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Abstract. In the search for new sources, the oil wells become increasingly deep and, consequently, new challenges
arise in their construction and operation. Annular Pressure Build-up (APB) is a phenomenon caused by the resis-
tance imposed by the casing strings, that limit the annulus, against the free thermal expansion of the trapped fluid.
This balance between the pressure increase and the volume changes due to deformations in the well structure,
which cannot be treated as a totally rigid system, is fundamental to the correct scaling of the problem according to
the multistring casing design philosophy. APB usually occurs in the production phase, when the hot fluid from the
reservoir flows through the tubing, radially transferring heat to the outermost layers. In this paper, a computational
APB model was developed, considering the effect of the interaction between casing strings (multistring), and it is
applied in a case study in order to validate the formulation and illustrate its efficacy. This model can be broken
down into selecting a thermal simulator, a Pressure-Volume-Temperature (PVT) model suitable for annular fluids,
a casing displacement model, and a numerical method to solve the APB equations.
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1 Introduction

The Annular Pressure Build-up (APB) is a well-known problem in the oil industry, however, the importance
of its evaluation has grown in the past years as deep-water wells are much more common [1l]. This is due to
the reservoir increasing temperatures as the well gains depth, causing heating of the well components during the
production of the fluid. On top of that, in offshore installations, accessing the wellhead is limited, restricting the
bleed-off of all annuli [2]].

It is essential to take into consideration the correct choice of the APB analysis method, as this can strongly
affect the final results. Halal and Mitchell [2] showed that single-string analysis, which designs each column
individually, can yield results that are both too high or too low, depending on how the cement is treated. The
multistring analysis method, on the other hand, considers the interdependence of the casing strings and annuli of
the well, that is, the changes that occur in a certain annular have a direct influence on the adjacent annuli, due to
the elastic casing tubulars between them. Therefore, this second methodology is more complete and makes a more
accurate representation of the analyzed scenarios.

This phenomenon, if not considered, can lead to serious structural damage, as in the Marlin A-2 well, which
collapsed the 16-inch casing after a few hours of operation. In this case, later studies showed that the most plausible
causes were APB or hydrate formation [3]]. Therefore, the APB needs to be evaluated in the design phase so that
the casing tubulars are chosen properly and/or a mitigation strategy is implemented.

This paper deals with the implementation of a computational model for calculating the APB based on the
formulations present in Sathuvalli et al. [4] and its application in a case study. Such formulations follow the
multistring casing design philosophy, i.e., it is considered that interaction occurs between all casing strings and
annuli in the APB calculation process.

2 Theoretical Formulation

The fluid is trapped in the annular at an initial temperature, which is usually assumed to be the geothermal
gradient. When production begins, this fluid and the rest of the well elements are subjected to a temperature
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considerably higher than the initial one due to the hot hydrocarbons flowing through the tubing. This temperature
differential causes the volume of the annular and the trapped fluid to vary, but the second one tends to be much
larger [1].

The annular fluid will try to expand freely, but it will be limited by the resistance imposed by the casing
stiffness, causing the annular pressure to build-up [3]]. However, as the casings and cement/formation behave as an
elastic system, the increase in pressure in the annular will cause their deformation and, consequently, the expansion
of the annular volume. Lamé’s equations and PVT equations are used to estimate, respectively, the volume changes
of the annular and the volume changes of the fluids as a function of pressure and temperature [4].

One of the main ways to account for the variation of fluid volume due to temperature and pressure changes is
to use the coefficient of (isobaric) thermal expansion and the (isothermal) bulk modulus as shown below:

1
AVfl = Vfl aﬂAT — —AP 5 (1)
Bfl

where V7, is the initial volume of the fluid, T is temperature, P is pressure, and ay; and By, are the coefficient
of (isobaric) thermal expansion and (isothermal) bulk modulus. However, this approach assumes constant fluid
properties, which are not usually true in those kinds of scenarios.

Another way to calculate the volume variation is to relate it to the specific mass of the fluid as a function
of pressure and temperature, following the principle of conservation of mass. This approach, in contrast to the
previous one, considers the variation of the fluid properties through the change in density [4]. The equation that
makes this relationship is given by:

B Ap(P,T)
AVy(P,T) = /V pi(P:, T;) + Ap(P,T)

dVa, (2)
where p(P,T) is the density of the fluid at pressure P and temperature 7', and the integration is over the annular
volume V.

2.1 Fluid PVT Model

The PVT fluid models are integrated with the APB model to calculate the density of the fluid under different
conditions of temperature and pressure, being of great importance in the casing designing of the HPHT (high-
pressure, high-temperature) and deep-water wells. Drilling fluids are mixtures composed of a base, such as oil
(natural or synthetic) or water, and additions of solids, in order to give the desired properties to the fluid. Second-
order polynomial equations are used to estimate the density of each constituent:

Phase = (a1 + by P + c1 P?) + (ag + bo P + co P?)T, 3)

where p is the density of the base in lbm/gal, T is temperature in °F, P is pressure in psi, and ay, by, c1,
asz, ba, co are correlation coefficients, calculated from experimental results, as shown by Zamora et al. [S]]. Then,
the density of each component is multiplied by the corresponding volumetric fraction and added to calculate the
density of the compositional fluid.

2.2 Stiffness Matrix and Volume Coupling

As previously shown, both the volume variation of the trapped fluid and the annular itself depends on the
acting pressure. Therefore, the configuration that leads to this pressure balance should be sought, which is done in
an iterative procedure. In the end, the equality of the following equation must be true:

AV = AV,. )

In the case of a single string analysis, the principle of eq. () should be applied for each annular individually.
In the multistring analysis, which considers that the pressure variation of a certain annular also affects adjacent
annuli, it is necessary to find, iteratively, the APB value that satisfy the following system of equations:
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[AVi] = [AJ[AP] + [n][AT], (5)

where [AVy] is a vector that denotes the fluid volume changes in the wellbore annuli, [AP] is the vector of
unknown APB in the annuli, [A] denotes the flexibility matrix for the wellbore annuli, [n] is a matrix whose terms
provide the volume change of each annulus due to thermal expansion of the strings that bound the annulus, and
[AT] is a vector of temperature changes in the casing strings. Sathuvalli et al. [4] show in their work more details
of the components of those matrices.

3 Case Study

The APB model that was developed in this work is based on the formulations presented by Sathuvalli et al.
[4] and Perez [6]], together with the PVT model shown by Zamora et al. [[5]. To verify its application, a case study is
presented and the results will be compared with those obtained by Perez [6]]. The information on the well geometry
and its casing tubulars is shown in Table |1} in addition to the fluid used in each annular. Figure |l|illustrates the
well scheme, which presents three annuli with different boundary conditions.

Table 1. Well casing configuration

. OD MD (m) Hole Size  Annulus Fluid
Section Name Type
(in) Hanger TOC Base (in) (ppg)
1 Conductor  Casing 30 1800 1800 1872 36 -
2 Surface Casing 20 1800 1800 2800 26 -
3 Intermediate  Casing 13.625 1800 2800 4150 17.5 12
4 Production  Casing  10.75 1800 5000 5400 14.75 12
5 Production Liner 7.0 5300 5300 5965 8.5 12
6 Production  Tubing  6.625 1800 - 5400 - diesel oil
Mud Line (1800 m)
1872 m
AlB| C Conductor 30”
2800 m Surface 20”
4150 m Intermediate 13 5/8”
5000 m TOC — Top of Cement
5400 m 1r

Production 10 3/4”

5965 m Production Liner 7”

Figure 1. Hypothetical well scheme for APB analysis
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In the present APB model, thermal data is used as an input variable, i.e., it needs to be generated separately.
Figure [2] shows the thermal profiles used in this simulation, which were taken from Perez [6]. According to the
author, a commercial thermal simulator was used to generate them for a production of 5000 bpd.
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Figure 2. Thermal profiles used in APB simulation (Perez [6]])

Table 2] shows the final APB results obtained by using the present model, the model shown by Perez [6], and
the commercial software used by the author.

Table 2. APB simulation results

Annular Comercial Software (psi)

Perez 6] (psi) Present Model (psi)
A 3939 4027 3979
B 2793 2792 2788
C 4881 4888 4890

The present model generated adequate simulation results, with an average percentage error of 0.35% in rela-
tion to the commercial software. In comparison, the average percentage error between Perez [6] and the commer-
cial software was 0.78%.

A second analysis is carried out, based on the scenario already presented, but changing the level of the top of
cement (TOC) in annular B, in order to evaluate the influence of this parameter on the final APB results. Figure 3]
shows the APB results in each annular for different values of TOC. This variation was from 4000 to 5000 meters
with an interval of 50 meters between the simulations.

The increase in the height of cement in annular B caused the growth of APB values in this annular, which,
in turn, was the one that suffered the most influence of this variation of TOC, about 69.1% among the extreme

values of the interval, 4000 and 5000 m. In the other annuli, this variation was significantly smaller, with 3.2% for
annular A and 5.9% for annular C.

The large increase in APB in annular B can be attributed to the decrease in annular volume caused by filling
the space with cement. While the changes in the APB values in the other annuli result from the structural response
to the pressure increase of the adjacent annular, given the integrated modeling of the system formed by tubular,
annuli, formation and cement. It is also possible to notice the change in the tendency of the APB curve of annular
B when the TOC approaches 4150 meters. This is because, below that depth, the annular has direct contact with

the formation, allowing greater pressure relief.
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Figure 3. APB results regarding the variation of the top of cement in annular B

4 Conclusions

Given the results of the simulations, it is possible to say that the implementation of the multistring APB model
for several annuli based on the formulations shown in Sathuvalli et al. [4] is valid. It is also possible to perceive
the high values of pressure increase in the annular that can be reached in an offshore well, and how changes in the
geometry of its structure, such as the top of cement, can significantly affect them. This shows how important it is
to consider this phenomenon in the casing design process.
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