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Abstract. The axial movement of drill pipes is a common operation in oil well drilling. This motion displaces the
drilling fluid and causes pressure changes in the borehole. The descending pipe movement increases the pressure at
the bottom hole (surge) and its extraction reduces it (swab). If the bottom hole pressure overcomes the formation
fracture pressure, circulation loss may take place. On the other hand, if the pressure within the well is smaller than the
pore pressure, kicks can occur. In order to maintain the bottom hole pressure within the formation fracture and pore
pressures, the drill pipe must be moved slowly and therefore, the task becomes quite time consuming. The current work
presents a mathematical model to predict surge and swab pressures in annular spaces. The approach is based on
conservation equations of mass and momentum. The fluid flow is considered laminar, one-dimensional, compressible,
isothermal and transient. The fluid is regarded firstly as Newtonian and afterwards as a Power Law fluid, in both
cases with constant compressibility. The viscous effect is lumped and the concept of friction factor is applied. The
governing differential equations are non-linear and therefore, they are solved numerically by the finite volume method.
A sensitivity analysis of the flow parameters is carried out. For instance, the pressure wave propagation is observed
for low compressibility fluids. Pressure oscillation is observed for low aspect ratio ratios and low Power Law indexes.
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1. INTRODUCTION

Axial drill pipe displacement causes drilling fluid flow through annular space between the borehole and drill pipe. A
pressure increase known as surge is observed while the drill pipe is introduced into the well borehole. The pressure,
however, cannot be higher than the formation fracture pressure otherwise circulation loss can occur. On the other hand,
the extraction of the drill pipe produces low pressures (swab) at the borehole which cannot be lower than the pore
pressure in order to avoid formation fluid flow into the well. Therefore, the predictions of surge and swab pressures are
important to determinate adequate conditions to prevent circulation losses and Kicks.

Several models have been developed to predict surge and swab pressures. Those models are based on conservation
equations of mass and momentum and on the constitutive equations for Bingham and Power law fluids. The models
found in literature can be divided into steady and unsteady. Steady state models developed by Burkhardt (1964),
Fontenot and Clark (1974), Yang and Chuckwu (1995) and Bing et al. (1995) evaluates surge and swab pressures by
considering only the viscous effects. Bing and Kaiji (1996), Lal (1983) and Wang and Chuckwu (1996) are examples of
unsteady state models. These models are capable to predict both viscous and inertial effects. As the drilling fluid flow is
transient, the unsteady state models should be more appropriate the steady state ones.

The current work presents a mathematical model to predict pressures caused by the axial drill pipe motion. The flow
is modeled by the conservation equations of mass and momentum which are numerically solved by the finite volume
method. A parametric analysis is carried out to investigate the effects of dimensionless parameters.

2. MATHEMATICAL MODEL

Figure 1 illustrates the downward motion of drill pipe, with velocity ¥, displacing the drilling fluid flow through the

annular space. The borehole wall is represented by the external surface of diameter D,, and the drill pipe corresponds to
the internal cylinder of diameter D,. The pipe runs with velocity ¥, creating a pressure gradient that moves the fluid out
of the hole. However, some the fluid is dragged by the drill pipe due to friction. One can see the problem can be
approximated by the axial Couette flow under pressure gradient between two cylindrical surfaces.
The transient flow is assumed to be laminar, isothermal and homogeneous one-dimensional. Fluid compressibility is
considered constant and the wall viscous drag is lumped at the walls. The drill pipe is closed and the cross-sectional
area of the annular is space is uniform. Therefore the flow domain is an annular space of length L, internal diameter D,
and external diameter Dy, Elastic deformation and gravitational effects are neglected.
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2.1. Governing Equations
The first governing equation is obtained by applying a mass balance to a control volume in the annular region:

M+a_p:0
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where pand ¥ are, respectively, the density and average velocity. ¢ and z are the time and axial position, respectively.
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Figure 1 — Velocity profile in an annular space.

The momentum balance applied to the annular space is the second governing equation.
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where 7, and z, are the shear stresses at the external and internal walls, respectively, and 4, is the annular cross-sectional
area.

The evaluation of the friction effects are closely related to the model of non-Newtonian fluid considered here. For
Newtonian fluids the following equation for shear stress is employed:

T=py 3)

where g is the viscosity and y is the strain ratio.

On the other hand, for Power Law fluids the shear stress is not directly proportional to the strain ratio. In this case,
the following equation is used:

=l @

where n is the Power Law index.
Assuming an isothermal flow and a constant fluid compressibility, the pressure can be found by (Kimura, 2008):

P=PW+£|n(LJ (5)
a putm
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where P is the fluid pressure, « is the fluid compressibility and p is the density. The index afm indicates the
atmospheric condition.

Initially, the flow is at rest, the fluid is under the atmospheric pressure and the fluid density within the whole domain
iS pum- The initial conditions are thus written as:

V(z,t=0)=0 (6)

p(zt=0)=p,, ©)

The volumetric rate displaced by the pipe is assumed to be totally pushed through the annular space and therefore,
the flow velocity at the bottom of the well (inlet velocity) is defined by:

V(z:O,t)z%Vp (8)

where 4, is pipe the sectional cross area.

Since the p,,, is a known and constant value at the upper boundary, the continuity Eq. (1) can be written as the
second boundary condition:

=0 9)

z=L

3. METHODOLOGY OF SOLUTION

The solution of Egs. (1), (2) and (5) provides the velocity, density and pressure fields. Initial and boundary
conditions, expressed by Egs. (6), (7), (8) and (9), are necessary to solve Egs. (1) and (2). Since Eq. (2) is a nonlinear
equation, there is not a solution for the system. For this reason, the set of equations was solved numerically by the finite
volume method (Versteeg and Malalasekera, 1995).

A uniform staggered grid is employed. The velocities are placed at the faces of the scalar variable (o and P) cells.
The governing Egs. (1) and (2) are discretized by the Finite Volume Method and a set of algebraic equations arises. The
algebraic continuity and momentum equation are solved iteratively for density and velocity, respectively. The pressure
is obtained from the Equation of state (5). The convergence criterion is based on the mass and momentum conservation
equations:

=00 10
o) (10)
> (p77),

= 11
7, 100 <e (11)

where e is the convergence criterion, » is the number of finite volumes and index 1 identifies the first control volume.
Convergence is reached when residues of mass (Eg. (9)) and momentum (Eq. (10)) are lower than e.

4. RESULTS

In order to reduce the number of parameters the problem results were normalized according to the variables and
parameters defined in Tab. 1 and 2.

4.1. Numerical Model Evaluation
The sensitivity to the grid size and to the convergence criterion was firstly conducted. For such analysis, a reference

case was established. The reference values were «'=1.27x10°, R4=10°%/3, Re=400 and y=0.4. Because of the hyperbolic
characteristic of the governing equations the time and space grid sizes have to satisfy the Courant-Friedrichs-Lewy
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(CFL) stability criterion (Fortuna, 2000). The CFL criterion establishes that the ratio of space and time grid sizes must
be smaller than or equal to the pressure wave speed. In all simulations, this ratio was equal to half of the wave speed.

Figure 2 shows the effect of the convergence criterion on the pressure field at a specific time. One can see the
solution becomes convergence criterion independent for e=1%. To check the sensitivity of the results to number of
finite volumes, three numbers of grid cells were tested: 100, 200 and 400 volumes. Although the pressure field is almost
insensitive to these three grids the velocity field becomes insensitive to 200 finite volumes, as shown in Fig. 3.
Therefore, 200 volume grid will be used for the results shown below.

Table 1 — Dimensionless variables. Table 2 — Dimensionless groups identified.
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Figure 2 — Pressure field at steady state for different Figure 3 — Velocity field for different grids.

convergence criteria.
4.2. Parametric Analysis

The effect of the diameter ratio was evaluated carrying out tests for y=0.2, y=0.4 and y=0.8. The other dimensionless
parameters were maintained constant at the following values: «'=1.27x10°, Re=400 e RA=10%3. Figure 4 illustrates
velocity field for various time and y=0.8. The curves 1 and 2, in Fig. 4, are the velocity field at the first time step and
the steady state, respectivelly.
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At the inlet the dimensionless velocity is kept constant (1.75) for the whole simulation. At the beginning of the flow
(curve 1), the velocity drops to -0.25 at z*=0.1 and is kept constant up to the pipe outlet. As the fluid is dragged by the
drill pipe the velocity assume negative values at the start-up. The dashed line indicates the velocity for a zero pressure
gradient Couette flow and that is the lowest velocity reached. As time evolves the pressure effect overcomes the viscous
drag and the whole velocity field becomes positive. Although the steady state has been achieved the velocity increases
from the inlet to the outlet, as shown in Fig. 2. The reason for that is the decrease of the density from the inlet to the
outlet, as the pressure decreases.

The limit velocity at which fluid is dragged can be developed considering a Couette flow with no pressure gradient.
Considering a steady state flow between cylindrical surfaces, V", is calculated by (White, 1999):

2
A R (12)
2Iny 1-y

According to Eq. (12), the higher the diameter ratio the higher the velocity limit. Figure 5 presents the pressure field
for different diameter ratios at a fixed time. As expected, the pressure gradient increases as the annular space decreases
(higher y).

The effect of the Reynolds number was evaluated by fixing the other dimensionless parameters at the following
values: a'=1.27x10°, R4A=10%/3 and y=0.4. Figures 6 and 7 illustrate, respectively, the velocity and pressure fields for
several Reynolds numbers at '=2.77x107.
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Figure 6 — Velocity field for several Reynolds numbers. Figure 7 — Pressure field for several Reynolds numbers.

According to Fig. 6, the fluid near the outlet (Z'=1) is dragged by the drill pipe and flows in the opposite direction of
the pressure driven flow. As the Reynolds number increases the velocity increases in most part of the domain.
Additionally, Fig. 7 shows that an increase in Reynolds number decreases the fluid pressure near the inlet (Z*=0). This
is expected as the definition of the dimensionless pressure is similar to the friction factor, which as also decreases with
the Reynolds number. On the other hand, the higher the Reynolds number the larger the region affected by the pressure.
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It was also noted that lower the Reynolds number the larger the time for the steady state to be reached. Re reduction
expands the steady state time.

Figure 8 illustrates pressure field for three compressibility values. Note that, for «'=1.27x10, the pressure wave
has reached the outlet of the annular space at '=2.77x10. For '=1.27x10™* and «'=1.27x10°, though, the time was
not enough for the pressure wave to move from the inlet to the outlet. Therefore, the lower the compressibility the faster
the pressure wave, as the pressure wave is given by ¢ =1/(ap)*? (Anderson, 1990).

Figure 9 shows the pressure field for several times, evolving from curve 1. Curve 1 shows two distinct pressure
gradients. The left hand side gradient is defined by the viscous effect and right hand side one is mainly brought about by
the pressure wave propagation. Although the intensity of the right hand side gradient has decreased, the two pressure
gradients can still be seen in curves 2 and 3. As the time elapses, the position of the pressure wave becomes less
evident. This takes place because the viscous effect increases in the pressure wave propagation region. From curve 5 on,
the pressure wave has reached the outlet and because of the boundary condition its value does not change at that
position, although the pressure gradient continues to increase.
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Figure 8 — Pressure field for different Dimensionless
Compressibilities.

Figure 9 — Pressure field propagation for a'=1.27x10°.

The time variation of pressure, for several aspect ratios (RA4), is presented in Fig. 10. The higher the aspect ratio, the
higher the pressure values and the higher the time for the pressure to reach the steady state. Note that the results for
AR=6200 and 4R=2500 present pressure oscillations, which the maximum values overcome the steady state values. The
lower the aspect ratio, the higher the pressure peaks. Figure 11 also shows the oscillations in the velocity field. The
higher the aspect ratio, the closer the minimum velocity is to the Couette flow limit velocity.

The evaluation of the pressure field with time helps to understand the pressure oscillation. Figure 12 presents the
pressure field for several times (one for each time-step) and AR=2500. The square marked curved is the pressure field at
the time the pressure wave reaches the outlet. This curve shows a very steep pressure gradient at the outlet. Figure 13,
on the other hand, shows the same squared marked curve and the pressure fields for the subsequent time-steps. The
pressure wave is clearly reflected at the outlet boundary at the time t*=3.5x10>. Note that the pressure peak at the
position Z*=0 (Fig. 14) takes place at the time t*=6.9x10° which is twice the time the pressure wave reaches the outlet.
In other words, the pressure wave is now reflected at the inlet. Three other reflections take place later.
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At the time t*=1.05x10?, the wave reaches the outlet boundary for the second time and goes through another
reflection. Then, the pressure wave arrives at the left boundary at t*=1.4x102. The reflections cause the oscillation of
the pressure which is dumped as the time elapses.
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Figure 14 — Time variation of pressure for aspect ratio AR=2500.

The effects of the Power Law index were evaluated by fixing the parameters at «'=1.27x10"°, R4=10%/3 and
y=0.6. Figure 15 shows the time variation of pressure for four different Power Law indexes: 0.4, 0.6, 0.8 and 1.0.
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Figure 15 — Time variation of pressure for several Power Law indexes at Z*=0.

Note that the steady state pressure increases when the Power Law index is increased. This behavior can be
explained since the pressures losses are greater when the friction effects are more pronounced. It can also be noticed
that for low Power Law indexes, namely 0.4 and 0.6, there is pressure oscillation in the beginning of the process. Such
oscillation occurs because the friction effects are smaller than in the other cases, and therefore the energy dissipation is

also smaller. It is possible to show that these oscillations are due to the wave reflection.

At last, an analysis regarding variations of the drillpipe velocity was performed. For this study it was necessary
to compare time and distance in each case, and because of that dimensional results were considered. The dimensional
parameters were fixed according to the values shown in Table 3. The fluid was considered as Newtonian.

Table 3 — Dimensional parameters values

Dimensional Parameter Value
Well Diameter 0,2159 [m] - 8,5 [pol]
Drillpipe Diameter 0,1143 [m] - 4,5 [pol]
Specific Mass 1461,9 [kg/m?3]
Viscosity 0,2758 [Pa:s]
Compressibility 2:10° [Pa™]
Length 5575 [m]

Six different situations were analyzed, two of them with constant drillpipe speed (0.5 and 1.0 m/s). The other

four cases are presented in Figure 16.

Figure 16 — Variations in drillpipe velocity
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The results for the six cases are presented in Figure 17.
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Figure 17 — Variations in drillpipe velocity effects in the pressure field

The comparison between the curves for drillpipe velocity of 0.5 and 1.0 m/s shows that the increase in the
drillpipe velocity causes an increase in the steady state pressure, due to the greater pressure losses in the second case.
When the speed variation is step-like (case 3), the pressure decreases abruptly, because of the sudden drillpipe
slowdown. The curves related to the ramp-like speed variation are smoother and have different behavior depending on
the time that the ramp starts. When the ramp starts at 15 seconds there is a pressure peak above steady state pressure,
and that could cause problems if the pressure was greater then the fracture pressure of the well.

Table 4 show the covered distance for the different situations, considering that the process would last two
minutes. From a combined analysis of both Table 4 and Figure 17, it is possible to notice that the period of drillpipe
movement can be diminished when the drillpipe speed is varied, and the pressure limits may still be respected.

Table 4 — Covered distances in each case in a 2 min period.

Case Covered distance [m]
Constant Velocity (0,5 m/s) 60
Case 3 62,5
Case 4 65
Case 5 67,5

Case 6 70
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7. CONCLUSION

In this work, a mathematical model to predict surge and swab pressures is presented. The equations of motion are
solved numerically by the finite volume method. The unsteady axial Couette flow between concentric surfaces is
investigated throughout a parametric analysis. The flow is assumed isothermal with constant compressibility.

An increase of the dimensionless compressibility causes an increase in the pressure at the bottom hole and also on
the time for the pressure to reach the steady state. For low compressibilities, the pressure wave motion is clearly
observed during the beginning of the simulation.

The time for the steady state to be reached also increases as the aspect ratio increases. For low aspect ratios, the
pressure oscillates reaching values larger than the steady state pressure. This oscillation is the result of pressure wave
reflections at the boundaries of the domain. The lower the aspect ratio, the higher the amplitude of the pressure peaks.

An interesting phenomenon observed was the flow inversion with time. Viscous drag and pressure gradient make
the fluid to flow in opposite directions, and their effects are dominants at different times. In the beginning, viscous drag
defines the flow direction. As the time evolves, the pressure gradient effect increases reverting the flow direction with
time. It was also noted that the limit for the opposite direction velocity is the Couette velocity for a purely drag driven
flow.

It was also noticed that the steady state pressure is directly dependent on the Power Law index. Additionally, if the
Power Law index is too small the pressure field oscillates, as the dissipation is smaller.

Finally, six different situations regarding velocity changes were analyzed. It was noticed that such variation may be
beneficial, as longer distances are covered in less time and the pressure limits may still be observed.
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