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Abstract. This paper presents a new algorithmic formulation to couple a state-of-the-art thermal solver, used for comput-
ing Annular Pressure Buildup in deep sea oil producing wells, with a novel procedure for calculating creep behavior in
salt layers. The latter makes use of a basic non linear solid model based on a constitutive relationship developed for salt
rocks. The thermal model solves momentum and energy balance equations (coupled with radial thermal resistances for
the concentric wellbore regions) to determine the pressure and temperature on the production fluid. The results, which are
discussed in the light of qualitative and quantitative comparisons using a real well geometry, look promising, therefore
indicating the validity of the new approach. Moreover, a direct relation between APB and the creep amplitude was iden-
tified for the case tested. The model seems to confirm that the effects of creep are not significant for the initial lifespan of
wells.
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1. INTRODUCTION

In the context of oil producing wells, the Brazilian Pre-Salt cluster is receiving considerable attention due to its poten-
tial and production capacity. However, in order to fulfill this potential, many technical difficulties need to be addressed.
Over the years, a recurring challenge is related to drilling through the salt layer (Poiate Jr. et al., 2006), and many
associated factors, such as wellbore instability, casing damage and salt creep (Zhang et al., 2008).

Jaeger et al. (2007) defines creep as the continuous strain related to a given constant load. It can usually be separated
in three main stages, namely the transient flow, the steady-state flow and the tertiary creep. Transient flow can be charac-
terized by a high creep rate which slows down until steady-state is reached. Here, as long as the stress is kept constant,
the creep rate remains constant. If this condition remains for a long period of time, then it is possible for the creep rate to
increase once again due to damage in the material; this period of late acceleration is called tertiary creep. Generally, for
oil producing wells, the steady state is the most relevant stage, since transient flow settles quickly after perforation and
completion of the well. Also, any damage in the rock formation is contained by the casings and cementation, so tertiary
creep usually is not considered (Wang and Samuel, 2016).

In the long term, after drilling is completed, and during the producing life of the well, salt creep related issues may
occur, as indicated by de Almeida (2016). Taheri et al. (2020) points to a reduction of design safety factors if the salt layer
creep behavior is taken in account.

Salt creep may occur in conjunction with and have some influence on the already well documented phenomenon
of Annular Pressure Buildup (APB), which is a consequence of the thermally driven expansion of the fluids present in
the concentric annuli (Oudeman and Bacarreza, 1995). The heat source, in this case, is the production fluid, and the
consequences of the annulus pressure increase can lead to catastrophic events, such as those which took place during
the perforation of a well in the Gulf of Mexico, where a collapsed casing trapped the drill-string during the perforation
(Pattillo et al., 2006). Fig. 1 shows the collapsed casing of a well, attributed to APB. In the more specific case of wells
surrounded by salt formations, the creep related displacement can contribute to APB, since the total volume of the annular
space may vary with time.



E.B.D.M Alves, A.P. da Veiga, E.A. Fancello and J.R. Barbosa Jr.
An algorithmic approach for coupling creep induced strain and annular pressure buildup in oil wells

Figﬁre 1: Céllapsed casing (Pattillo et al., 2006).

In general, salt layers can either close or open around the well, acting both towards reducing or increasing the pressure.
de Almeida (2016) presented a calculation procedure in which two different commercial software packages for thermal
simulation of petroleum wells and mechanical/structural simulation were combined to predict the influence of thermal
phenomena in the salt creep behavior. However, since the simulations were performed in completely separated programs,
the process of integrating the results had to be performed externally through Python scripts. This forced the approach for
computing APB to be approximated by means of virtual mass injections in the annulus which is not ideal since for most
cases there are no leaks or mass increase in this regions.

This paper proposes a new coupling technique between a mechanical model to solve the viscoelastic behavior of the
salt layer and the thermal model to compute the property dependent temperature profiles in the wellbore geometry. By
solving the equations in a single routine the coupling process is more dynamic and both systems can interact with each
other directly. So it is possible to use a more robust approach, based on the conservation equations, in order to solve the
problem.

2. METHODOLOGY

In order to model the APB in oil producing wells this paper tackles the problem in three different stages. First it
proposes a numerical approach to solve creep related deformations in salt layers. Next, a brief overview of an existing
model for predicting APB due to heat transfer in producing wells is presented. Lastly, the coupling scheme for solving
APB with creep induced deformation in the annulus is discussed in detail.

2.1 Salt Layer Displacement Model

In order to model the deformation resulting from creep in salt layers, it is first necessary to understand the stress
condition to which the material will be subjected. This stress condition can be known using methodologies similar to
those presented in Fjaer et al. (2008).

To determine the vertical stress condition to which the salt column will be subjected, the formation overburden gradient
will be used. When doing this the overload voltage can be written by:

Oop = 1174.74G,, Z (1)

Since the overburden gradient is known at discrete depths it is possible to use linear interpolation to determine the
value of the vertical stress applied in the salt layer. It is important to emphasise that Z is the vertical depth, this being the
vertical distance to the sea level.

Also, once known the vertical stress, it is possible to estimate the complete initial stress state of the rock. Many authors
points on how to do this estimation, the basic idea used for the models in this paper are derived based on the models used
in de Almeida (2016). First, in order to determine the initial stress it is considered pure elastic deformation such that, for
far distances from the well the displacement is null in the radial direction. Also the upper boundary condition will be the
constant load derived from the overburden gradient, meanwhile the lower boundary condition will consider that there will
be no displacement in the vertical direction. The inner boundary condition, the model will consider the pressure due to
the hydrostatic pressure from the drilling mud.

This set of boundary conditions can be applied to model the initial state of displacement and stress, however, for
the reaming lifespan of the production well it is necessary to model the displacement behavior in conjunction with the
stress. As previously mentioned, the creep phenomenon can be simulated using classical incremental formulations for
viscoelastic / viscoplastic materials (see, for example, de Souza Neto et al. (2008), Mendonga and Fancello (2019) or
Naumenko (2006)). Most of these formulations seek for the displacement field w(x, t) of the deformable body that, due
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to an appropriate constitutive equation, produces a stress field which is in mechanical balance with the external forces at
any time.

The model used in the present work is summarized in Egs. (2-5). Assuming linear kinematics, the total strain tensor €
at each material point x and time t is additively decomposed in elastic €.; and plastic €., contributions Eq. 2. The stress
is then calculated as a linear isotropic function of the elastic strain state Eq. 3 while the creep strain evolves in time as a
function of the stress state. In equation Eq. 4 the scalar 4 denotes the amplitude of the strain rate while the the isochoric
tensor IN defines the direction of the creep flow . The expression for the rate  is a key point in present approach and
follows the creep law shown in Poiate Jr. ef al. (2006). This law assumes that the creep strain rate is directly dependant
on the effective stress o y. In this work this stress is calculated using the equivalent von-Mises operation over the stress
tensor o, similarly to what was used in de Almeida (2016).

€ = Eel + Ecr )
0 =Ce=C(e—¢c) (3)
Eer =N (o) 4

o [ Oeff nl Q Q ;

Yo (To) exp (RTO — ﬁ), ifoerr < og
Y= . o n2 0 0 .

Yo (;—fof) exp ( B ﬁ), otherwise

In Eq.5, 49 and og denote the reference creep rate and tension, respectively. () is the activation energy of the creep
flow, R is the universal gas constant, T is the reference temperature at which the creep calibration tests occurred. Finally,
n1 and no are empirical constants. Equation 5 was calibrated using real Pre Salt saline rocks such as Halite, Carnalite and
Tachyhydrite, this calibration can be found in Poiate Jr. et al. (2006).

Equation 5 is known as rate constitutive equations and in order to evolve in time a numerical integration scheme is
needed. A classic choice for these kind of equations is the fully implicit Euler procedure. Time is divided in finite time
increments At = t,,1 — t,,. The incremental approximation of Eq. 4 takes the form (de Souza Neto et al., 2008):

®)

Ay = Aty (6)

Ecron+1 = €eryn + A'YNn+1 (7)

The subindex n + 1 in Eq. 6 indicates that Eq. 5 is calculated using the stress state at the end of the time increment
(implicit scheme). Equation 7 shows the rule to update the creep strain state. This implicit scheme drives then to a
coupled system of algeabric equations that is solved using Newton method within a procedure kown in the literature as
Predictor-corrector algorithm. When solved, the updated stress and strain states at the end of the time increment are finally
known.

The updated stress field state is meant to be in balance with the external forces. Balance equations are stated by the
principle of virtual power and its approximate solution is obtained here using the finite element method. Equation 8 shows
the expression of the so called residual force vector which is a nonlinear function of the nodal displacement U, 1 of the
FE mesh at the end of the time increment. The first term at the r.h. is the internal force given by a volume integration of
the updated stresses. B is a matrix containing the derivative of the shape FE functions. Second and third terms represent
the external force vector, given by volume and surface integration of the external forces b and ¢,,; respectively. Matrix
N contains the value of the shape functions over the FE mesh.

Res (Upy1) = / B's, 1BdQ — / NTbd — | NTt,1doQ ®)
Q Q o0

The surface forces ¢,, 1 depend on the given boundary conditions while the body forces b represent the weight of the
salt layer and come from the derivative of Eq. 1 with respect to depth.

With this residual sets of equations it is possible to solve a non linear problem to find the sets of nodal displacements
which would grant mechanical balance for the material. This non linear problem is solved via Newton method, with the
derivatives of the residual functions taken analytically.

Taking advantage of the axial symmetry of the problem, an axial simmetric finite element formulation is used, reducing
the numerical problem to a 2D fields. Biquadratic Lagrangian finite elements with 3 x 3 gauss integration points were used
for the computations. Figure 2 shows schematically a discretization with 6 elements with applied boundary conditions.

The figure shows the pressure in the exposed annulus. This variable is taken directly from the thermal solver, being
the variable which couples the two systems (wellbore and formation).
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Figure 2: Boundary conditions used for the simulation

2.2 Thermal Solver

To resolve the thermal phenomena and compute their contribution to the annular pressure, the present study adopts the
formulation presented in da Veiga et al. (2020). This model, in turn, was built upon previous works on the same subject
Barcelos (2017).

The thermal solver considers that the heat transfer within the well evolves in a pseudo steady state, where the thermal
capacities of the annuli and production fluid are neglected, and the formation is treated as a semi-infinite solid. This
approach is similar to that of Hasan and Kabir (2012), where the heat transfer is predicted using equivalent thermal
resistances from the production fluid to the formation wall. The temperature of the interface between the wellbore and the
formation is traditionally simulated using the so-called time functions, which are essentially approximations of analytical
solutions of the constant heat flux conditions to the formation, solved with Laplace transforms (Hasan and Kabir, 1991).
In this work, Laplace transforms were used to determine the temperature distribution in the formation, using an inverse
transform algorithm to find the time equivalent solution; the Stehfest algorithm was chosen due to its good accuracy with
exponential like problems (Kuhlman, 2013).

To solve the energy and momentum balance equations for the production fluid, 4*"-order Runge-Kutta method was
employed. The pressure distributions in the fluids trapped in the annuli were obtained from a procedure which involves
integrating the hydrostatic equation with a boundary condition which satisfies the mass conservation.

The procedure for obtaining a converged solution consists of applying the mass conservation in every annuli and
solving numerically the mass balance considering local density variations due to thermal expansion of the annular fluid.
Convergence is achieved when the annular mass in the end of any given time step is equal to the mass in place at the initial
condition of the well.

In most works, the APB is computed as a single value for the entire annulus volume. da Veiga et al. (2020) presents
a formulation where APB is a result of the local diference from the final pressure and the initial pressure at every depth,
resulting in a APB profile inside the annulus. For this work APB is defined as the maximum value that the profile can
have in the annulus.

2.3 Coupling Between the Well Thermal Solver and the Creep Model

The coupling algorithm takes advantage of the above mentioned mass conservation iteration loop implemented on the
thermal solver. Basically, it incorporates the displacements calculated in the salt module into the mass conservation pro-
cedure, by changing the effective cross-section area of the annulus. Since the iterative procedure already seeks the correct
pressurization to satisfy the mass conservation, both models are solved using the same set of convergence parameters and
variables of interest.

3. TEST AND PRELIMINARY RESULTS

To test the novel approach proposed here for coupling both models, we use a standard geometry with a formation
layer exposed to the annular space. The analysis consists of evaluating the results with and without the salt creep model
activated. Therefore, it will be possible to qualitatively (and quantitatively) assess the influence of the salt layer on the
behavior of the annular pressure and, therefore, judge if the coupling algorithm returns a physically consistent behavior.

The well geometry considered in this simulation is the same as the one previously studied by Barcelos (2017). Tables
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Table 1: Geometric parameters for casings and cementing

Tubular Name | OD [m] MD [m] Hole Size [m]  Fluid Density [kg m 3]
Tub. top Cement top Tub. base
Casing 1 0.762 1109.5 1109.5 1170.0 0.914 -
Casing 2 0.508 1109.5 1109.5 1909.0 0.660 -
Casing 3 0.339 1109.5 1802.0 3543.0 0.406 1138.0
Casing 4 0.244 1109.5 4050.0 4935.0 0.311 1138.0
Prod Tubing 0.139 1109.5 - 4250.0 - 1150.0
Table 2: Lithology
Formation MD [m]
Top Base

Shale 1110.0 1902.7

Marl 1902.7 2310.7

Shale 2310.7 2672.3

Sandstone 2672.3 2689.3

Shale 2689.3 2785.3

Calcilutite 2785.3 2836.9

Shale 2836.9 34814

Marl 3481.4 3689.8

Calcilutite 3689.8 4119.5

Shale 4119.5 42970

Wackestone | 4297.0 4320.0

Figure 3 presents an axisymmetric cutaway view of the wellbore, with a color scheme to differentiate between the
different materials. The figure is in scale in relation to the depth axis, however it is not in scale with respect to the radius

of the well.

== Cement
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Figure 3: Well base geometry

It is important to emphasise that, in the original wellbore geometry there was no salt layer in contact with the annular
space. In other words, we have deliberately added the creep behavior using Halite properties to the Marl layer to simulate
the creep behavior in the well. The test layer is located at depths between 3481.4 m and 3689.8 m. Also, in the original
well, this region has a certain degree of inclination from the vertical but, since the structural model was developed only to
deal with vertical wellbores, we are also neglecting the inclination effects in this preliminary evaluation of the solver.

Another input variable for the model, since it is unknown variable for the original well, it was also added an theoretical
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overburden gradient. For the region of interest it can be calculated by the linear interpolation from the closest points
provided. For the scenario simulated a value of 13.8 Ibm gal~! at 3000 m, and 18.9 Ibm gal~! at 4573.74 m.

An important factor to be considered is whether the Marl layer will deform away from the center line or it will reduce
the annular space. In order to predict this behavior, one can use the same considerations as Fjaer et al. (2008) who related
vertical stress and horizontal stress in a lithostatic state using the Poisson coefficient given by:

v
T 1-—v

When checking the in-sifu behavior during the simulation, Eq. 9 indicates that the pressure in the annulus is greater
than the horizontal component of the lithostatic tension along the entire layer. Thus, it is expected for the displacement to
cause the inner formation radius to move away from the well. This should increase the volume of the annulus resulting in
a reduction of the APB by the end of the simulation.

The basic discretization of the structural grid consisted of 300 elements, with 30 elements in the radial direction and
10 in the axial direction. For the time domain, a brief convergence test was performed using the final APB result, reaching
a discretization with a smaller spacing in the first year and a geometric spacing starting at the end of the first year until the
end of of a period of 30 years.

In order to set the initial condition of the well, one needs to determine the initial temperature of the entire domain and
the initial pressure in the annuli. For that, two assumptions are made. The first one is that the annuli and the production
fluid are in thermal equilibrium with the formation, and the temperature, know for the entire well, depends on the well
depth. Also, the fluids trapped in the annuli are assumed t be stagnated, so they must follow a hydrostatic profile. Since the
fluids properties can be calculated from thermodynamic libraries, it is possible to set profiles of pressure and temperature
pairs for each annulus, depending only on the temperature of the formation at each depth and the geometry of the well.

In the present well, the fluid filling annulus A is a saline base completion fluid. The fluids in the remaining annuli
are oil based muds, which are modeled in a similar manner as Barcelos (2017). Also, in this well, a constant geothermal
gradient of 0.027°Cm ™! can be used to determine the initial temperature as a function of the depth.

The main results for a total production time of 30 years, namely the APB profile with and without the salt module
activated, are presented in Fig. 4. From this, one can conclude that the main effect that dictates the behavior of the APB
is the thermal component, as suggested by Oudeman and Bacarreza (1995). However, one can unequivocally argue that
the salt creep (deformation) has a non-negligible contribution, which acts toward reducing the APB, as indicated above,
from 17.48 MPa to 13.97 MPa when considering the effects of the salt layer.
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Figure 4: APB behavior in annular B with the salt creep model activated and not.

The above result is consistent with the physical behavior of the layer deformation. However when dealing with creep
induced strain, another important variable in the validation process is the deviatoric tension. In this paper, this paremeter
is computed using the Von Mises criterion and, in a natural creep induced strain, its magnitude must decrease during the
deformation. Therefore, in Fig 5, comparisons of the Von Mises tension are presented for simulated times of 12 hours and
after 30 years. It shows that the tension is indeed reduced along the production period of the well, which will result in a
slower creep rate and progressively smaller displacements.

From these results, it is safe to assume that the behavior of both the structural model and the coupling algorithm point
to a physically well behaved solution.
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Figure 5: Transient behavior of deviatoric stress

This remark pertains to the behavior of the entire salt domain. However, it is also possible to use a single point in
space to check for patterns and phenomena in the rock. For that, a "probe" is set at the position » = 0.15848 m and
MD = 3622.91 m. This position is close to the wall and in the middle of the domain. There, it is possible to plot the
profile of both the local deviatoric tension and the creep amplitude variable (7). Fig. 6 presents the results from this probe.
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Figure 6: Integration node time profile for creep amplitude and deviatoric stress

Some important remarks can be made at this stage. First, it is clear that the temporal grid spacing used in the first year
is not yet sufficient for the simulation. This is made clear by the discontinuities that exist during that period. However it is
also possible to observe an extra important behavior in these results: even though the effective stress falls in a large steep
in the first year, the creep amplitude continues to increase with a significant rate until the end of the simulation.

Another important remark is the close relation in the behavior of the APB, shown in Fig. 4, and the  variable. At
the beginning of the simulation, the APB is mainly governed by the thermal contribution, but as time progresses, the
difference between the models (with salt creep and without) becomes similar to the behavior of this variable. Fig. 7
presents the difference in APB of both models isolated.

Figure 7 confirms the influence exerted by + on the APB predicted by the model. This points to a variable which can
be used to confirm the quality of the temporal discretization used in the simulation. Of course, 7 is related to each point
individually, so a complete analysis of all nodes is required to confirm this hypothesis. However, once performed, the
observed behavior was similar to all remaining nodes.

All results presented so far refer mainly to the isolated behavior resulting from the presence of salt in the well. But
it is also important to point out that the presence of salt could affect the heat transfer during production due to large
displacements of the wellbore walls. Figure 8 presents the temperature profile in the production fluid inside the well after
30 years of continuous production. It shows that the effects in the temperature of the production fluid is small.

Also, up this point it is mentioned that the short transient of the production is mainly affected by the thermal com-
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Figure 7: Difference in APB between the models with and without salt creep
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Figure 8: Temperature profile in production fluid after 30 years

ponent. This is mainly related to the fact that the temperature fluctuations are more noticeable in the firsts days of the
production. To confirm this Fig. 9 presents the transient profile of the temperature in the wellhead for the entire simulation
interval.

This confirms that the temperature in the wellhead settles quickly when compared to the behavior of the salt layer.
From that, it is possible to conclude that the analysis of considering creep when simulating APB requires the simulation
of long times, even reaching the entire lifespan of the well. For the short transient this phenomenon is of less importance.

As an combined analysis it is possible to affirm that as the temperature settles quickly, the increase of pressure in the
annulus occurs quickly in the start of the production, and latter it is affected by the volume variation caused by the creep
deformation.

4. Conclusion

Using a classical formulation for modeling the structural deformation on salt layers with creep behavior, this paper
proposed a new algorithmic approach for coupling the thermal simulation in order to compute APB of oil producing wells.
Preliminary results indicated that the model is physically consistent and qualitatively accurate. However, further tests are
required to confirm the validity of this approach. Also, the results are useful to determine important variables to be used
in following studies such as the creep amplitude, which is closely related to the APB behavior for long time simulations.
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