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Abstract

A numerical mode! has been deveioped that is able to predict
the onset of sand production and evaluate the performance of
sand control, should sand production becomes unavoidable,
The simulation of perforation stability was carried out first
using a two-dimensional, fwo-phase finite-clement model.
This is a coupled geomechanical and fluid flow model. The
rock was assumed to be heterogeneous and the pores were
completely filled with fluid. The deformation condition is
considered as plane strain and either the Mohr-Coulomb or
Drucker-Prager yield surface was used fo designate
perforation fallure. The model enables the study on the effect
of perforation pattern and density on wellbore stability.
Simulation runs on a sample model indicated that the lowest
pore pressure, the preatest shear stress and minor principle
stress were found close to the perforation tip. The greatest
major principle stress occured around the center of perforation
roof, In other words, the perforation was always surrounded
by high stress concentration. In those events when sand
production is a certainty, it is necessary fo evaluate the
performance of sand control methods to be used. A finite-
difference flow model was used to calculate the additionsl
pressure drop from the well boundary to the sand control
screen. The Forchheimer equation was used in place of the
more conservative Darcy equation so that the effect of high-
velocity flow to the well performance could be considered.
The result of several sample runs indicated firm relationship
between total additional pressure drop and the flow rate
imposed, where a larger flow rate will cause greater pressure
loss. Also, the well productivity showed improvement with
more shots per foof. The results suggested that the majority of
well pressure drop was caused by the casing-cement tunnel.

Development of numerical model

In an integrated approach 1o sand production problems, we
seek to predict the stress state around the wellbore for different
operaiing conditions, and if sanding is inevitable, the optimum
gravel-pack configuration is chosen. The tools involved are a
coupled mechanical-fluid flow model and a three-dimensional
well productivity model. The essential equations for the two
models are given below.

The Perforation Stability Prediction Model

In predicting the perforation stability, the borehole is divided
imto slices, The number of slices depends on the thickness of
each slice and the borehole radius. The deformation condition
for every slice is considered to be of plane-strain type and the
ofl flow is confined within the domain of each slice. The
perforation is assumed to be a eylinder with an open end, the
other end being semi-spherical. Fig. 1 shows a slice with one
perforation cavity. The interactions between slices are
considered by taking into account the stress component that

act between the slices.

Generally, the perforation stability prediction model
is comprised of 2 main elements: flow continuity equation and
solid equilibrium equation. The flow continuity equations
caleulate the fluid pressure distribution around perforation,
while solid equilibrium equation determine the stress state and
rock deformation. According to Lewis and Schrefler (1987),
the flow continuity equation is:
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The solid equilibrium equation can be written as:
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Eq. (1} and (2) are coupled and solved by using the finite-
element method (FEM). DT in Eas. (1} and (2) is the tangential
stiffness matrix which is defined by a constitutive model. It
can be the tangential elastic stiffness matrix, D® for elastic
deformation or the tangent elastopiastic modulus matrix D
for plastic deformation. Two types of elastoplastic models
suitable for the prediction of perforation failure are the Mohr-
Coulomb vield surface and the Drucker-Prager yield surface,
and both are available in this model (Veeken et al,, 1991;
Brady, 15%4).

Gravel-Packed Well Productivity Model

The governing equation for one-phase flow through a
petroleum  reservoir in three-dimensional cylindrical co-
ordinates (1,0,2) is
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The governing equation is discretized in space in the
directions of r, € and z for both the oif and water phases. The
governing equation is also discretized in time using the
forward difference approach. In this work, the distinction
between the perforation and the reservoir rock 18 in their
permeability where gravel permeability is used for the gravel-
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filled perforations and original permeability for the reservoir.
The IMPES (Implicit Pressure Explicit Saturation)
method is used to combine the governing equations for the oil
and water phases. The difference equations are wrilten for
each grid block and the resulting system of eguations is
collected and expressed in matrix form. The matrix is solved
asing the iterative Gauss-Seidel methed for the pressure at the
innermost part of the perforation, i.e. Py It should be noted
that perforation here refers to the part of the perforation
outside the casing. The pressure drop across this zone is the
difference between the reservoir pressure, Py, and Py,

High-velocity flow effects

As the flow velocity increases, deviations from Darcy’s Law
are observed. In this study, the Forchheimer equation is used
in place of Darcy’s Law in the modeling equations. The
Forchheimer equation is given as
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The symbo! & is a twbulence correction factor, which is
introduced into the governing equation that is Eq. 3. Another
parameter important in high-velocity flow is the high-velocity
coefficient B as found in Eg. 5. Among the numerous
correlations available in the literature, the Brown (1584)
correlation is popular and is used in this work., The Brown
(1984} correlation gives P as a function of permeability, that is
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Pressure drop in the casing-cement tunnel
in this work, the perforation is divided into two sections. The

v first is the perforation in the formation cutside the casing,

which has been discussed in the previous section. The second
is a shorter tunnel in the both the casing and the cement. Due
to its relatively small size, the flow regime in this tunnel is
regarded as linear, The equation for lnear one-dimensional
flow through a perforation is given by Saucier (1974) as
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The first term on the right side gives the pressure drop due to
Darcy flow and the second ferm represent the additional
pressure drop due to high-velocity flow. The parameter § is
the same high-velocity coefficient as presented in Eq.5.

Result and discussion
The applicability of the perforation prediction model is
demonstrated by running a sample case. This sample model

was run for 495.01 second. Five slices were used to construct
a perforation. Relevant data of the sample modei are given in
Table 1. While Table 2 shows the formation volume factor
for the oil in the sample model,

Fig. 2 and Fig. 3 shows the pore pressure distribution
at nodal points along the perforation roof for q = 0.01328
m*/Diperf and q = 0.02655 m*/D/perf. When the production
rate is increased the pore pressure is decreased due to more oil
withdrawa! and rock compaction. The difference i pore
pressure between the sand face and the wellbore outer
houndary is very small for both production rates because the
model is small. Both figures indicate that along the perforation
roof, pore pressure is very low and the lowest pote pressure is
at the zone close to the perforation tip.

Fig. 4 shows the stress distribution at Gauss point
salong the perforation roof for 2 different production rates
(0.01328 m*/Diperforation and 0.02655 m'/D/perforation).
From this figure, for both production rates, the greatest shear
stress and minot principle stress were always located at around
the perforation tip. On the other hand, the major principle
stress was highest around the center of perforation roof. This
figure also suggests that the perforation was always
surrounded by high stress concentration. If the production rate
is increased, the stresses along the perforation roof will also
increase. This is because a higher production rates will induce
larger displacements that cause increase in stress.

As with the wellbore stability model earlier, a case
study is performed using the well productivity model. A
fictitions model is constructed based on the design of a typical
well instalied with an inside-casing gravel pack. The model
has a cylindrical shape with a hole at the center. For
simplicity, the model is assumed fo contain only oil. The
modef is delineated on the outside, top and bottom by no-flow
boundaries, The hole at the center of the model acts as the
welibore. The number of grids used is 5 in the radial (r), 12 in
the angular {0) and 12 in the vertical (z) directions,
respectively, giving a total of 720 gridblocks. Both cases of
openhole and perforation flow were considercd. The basic
condition of a drawdown test is simulated with the flow rate
being kept constant. The duration of all simulation runs was 1
hr. (3600s), which is approximately the time required to reach
pseudo-steady state. The additional pressure drop due to
gravel-packed perforations outside the casing for a particular
perforated case, AP, is obtained by subtracting the pressure
at the opening of the perforation (perforated case) from the
pressure at the same position for the openhole case. For the
subsequent linear flow through the casing-cement tunnel, the
additional pressure drop, APy, is caleulated directly from Eq.
5. The total additional pressure drop is the sum of the two.

The total additional pressure drop in a gravel-packed
well is shown tn Fig. 5 for different perforation densities and
flow rates. As expected, the total additional pressure drop
decreased with more shots per foot. This is consistent with
earlier studies of productivity of perforated wells (Locke, 1981,
Mcleod, 1983}, which suggested better productivity with
higher shot densities. Also, the total additional pressure drop
was found to increase with flow rate. The effect of flow rate
on total pressure drop was greater for lower shot densities.
This is most probably due to high-velocity flow that is more
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evident in wells having lower shot densities.

Fig. 6 shows the coniribution of gravel-packed
perforations outside the casing and the casing-cement tunnels
to the total additional pressure drop. For all flow rates and shot
densities studied, most of the pressure drop occurred in the
casing-cement tunnels. The pressure drop in casing-cement
tunnels accounted for 89-85% of the fotal additional pressure
drop. This is especially the case in high-permeability
reservoirs, where the combined effect of perforation and well
geometry will be small compared to the casing-cement
tunnels. In gravel-packed wells in such reservoirs, if is likely
that the total pressure drop will be dominated by pressure
losses in the casing-cement tunnels. However, in low
permeability reservolirs, or reservoirs that experience severe
damage (due to drilling fluids invasion, crushed zone ete.), the
effect of gravel-packed perforation outside the casing may
contribute more to the total pressure drop. As can be seen in
Fig. 6, the contribution of perforations outside the casing
mereased with increasing shot density, which is true for all the
flow rates studied.

Conclusion

Based on the results presented thus far, the following

conciusions are drawn:

1. The perforation stability prediction model is able to
determine pore pressure distribution and stress state for the
rock around the perforation. With these information,
perforation failure can be predicted by using one of the two
failure criterions given.

2. An increase in flow rate will cause higher stresses to exist
around perforation, and thus increase the likelthood of
perforation failure.

3. The well productivity model can be used to determine the
productivity of gravel-packed wells under different
operating conditions.

4. The productivity of gravel-packed wells is improved with
increasing perforation densities; higher flow rates will
cause greater pressure loss and thus impair well
productivity.

5. The majority of well pressure drop is due to pressure loss
in the casing-cement tunnel.
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B - formation volume factor
b - body force
Dy - tangent mafrix
g - gravity
h - the head above some arbitrary datum
k - absolute permeability matrix of the medium
k, - relative permeability function
K - hulk modulus of solid phase
m - for normal stress components is unity and for shear

stress components is zero
p - fluid pressure
q - production rate
S - fluid saturation
Sy - slope of the capillary curve
¢ - time Jevel
t - boundary traction
du - virtual displacement
£ - total strain of rock skeleton
£ - autogeneous strain
¢ - porosity
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L - dynamic viscosity
p - density
r - boundary
Q - domain
u - fluid velocity
6 - turbulence factor
W —gi , dimensioniess
B - high-velocity § coefficient
L - fength of casing-cement tunnel
A - flow area of perforation funnel
Subscript
o - oil phase
W - water phase
Superscript
T - matrix franspose
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Figure 2: Pore pressure distribution along perforation roof
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Figure 3 : Pore pressure distribution along perforation
roof {q = 0.02655 m*/D/perf)
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Figure 5 : The effect of perforation density and flow rate

on total additional pressure drop
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Figure 6 : The contribution of gravel-packed perforation
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