid within the fracture and the pore fluid in the
matrix adjacent to the fracture surface.

Formation Deformation and Pore Fluid Flow

Deformation of the porous formation and pore fluid flow in
the formation are modeled using the poroelastic model in
Abaqus based on Biot’s theory (Biot, 1956). The formation rock
is assumed to be an isotropic and poroelastic medium,
consisting of a solid skeleton and pores saturated with a single-
phase fluid. Fluid flow in the pores obeys Darcy's law. The
poroelastic theory is a well-established theory and can be found
in many standard textbooks, e.g. Jaeger et al. (2007) and
Zienkiewicz, et al. (1999).

Model Formulation

Borehole ballooning in a vertical wellbore is considered.
The formation is assumed in a 2D, plane-strain condition with
unit thickness, as shown in Fig. 3. The wellbore is modeled as
a ‘U-tube’ geometry with the left and right side of the U-tube
representing drill pipe and wellbore annulus, respectively.
During mud circulation, a fluid pump rate is applied to the top
of the drill pipe. The pump rate is then reduced to zero in the
pump-off period. Owing to symmetry, only one-half of the
formation is modeled. The path of a natural fracture is
predefined perpendicular to the direction of the minimum
horizontal stress and intersecting with the wellbore as shown in
Fig. 3.

A uniform initial pore pressure is applied to the formation.
The minimum and maximum horizontal stress is applied in the
x- and y- direction, respectively. A symmetric boundary
condition is defined on the left edge of the model. The normal
displacements of all the other external boundaries are restricted,
and the pore pressure at these boundaries is restricted to the
initial pore pressure during the entire simulation. Table 1
summaries the input parameters as well as the material
properties used in this study.

The end nodes of the wellbore annulus is connected to the
nodes on the wellbore wall to ensure fluid conservation between
the wellbore and the formation. In addition, another special
constraint is imposed to assure the external force acting on the
wellbore wall is equal to the fluid pressure at the bottom of the
annulus during the simulations. The calculations are done using
the Abaqus solver, which is an implicit, general-purpose, finite-
element solver.
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Fig. 3. The borehole ballooning model.

Table 1. Input parameters for the borehole ballooning model.

Parameters Values Parameters Values
Formation size 60 <20 m Rock Young’s modulus 7 GPa
Formation depth 1000 m Rock Poisson’s ratio 0.2
Wellbore radius 10 cm Rock permeability 5mD
Drilling pipe radius 5cm Rock porosity 0.25
Annulus clearance 5cm Cohesive strength 0.4 MPa
Initial pore pressure 10 MPa Fracture toughness 28 Jim?
Minimum horizontal stress 13 MPa Leak-off coefficient 5 %10 m/s/Pa
Maximum horizontal stress 15 MPa Interface stiffness 80 GPa
Pore fluid density 1000 Kg/m? Pumping rate 0.36 m®/min
Drilling mud density 1300 Kg/m? Mud viscosity 10 cp
Gravity constant 10 m/s? Natural fracture length 15m

Results

Contrary to some existing models that only model fracture
itself with a given aperture, the proposed model allows for the
hydraulic fracture to grow and close with time-dependent
aperture and length controlled by complex interactions between
mud circulation, fracture fluid flow, fluid leak-off, and rock
deformation. A wealth of information can be provided by the
model, including the fluid loss/gain rate, downhole pressure,
fracture profile, as well as the pressure and stress distribution in
the local area. This section presents some simulation results

using input data reported in Table 1. For illustration purpose, a
mud circulation period of 50 s and a pump-off period of 100 s
are considered.

Fig. 4 shows the downhole pressure during the borehole
ballooning event. After the start of mud circulation, the
downhole pressure increases rapidly from a hydrostatic
pressure of 12 MPa to a dynamic circulation pressure of 15.5
MPa. This circulation pressure is higher than the reopening
pressure of the natural fracture. Therefore, the fracture opens as
shown in Fig. 5, and consequently, mud flows into the fracture
as shown in Fig. 6. Note that in Fig. 6, the positive rate means
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mud loss from the borehole into the formation during mud
circulation, and the negative rate is the rate of mud gain at the
wellhead with pumps off.

Downhole Pressure, MPa
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Time, s

Fig. 4 Downhole pressure vs. time during the wellbore
ballooning event.
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Fig. 5 Fracture mouth aperture vs. time during the
wellbore ballooning event.

Fig. 4 indicates that the downhole pressure decreases after
the initiation of the natural fracture. At the early time of fracture
propagation, downhole pressure fluctuations are observed. This
downhole pressure behavior is a part of the solution of the
simulation, which is quite different from some existing models
that assume a constant downhole pressure (as an input) during
mud loss. The fracture extends to the end of the natural fracture
at about 20 s. After that, the downhole pressure, fracture width,
and mud loss rate reach relatively constant values with
continuing mud circulation. At this period, the mud loss rate is
dominated by fluid leak off into formation, rather than by
fracture growth.

With pumps stopped, the downhole pressure drops almost
immediately to the hydrostatic pressure of 12 MPa. As a result,
the fracture aperture decreases to zero, but at a rate slower than

the decrease of downhole pressure. With fracture closing, fluid
flows out of the wellbore with a gradually decreased rate as
shown in Fig. 6.

Fig. 7 illustrates the cumulative fluid volume lost into the
formation with time during the circulation and pump-off
periods, which is the time integral of the flow rate in Fig. 6. The
total amount of mud lost into the formation during drilling
period is about 0.025 m?, while the final fluid loss at the end of
pump-off period is 0.015 m?, indicating a fluid gain of 0.01 m?
after the stop of drilling. The fluid volume that does not return
during pump-off period is the part of fluid filtration into the
formation. The results demonstrate that the proposed model can
simulate the entire process of a borehole ballooning event.
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Fig. 6 Fluid loss/gain rate vs. time during the wellbore
ballooning event.
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Conclusions

Modeling borehole ballooning is a challenging endeavor
due to strong interactions between wellbore hydraulics, fracture
opening/closing, and formation deformation. This paper
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proposes a numerical model which for the first time takes into
account the non-linear coupling between these phenomena in
borehole ballooning. The model is able to capture dynamic
fracture growth during mud circulation when downhole ECD is
higher than fracture reopening pressure of natural fractures, as
well as fracture closure during the pump-off period when
downhole pressure is lower. Time-dependent wellbore pressure,
fluid loss/gain rate, and fracture profile in borehole ballooning
can be obtained. The developed model aids in understanding the
mechanisms involved in wellbore ballooning in naturally
fractured formations. It can be used to investigate the effects of
various operational and in-situ parameters on wellbore
ballooning, and aids in mud optimization and drilling
operations.
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