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Abstract

Reservoir pressure reduction due to continuous production from oil and gas wells affects the sand production rate. An increase
in drawdown pressure and/or a decrease in reservoir pressure increases the sand production rate. Since the problem of sand
production is one of the main issues in the Asmari sandstone formation located in one of the oilfields in the southwest of
Iran, therefore, in this research, the variations in the sand production rate due to the changes in the reservoir and drawdown
pressures were investigated. So, for the first time, a hybrid numerical model of finite difference method (FDM)—discrete ele-
ment method (DEM)—finite element method (FEM)—computational fluid dynamics (CFD) was developed. This numerical
model investigated the increase in the sand production rate due to variations in reservoir pressure with a constant bottom-hole
flowing pressure. Then, by performing an extensive sensitivity analysis on different values of reservoir pressure and draw-
down pressure, the changes in the sanding rate, the critical drawdown pressure, and the safe drawdown line were determined.
The results showed that, if the production flow rate of the well is constant, increasing the drawdown pressure can change
the sand production rate only to a certain extent, and more than that, will be produced at a constant rate. Also, adjusting the
drawdown pressure within a safe range does not necessarily keep the sand production rate constant at a permissible value
for a long time, while by keeping the bottom hole flowing pressure constant within an acceptable range, the sand production
rate can be controlled for a longer period.

Keywords Sand production - Bottom hole flowing pressure - Reservoir pressure - Critical drawdown pressure - Numerical
modeling - Safe drawdown line
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Introduction

Several factors play a role in controlling the production of
sand in oil and gas wells, among which drawdown pressure
can be mentioned. The drawdown pressure (DDP) is the dif-
ference between the reservoir pressure and the bottom hole
flowing pressure (Willson et al. 2002; Fjer et al. 2008; Sun
etal. 2021). A decrease in reservoir pressure or an increase
in drawdown pressure can increase the amount of sand pro-
duced in the well. The main causes of sand production are
shear failure caused by mechanical forces and tensile failure
caused by drag forces resulting from fluid flow (Papamichos
and Stavropoulou 1998; Papamichos et al. 2001; Eshiet and
Sheng 2013). On the other hand, considering that changes
in drawdown pressure and pore pressure gradient can cause
shear failure and tensile failure around wells and perfora-
tions, it can be said that changes in drawdown pressure can
directly affect the intensity of sand production (Fjer et al.
2008).

The amount of drawdown pressure at which the well
starts to produce sand is called critical drawdown pressure
(CDDP). So, failure is also related to drawdown pressure
at the wellbore and the CDDP parameter needs to be con-
sidered by operational engineers. Today, many studies have
been conducted on the effect of drawdown pressure on sand
control, including analytical, laboratory, and numerical stud-
ies. Ghalambor et al. (1989), Willson et al. (2002), Almedeij
and Algharaib (2005), Rahman and Rahman (2012), Zhang
et al. (2016), Oladoyin et al. (2018), Gwamba et al. (2022),
and Yosif and Al-Sudani (2022) studies can be mentioned
among the analytical and laboratory methods carried out.

The research of Ghalambor et al. (1989), is one of the
analytical studies conducted to investigate the effect of
drawdown pressure on sand production. Using an analyti-
cal model based on Mohr—Coulomb-Navier criteria, they
were able to predict sand production in free-water gas wells
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located on the U.S. Gulf Coast or similar formations. Morita
et al. (1989b) using a simple analytical solution, investi-
gated the effect of drawdown pressure and local pressure
gradient around the cavities on the stability of perforations
and subsequently sand production. Several analytical stud-
ies, including Ghalambor et al. (1994), Weingarten and Per-
kins, (1995), Ramos et al. (1999), and Vasquez et al. (1999),
have examined the impact of drawdown pressure on sand
production. Willson et al. (2002), presented an analytical
method to determine the critical bottom hole pressure. This
geomechanical method is based on the relationship between
the effective tangential stress and the effective strength of the
formation (which is dependent on the unconfined compres-
sive strength of the reservoir rock samples). So far, many
researchers have used this analytical method to determine
CDDP (Kasim et al. 2008; Dung and Tung 2014; Subbiah
et al. 2014; Pham 2017; Nguyen and Bui 2021; Issa et al.
2022). This method is very simple, it does not require com-
plicated modeling, and the results of this method can be
obtained in a shorter time. However, because the uncon-
fined compressive strength is often measured in laboratory
conditions and is different from the actual conditions of
the reservoir, the obtained results are not reliable. Also, in
this method, important and effective parameters in the sand
production process, such as the inclination of the well and
perforations, the type of the wellbore completion (open hole
or cased hole), and the alignment of the well and perfora-
tions concerning the in-situ stresses, have not been taken
into account.

Numerical modeling is also one of the other methods for
the prediction of the CDDP. Until now, many continuum-
based numerical models have been presented in this regard
(Morita et al. 1989a; Vaziri et al. 2002, 2008; Nouri et al.
2003, 2006a, 2006b; Detournay 2008; Younessi et al. 2013;
Hussein and Ni 2018; Li et al. 2018; Eshiet et al. 2019;
Zalakinezhad and Jamshidi 2021; Lu et al. 2021). Some
of the numerical models made are not at the scale of the
well and only a section of that is modeled (axial symmetry).
Therefore, the results obtained from these models are not
real and only have a study aspect. On the other hand, since
the sand production process has a discontinuous nature, in
this regard, continuum-based models cannot simulate the
real conditions of the well and reservoir. Also, a numerical
model based on discontinuum that can investigate CDDP
in different states and at the wellbore scale has not been
presented.

Since numerical models effectively simulate and describe
geomechanical processes, a large-scale numerical model of
wells and reservoirs is necessary for modeling sand pro-
duction. This article presents a new numerical model that
has been developed to study the process of sand produc-
tion in oil fields. This model aims to improve the similar-
ity of numerical models with the complex conditions of the
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reservoir and well, particularly when investigating the sand By creating this FDM-DEM-FEM model, in addition to

production process in wells with cased-hole completion and  creating a model with the real scale of the well and reser-

perforations. This 3D model is the first to consider certain  voir, by reducing the volume of modeled particles in the

features (such as wellbore structure, number and arrange-  discontinuum medium, the speed of system analysis will

ment of perforations, fluid flow from the reservoir to the also increase. It should be noted that in this modeling, the

perforations and from the perforations into the well, etc.)  entire process of sand production is simulated in the PFC3D

not previously accounted for in numerical models investigat- ~ model.

ing sand production. Also, the new FDM-DEM-FEM-CFD

hybrid numerical model introduced in this research has been ~ Layout of the model

used to investigate the variations in the sand production rate

due to drawdown pressure changes in one of the oil fields  In this modeling, the length, width, and height of the

in southwest Iran. continuum-based model (FDM-FEM) are equal to
2.5 mx2.5 mx2.0 m, respectively. The dimensions of
the discontinuum medium (located in the middle of the
continuum-based model) are also 1.0 m (length) X 1.0 m

Hybrid numerical model description (width) x 0.5 m (height). The depth (length) and width of
the wellbore are 2.0 m and 0.1397 m, respectively. In this
Numerical model selection modeling, a hollow cylinder has been made as a casing with

a length of 2.0 m, a thickness of 3.0 cm, and an inner diam-
In this research, a finite difference model has been used to eter of 0.216 m. Therefore, the radius of the wellbore with
simulate the reservoir and wall of the wellbore. The program  the casing is 0.10795 m.
used in this method is FLAC3D software (Itasca Consulting The values related to the physical characteristics and
Group Inc. 2021). Due to the complex structure of the well =~ mechanical parameters of the casing are considered based
and perforations, it is impossible or very difficult to model  on the standards of the American Petroleum Institute (API)
these structures with finite difference meshing. Therefore, (API 2012; Hansen 2018). A simple plan of the initial struc-
the meshing of finite elements is coupled in the finite dif-  ture of the model can be seen in Fig. 1.
ference model to construct the initial numerical hybrid of 820,450 spherical particles with a diameter of 0.5 to
FDM-FEM. On the other hand, to more realistically simulate 7.0 mm are randomly placed throughout the discontinuum
the sand production process, the reservoir structure should  model. Those number of FLAC3D zones that interface
be modeled in a discontinuum-based medium. Based on this, with the particles is considered PFC3D walls. In terms of
PFC3D software (Itasca Consulting Group Inc. 2019) has mechanical behavior, these walls follow FLAC3D zones,
been used. Constructing a granular medium on the scaleof a  and accordingly, the forces acting on the FLAC3D zones and
well and reservoir requires the creation of fine particlesina  displacements are easily transferred to the PFC3D particles.
very large volume, which will increase the number of calcu- The contact model that is considered for the connection
lations and consequently slow down the processing speed of ~ of particles is the flat-joint model. By using this contact
the system. For this purpose, a part of the well and reservoir ~ model, the structure of the material is preserved during the
(sanding zone) is modeled in PFC3D and embedded in the  failure and it is possible to observe the changes in the dam-

FDM-FEM model (which has already been made). aged area at any moment of the failure process (Potyondy
Fig. 1 Schematic of the geom- v \vd Av4 v Lva v v \vd \vd \vd \vd
etry of a wellbore, sanding P[Reservoir < Sy KE

zone, and reservoir in the hybrid
numerical model
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and Mas Ivars 2020). Also, there have been reforms that
have increased the advantage of using this contact model,
compared to similar models before it (Potyondy and Cundall
2004). The description, formulation, and other characteris-
tics of the flat-joint model are given in studies by Potyondy
and Cundall (2004), Potyondy (2018), Potyondy (2019), and
Potyondy et al. (2020).

Initial and boundary conditions of the model

In this numerical model, the grid points located in the cor-
ners, edges, and outer boundaries of the finite difference
model are considered fixed, and in-situ stresses are also
applied to the model. Also, a cylindrical area around the
casing with a radius of 20.0 cm is considered the cement
sheath around the wellbore and is fixed. Several horizontal
cylinders with 0.01 m in diameter and 0.30 m in length near
the wellbore wall in the PFC3D model, and several holes
with 0.01 m in diameter on the casing, are created as perfora-
tions. Also, in this model, the casing and cemented layer are
considered fixed. The final state of the constructed hybrid
model of the wellbore can be seen in Fig. 2.

Model verification

In this research, to validate the DEM model, the analytical
solution of Risnes et al. (1982) has been used. Assuming
axial symmetry and plane strain conditions and using the
Mohr—Coulomb criterion, they obtained analytical solutions
for stress distribution around the wellbore. The details and
formulation of this analytical solution are found in Risnes
et al. (1982) and Cui et al. (2016).

Using some hypothetical data, the sanding zone is con-
structed in PFC3D and then it is loaded with an arbitrary
boundary stress of 35.0 MPa. After running the program, the
analysis process continues until the intensity of unbalanced
forces reaches less than 1.0 x 10~ times the contact forces.
By measuring the average stress in the PFC3D model, radial

and tangential stresses are determined. Also, the radius of
the plastic zone is determined by measuring the distance
between the well wall and the position where the tangential
stress reaches its maximum value. Then, with the previous
hypothetical data, an analytical model is created using the
Risnes solution. Figure 3 shows the results of the Risnes
analytical method and the DEM numerical model. Accord-
ing to this figure, the radial stress and tangential stress dia-
grams obtained from both analytical and numerical methods
have converged toward the value of 35.0 MPa. This value
is the confining pressure applied to the external bounda-
ries of the DEM model. As can be seen in the figure, there
is a difference between the peak values of the tangential
stress measured in the analytical solution and the numerical
method, which can be partly due to the averaging method
of the DEM model in calculating stresses (Climent et al.
2013,2014).

Fluid flow modeling

In this modeling, computational fluid dynamics (CFD) has
been used to simulate the fluid flow in the sand produc-
tion process. This computational method investigates the
fluid-particle interaction in a DEM medium. CFD usually
considers the nonlinear flow equations in an iterative man-
ner in a finite element model. Details and formulations of
fluid-particle interaction in a CFD-DEM model are given in
Tsuji et al. (1993).

Since to define the fluid flow in the CFD model, separate
elements and meshing are needed, the elements of the flow
must be designed in such a way that it simulates the condi-
tions of fluid movement from the reservoir to the wellbore.
Considering that in real field conditions, the fluid enters the
well through perforations, the flow elements must be aligned
with the perforations that are modeled in the casing wall.
In this research, finite element meshing has been used to
simulate fluid flow. In the design of the CFD model, the
dimensions of the flow elements should be selected in such a

Fig.2 Configuration of the model: a 3D view of the model, b Cross section of the model, and ¢ Perforations that have been created in the casing
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way that the size of the smallest element is larger than that of
the largest particle modeled in PFC3D. A fluid-related body
force is applied, on average, to a fluid element. The force
applied on the particles by the fluid is also exerted locally
by the flow element occupied by the particle. Porosity and
drag force are calculated as an average of particle properties
in each fluid element (Itasca Consulting Group Inc. 2021).

The CFD module is utilized to simulate the fluid flow in
the PFC3D, and Python 3.6, which has been particularly
configured for utilization in Itasca software, is used as the
CFD solver. The elements of fluid flow that have been used
in this modeling, with the direction of fluid movement into
the well are shown in Fig. 4.

Applying reservoir and bottom hole pressures
to the model

In this numerical model, the designed CFD model is not
able to simulate the reservoir and bottom hole pressures.
For example, in the well model with cased hole comple-
tion, there is only a limited flow along the perforations,
which only simulates the fluid flow, and it cannot affect

—Tangential Stress (Analytical Solution)
——Tangential Stress (DEM)

U
®
s B “

Fig.4 CFD elements and the direction of fluid flow in a vertical well
(the fluid moves from perforations into the wellbore)

the model as reservoir pressure. Therefore, to model res-
ervoir pressure and bottom hole pressure, new forces are
needed that must be applied to the PFC3D particles. To
simulate the reservoir pressure to the models, a contact
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force is applied radially from the outermost points of the
discontinuum model (i.e., the border of the PFC3D and
FLAC3D models) towards the center of the wellbore. So
that this force can surround all the contacts of the parti-
cles in the model and affect them. In other words, a new
contact force is added to the previous forces of the model,
and the algebraic sum of this new contact force divided by
the area of the model that is affected by it will be equiva-
lent to the reservoir pressure in that area.

The same method is also used for applying wellbore
pressure to the model. That is, from the side of the wall of
the wellbore, a force is applied to the contact of the parti-
cles located around the well, and the sum of these forces
in those areas is equivalent to the bottom hole pressure.
The application of this contact force by a hypothetical
well to the particles around it is shown in Fig. 5a and the
displacement vectors of the particles around a well after
applying reservoir pressure and bottom hole pressure are
shown in Fig. 5b.

Kessler et al. (1993), in their pseudo-3D model, con-
sidered the pressure of a well with cased hole completion
to be approximately equal to mud pressure (before well-
bore completion) or cementation pressure (during well-
bore completion and assuming a perfect cementation job).
Therefore, in this research, for the models, the mud pres-
sure is considered as the wellbore pressure. Because: (1)
In this model, the casing and the cemented layer around
it are fixed. Therefore, they cannot apply any forces to the
space around them, and (2) information about the comple-
tion and cementing operations of the wellbores located in
the studied oil field (such as cement quality, cementing
pressure, etc.) was not available to the authors. The final
state of a hypothetical well, after drilling and before com-
pletion, is shown in Fig. 6. This vertical well has reached
mechanical equilibrium after being subjected to the in-
situ stresses, reservoir pressure, and bottom hole pressure.

Fig.5 a Simulation of the
pressure of a hypothetical well
on the particles around it, and
b The displacement vectors of
particles around a hypothetical
well, due to the application of
reservoir pressure, bottom hole
pressure, and field stresses in
the DEM model
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Fig.6 Displacement curves around a hypothetical well after drilling
and before completion that is affected by field stresses, reservoir pres-
sure, and bottom hole pressure

Simulation of the sand production process

Once the initial geometry of the model is constructed and
the initial and boundary conditions are applied, the model
undergoes mechanical analysis until the applied forces reach
mechanical equilibrium. In the next step, the fluid flow is
included in the model. For this purpose, the velocity of
the fluid needs to be specified for the CFD elements. With
the knowledge that the production flow rate of the well is
directly related to the fluid velocity, and with the assumption
that the fluid velocity is the same in all perforations, Eq. (1)
can be used to determine the fluid flow rate through each
element at each time step.

__9
Vi_AixN,» (1

where V; (m/s) is the fluid velocity in each flow element, O,
(m%/s) is the total flow rate of the wellbore (it is determined
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based on the flow rate of the well), A; (mz) is the area of each
element of the flow, and N, (dimensionless) is the total num-
ber of flow elements. Once the velocity of the fluid flow has
been calculated and applied to the model, certain particles
can not withstand the mechanical loads and hydrodynami-
cal forces caused by the fluid flow. These degraded particles
become dislodged from their position and are carried into
the wellbore by the fluid. A set of points within the well,
specifically at the center of the perforations, is defined by the
user. These points are used to measure the mass of particles
passing through them at any moment during the analysis
process. The amount of mass of particles passing through the
perforations in each time step is called the instantaneous pro-
duction of sand. The cumulative sand production is obtained
from the sum of instantaneous sand production values in a
certain period. The cumulative production of sand, divided
by the volume of fluid passing through the perforations at
any time, gives the sand production rate at that time. The
program can also generate diagrams showing the instantane-
ous sand production, cumulative sand production, and sand
production rate for each time step. Figure 7 shows the situ-
ation of a hypothetical well after the application of in-situ
stresses, reservoir pressure, bottom-hole flowing pressure,
and fluid flow, and the graph in Fig. 8 illustrates the sand
production rate for a wellbore using hypothetical data.
During the stage of fluid production and sand erosion, the
analysis will continue until either no more sand is produced
or the sand production rate becomes constant. When such
a situation is reached, the analysis will come to a halt. It
takes approximately 600s (or 150,000 cycles) for the sand
production rate graph to stabilize at a constant value in this

Fig. 7 Horizontal section of a
vertical wellbore model with
hypothetical data, affected by
field stress, reservoir pressure,
and BHFP: a before applying
fluid flow, b after 30,000 cycles,
¢ after 60,000 cycles, and d
after 150,000 cycles of applying
fluid flow, with a flow rate of
2000 bbl/day
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Fig.8 Sand production rate versus time for a hypothetical well with a
production flow rate of 1500 bbl/day which is calculated by the model

simulation. See Fig. 8 for an example. This scenario can be
seen in almost all models. On a PC with an Intel Core CPU
running at 3.7—4.5 GHz, simulating the sand production
process for one minute takes approximately 8 h. Therefore,
running each model, which consists of 150,000 cycles, will
require a total of 80 h.

Case study

The oil field studied in this research is located in south-
west Iran. This is located in an anticline with a gentle
NE-SE trend. This anticline is part of a wide fold with the
NW-SE direction (Abdollahie Fard et al. 2006). This struc-
ture belongs to the stable shelf of the Arabian platform and
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only limited outcrops of it are on the surface. Therefore,
it is difficult to perform detailed geological evaluations of
these outcrops. This field is one of the rich oil systems in
the Middle East that includes Gurpi, Kazhdumi, and Gad-
van source rocks and Asmari, Fahlyan, and Kazhdumi/Bang-
estan reservoirs. Field data obtained from this structure show
unconformable and eroded surfaces. This can be due to the
uplifting of the basement horsts (Berberian 1995).

Because the studied reservoir in this oil field is located in
the Asmari formation, it is known as the Asmari reservoir,
and it consists of alternate layers of dolomite, limestone,
anhydrite, sandstone, and shale. Generally, in the sedimen-
tary environments of southwest Iran, sandstones are divided
into lower parts (Eocene—Oligocene) and upper parts (Early
Miocene). At the end of the Oligocene and the border of the
Miocene, shallow carbonate environments, most of which
are in the Zagros basin, covered that area. This carbonate
environment penetrated from the northern regions of the Per-
sian Gulf to the southwestern regions of Iran with sand and
limestones that are located in depth and formed the carbon-
ate and sandstone reservoirs of Iran (Alavi 2004).

The oil producer of the Asmari reservoir in this oil field
is mainly sandstone. Based on research, the quality of sand-
stone in this formation decreases significantly with increas-
ing depth. Accordingly, the exploitation of this oil field is
associated with significant sand production. So, oil compa-
nies have to spend a lot of money every year to control the
sand and compensate for the damages caused by the pro-
duction of sand. Therefore, in this research, by presenting
a hybrid numerical model, it is possible to study the sand
production process for optimization of production, to reduce
the sand production rate of wellbores located in this oil field.

Simulation results and discussions

Calibration of the numerical model with reservoir
conditions

Here, to simulate the reservoir conditions in the numerical
models, the geomechanical data obtained from well C have
been used. Well C is a vertical wellbore that is drilled in the
studied oil field. The oil producer layer in this well is layer
A10 of the Asmari reservoir, which is located at a depth of
2661 m from the surface. The geomechanical data related to
this layer has been obtained through the petrophysical logs
measured in well C, and they are listed in Table 1. Table 1
shows the geomechanical information related to layer A10
of the Asmari reservoir after analyzing and converting the
dynamic into static parameters through formulas and labora-
tory tests. According to the operational reports, Well C has
a sand production problem, so that with a flow rate of 2000
barrels per day, this well is on the threshold of producing
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Table 1 Geomechanical parameters of simulation related to layer
A10 in the Asmari Reservoir

Parameters (Symbol) Values Units

Field Stress ~ Vertical Stress (o) 71.25 MPa
Maximum Horizontal Stress (o) 53.11 MPa
Minimum Horizontal Stress (c},) 4742 MPa

Macroscopic Density of Rock (p,) 2270.0 kg/m’

Young’s Modulus of Rock (E,) 9.60 GPa
Shear Modulus (G) 3.78 GPa
Bulk Modulus (K) 6.956 GPa
Tensile Strength (o) 230 MPa
Cohesion Strength (C,) 5485 MPa
Friction Angle (¢,) 39.0 (%)
Microscopic  Cohesion of Cement (Matrix) 21.15 MPa
(Coement)
Friction Coefficient of Cement (1) 0.1 -
Friction Angle of Cement (@ cment) 34.634 (°)
Young’s Modulus of Cement (E..,) 16.14 GPa
Normal to Shear Stiffness Ratio of 1.25 -
Cement (K ¢mend)
Number of Elements 4.0 -
Casing Density of Casing (p.) 7850.0 kg/m?
Young’s Modulus of Casing (E,) 210.0 GPa
Poisson’s Ratio of Casing (v,) 0.3 —
Fluid Density of the Fluid (py) 840.0 kg/m’
Viscosity of the Fluid (y4) 0.006 Pas

Porosity (n) 0.23
Fluid Pressure Gradient (VP) 9.991

Pa/m

sand. Although the amount of sand produced does not cause
a problem in the production process of the well, with the
increase of the flow to more than 2500 barrels per day, the
production of significant amounts of sand disrupts the per-
formance of this well.

According to the data in Table 1 and the modeling pro-
cedure in Sect. “Hybrid numerical model description”, a
preliminary model of well C is constructed. Four horizontal
holes with a radius of 1.0 cm and a length of 30.0 cm are
embedded as perforations in the inner wall of the casing,
which are spirally arranged at 90° and a vertical distance
of 10.0 cm from each other. Since in this modeling, it is
assumed that the output fluid flow rate from all perforations
is the same, therefore, in selecting the number of perfora-
tions, the algebraic sum of the output flow rate of all per-
forations must be equal to the total flow rate of the well.
Also, by CFD elements, the fluid flow in the model of well
C is simulated, in such a way that the fluid enters the well
through the perforations and then flows to the upper parts.
As can be seen in Table 1, the fault regime in layer A10 of
the Asmari reservoir is normal. In this reservoir, the direc-
tion of minimum horizontal stress is determined as N4OW/
S40E, according to the breakouts observed by the ultrasonic
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borehole imagers. The situation of Well C about the geo-
graphical directions and the position of horizontal stresses
is shown in Fig. 9. The horizontal stresses are applied to the
model in such a way that the minimum horizontal stress is
along the X-axis and the maximum horizontal stress is along
the Y-axis.

Mohr—Coulomb and elastic criteria have been used for
the formation and casing zones in the continuum model,
respectively. Also, the flat-joint contact model is chosen to
simulate the cement between sandstone particles in the dis-
continuum model. Since it is not possible to determine the
geomechanical parameters of the cement between the reser-
voir particles in layer A10, through common methods such
as logs, therefore, using a methodology, the PFC3D model
should be calibrated with the sandstone in layer A10. In this
way, the situation of well C is first determined in terms of
sand production. Then, by performing a sensitivity analysis
on the geomechanical parameters related to the contact of
the particles in the model (such as cohesion, friction angle,
Young's modulus, etc.) and repeating the analysis process,
finally, the obtained sand production rate should be equal to
the same amount measured from well C. In this way, the con-
dition of the particles simulated in the numerical model will
match with the real conditions of the reservoir in layer A10.

However, since no sand monitoring activity has been
carried out in the studied oil field and the amount of sand
produced in the wellbores has not been precisely measured,
the sand production rate for well C should be approximately
estimated. As mentioned above, well C is on the thresh-
old of sand production with a flow rate of 2000 bbl/day.
Based on the studies of Ghalambor et al. (1989, 1994) and
Veeken et al. (1991), the allowed rate of sand production

&

Fig.9 Schematic of the position of the horizontal stresses relative to
well C

in oil-producer wells is equal to 6-600 g/m> and in gas-
producer wells, this value is equal to 16.8 x 107° kg/m?.
However, in the studied oil field, due to the specific condi-
tions of the reservoir and the low resistance of the wellbore
equipment against solid particles, operational engineers have
considered the allowable amount of sand for oil wells to be
between 1.0-10.0 ppm (and in critical conditions, a maxi-
mum of 15.0 ppm). Considering that the density of sand-
stone in layer A10 has been measured as 2270 kg/m?, there-
fore, the allowable rate of sand production in this reservoir
is between 2.3 and 34.0 g per cubic meter. Since the main
objective in this oil field is to produce the lowest amount
of sand along with fluid without installing any mechanical
equipment to prevent sand production, such as gravel pack,
sand screen, etc., in this research, the maximum allowable
rate of sand production is considered as 1.0 g/m> (0.44 ppm).
Considering that well C produced a small amount of sand
with a flow rate of 2000 bbl/day and this amount of sand
did not cause any problems in the production process of the
well, it is assumed that the sand production rate in well C
with a flow rate of 2000 bbl/day is equivalent to 1.0 g per
cubic meter. That is, well C with a flow rate of 2000 bbl/
day produces 1 g of sand for every cubic meter of crude oil
production (regardless of the amount of water produced).
By performing sensitivity analysis on different values of
geomechanical parameters in the contact model of parti-
cles, the wellbore model with a flow rate of 2000 bbl/day is
run several times until the final sand production rate in this
numerical model is equal to 1.0 g/m>. Figure 10 shows the
diagrams of cumulative sand production versus volume of
produced fluid and sand production rate versus time for well
C after performing sensitivity analysis. As can be seen, the
trend of the sand production rate diagram is fixed at 1.0 g/
m°. In this way, the numerical model of the particles is cali-
brated with the conditions of the sandstone in layer A10, and
it is proper to be used in reservoir studies. The final values
of geomechanical parameters of cement (matrix) related to
the sandstone of the Asmari reservoir in layer A10 are given
in Table 1. Also, the process of changing the shape of the
cavities in well C during analysis can be seen in Fig. 11.

Investigation of the effect of DDP variations on sand
production rate

To investigate the effect of reservoir pressure changes on
the sand production rate in layer A10 of the Asmari forma-
tion, the vertical well model calibrated in Sect. “Calibra-
tion of the numerical model with reservoir conditions”
has been used. This vertical well is subjected to variable
reservoir pressures (2000, 2500, 3000, 3500, and 4000 psi)
and a constant bottom hole flowing pressure (BHFP) of
1500 psi. Also, the flow rate of the well is considered to be
2000 barrels per day in each situation. After analyzing the
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Fig. 10 Sand production rate vs.
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Fig. 11 The gradual deforma-
tion of the cavities around well
C, due to fluid flow and sand
production during analysis

models, the values of cumulative sand production and sand
production rate were measured for each mode, and the cor-
responding diagrams were drawn. These diagrams can be
seen in Figs. 12 and 13. As can be seen in the figures, as
long as the BHFP is constant, the higher the reservoir pres-
sure, the higher the sand production rate. Also, in Fig. 14,
the diagram of sand production rate changes according
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to drawdown pressure is shown. According to the figure,
in the beginning, the sand production rate diagram has a
relatively large gradient. Gradually, with the increase of
drawdown pressure, the gradient of the graph decreases,
and if the analysis continues up to higher values of the
dropdown pressure, the process of changes in the sand
production rate may remain constant at a certain value.
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Fig. 13 Sand production rate versus time for a vertical wellbore, with
different reservoir pressures (BHFP= 1500 psi, and production flow
rate =2000 bbl/day)

Determination of critical drawdown pressure
in layer A10

To determine the CDDP in a vertical well drilled in layer
A10 of the Asmari reservoir, the hybrid numerical modeling
introduced in this research has been used. Using extensive
sensitivity analysis on different values of reservoir pressure
and drawdown pressure in a vertical well (completed with
casing and cement sheath) with a flow rate of 2000 bbl/day,
the sand production rate corresponding to each situation is
measured. Figure 15 shows the results of these sensitivity
analyses. As can be seen in this figure, if the reservoir pres-
sure is constant, the sand production rate will also increase
in proportion to the increase in the drawdown pressure. If the
permissible rate of sand production is considered equal to

0.45
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Fig. 14 Sand production rate versus drawdown pressure for a verti-
cal wellbore in layer A10 of Asmari reservoir (BHFP=1500 psi, and
production flow rate =2000 bbl/day)

1.0 g/m? (red dashed line in the figure), the sand production
rates above the permissible limit are related to the lower val-
ues of the reservoir pressure and drawdown pressure. That is
the lower the reservoir pressure values, the higher the sand
production rate, and vice versa, the higher the reservoir pres-
sure is, the sand production rate will decrease as the draw-
down pressure increases. If the reservoir pressure is high and
the BHFP decreases (and as a result, the drawdown pressure
increases), the pore pressure around the wellbore increases,
which causes the effective stress to decrease. As the effective
stress decreases, the stress concentration around the well
and perforations will decrease, and with the reduction of the
plastic shear strain, the sand production rate is also reduced.

Also, in a situation where the drawdown pressure is con-
stant, the sand production rate will increase with the reduc-
tion of the reservoir pressure. For example, in Fig. 15, for
a constant drawdown pressure of 1500 psi, there are five
different values of sand production rate; So with the reduc-
tion of reservoir pressure, the sand production rate increases
significantly. This process is also seen in other drawdown
pressure values. Therefore, with the drawdown pressure
remaining constant at a certain value, the gradual reduction
of the reservoir pressure will subsequently increase the sand
production rate. The reason for this process is the opposite
of the previous situation. That is, with the reduction of res-
ervoir pressure (reduction of pore pressure), the intensity of
effective stresses will increase, and as a result, the plastic
shear strain in the areas around the wellbore and perforations
will increase. This situation will increase the sand produc-
tion rate over time.

In Fig. 15, the BHFP curves are obtained by connect-
ing the points where the reservoir pressure and drawdown
pressure differences are equal. This process can be seen in
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Fig. 16. According to this figure, the sand production rate
also increases with the decrease of the BHFP.

According to Fig. 16, if the BHFP is constant (especially
at high values), the changes in drawdown pressure will not
significantly affect the sand production rate. For example, in
the curve corresponding to BHFP equal to 1500 psi, the sand
production rate for drawdown pressures of 500 and 2500
psi is 0.205 and 0.402 g/m>, respectively. In other words,
when the BHFP is constant at 1500 psi, the difference in the
sand production rate due to the decrease in reservoir pressure
from 4000 to 2000 psi (or the increase in drawdown pressure
from 500 to 2500 psi), will be only 0.197 g/m>. This situ-
ation can be seen almost for all other BHFP curves. How-
ever, this process is different for reservoir pressure curves.
For example, in the reservoir pressure curve of 3500 psi,
the sand production rate for a drawdown pressure of 1000
psi is equal to 0.083 g/m? and for a drawdown pressure of

Drawdown Pressure (psi)

3000 psi, it is equal to 0.948 g/m>. That is, with the res-
ervoir pressure being constant at 3500 psi, the difference
in sand production rate due to drawdown pressure changes
from 1000 to 3000 psi is equal to 0.865 g/m>. This value is
equal to 1.42 g/m? for the reservoir pressure curve of 2000
psi, and the pressure drawdown between 500 and 1500 psi.
Therefore, in this oilfield, in conditions where the reservoir
pressure is constant, BHFP changes have a significant effect
on the sand production rate. While if the BHFP is constant
(especially for values of 1500 psi and above), changes in the
reservoir pressure do not have much effect on increasing the
sand production rate.

In Fig. 16, in the BHFP curves with values of 1500,
2000, and 2500 psi, increasing the drawdown pressure has
caused a slight increase in the sand production rate. While
in the curves related to BHFP with values of 500 and
1000 psi, the increase in pressure drawdown has caused a
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Fig. 16 Creation of BHFP curves, according to different values of sand production rate and reservoir pressure in a vertical well with a flow rate

of 2000 bbl/day in layer A10 of Asmari reservoir
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gradual decrease in the sand production rate. Therefore,
increasing the drawdown pressure for low BHFP values
decreases the sand production rate, and for high BHFP val-
ues, it increases the sand production rate. Mathematically,
this process can be justified in such a way that in situa-
tions where the BHFP value is low, drawdown pressure
changes depend only on reservoir pressure variations.
Under these conditions, the higher the reservoir pressure
is, with the increase in pore pressure, the intensity of the
effective stresses also decreases, and as a result, it leads to
a decrease in the sand production rate. Therefore, the sand
production rate in the BHFP curves with values less than
1500 psi has a downward trend. However, in a situation
where BHFP increases significantly, in addition to influ-
encing the drawdown pressure, it is also able to control the
sand production rate. As can be seen, in the BHFP curves
higher than 1500 psi, although the trend of variations in
the sand production rate is upward, increasing the BHFP
values reduces the sand production rate to an acceptable
level.

On the other hand, in all BHFP curves, the sand pro-
duction rate tends to a constant value in proportion to the
increase in drawdown pressure. This means that with a con-
stant BHFP, increasing the drawdown pressure only up to a
specific value can increase or decrease the sand production
rate, and from that value onward, with the increase of draw-
down pressure, the trend of changes in the sand production
rate will be fixed. Perhaps the reason is the direct relation-
ship of BHFP with the ability to transport solid particles
by fluid flow to the upper parts of the well. That is, as long
as the BHFP is constant, the fluid flow can carry a certain
amount of sand particles to the higher parts of the wellbore,

and this value fluctuates according to the reservoir pressure
and wellhead flowing pressure variations.

Therefore, the drawdown pressure (difference between
reservoir pressure and BHFP) must be kept constant in such
a way that in addition to increasing the production efficiency
of the wellbore, it is possible to simultaneously bring the
sand production rate to the lowest value. In Fig. 17, assum-
ing that the allowable sand production rate in a vertical well
with a flow rate of 2000 bbl/day is equal to 1.0 g/m?, the
values of reservoir pressure and drawdown pressure under
which the sand production rate exceeds the allowable limit
are shown in red. So, in this well, according to the reservoir
pressure, the drawdown pressure should be selected in such
a way that the sand production rate is placed in the green
area of the figure. This diagram becomes important when
the reservoir pressure decreases to less than 3000 psi due to
depletion. In that case, the low values of BHFP will increase
the sand production rate beyond the permissible limit.

In addition, drawing the safe drawdown window and
determining the critical drawdown pressure (safe drawdown
line) is another unique application of this hybrid numerical
model in the study of the sand production process. As men-
tioned earlier, with increasing reservoir depletion, increasing
effective stresses, and decreasing rock strength, the amount
of sand production in the wellbore also increases. So, the
drawdown pressure in the wellbore should be selected in
such a way that it leads to no production of sand or allowed
amounts of sand production. Therefore, it is very important
to prepare a CDDP diagram (safe drawdown window) for
any reservoir that has unconsolidated sandstone. Figure 18
shows the outline of the safe drawdown window plot (Hus-
sein and Ni 2018). In this figure, the diagram is divided into
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Fig. 17 Determination of the optimal drawdown pressure, according to the reservoir pressure and different values of the sand production rate in a
vertical well with a daily flow rate of 2000 barrels in layer A10 of Asmari reservoir
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Fig. 18 Safe drawdown window to determine CDDP for sand produc-
tion control (Hussein and Ni 2018)

Table 2 Critical drawdown
pressure corresponds to the
permissible limit of sand

Reservoir Critical Draw-
Pressure (psi) down Pressure

production for different (psi)
reservoir pressures 2000 1120
2500 1794
3000 2452

two parts. The white part is related to the situation where
the bottom hole flowing pressure is higher than the reservoir
pressure and technically, there will be no fluid production in
this area. The colored area, which itself is divided into two
colors, green and red, determines the value of the reservoir
pressure corresponding to the BHFP. In other words, each
point in this area shows the amount of pressure of the reser-
voir and the well according to the production of sand. If that
point is in the red area, then the sand will be produced along
with the fluid flow, and if the desired point is located in the
green area, the fluid flow will be sand-free or in a permis-
sible rate of sand production. The border between the green
and red areas is called the safe drawdown line (Hussein and
Ni 2018).

According to the curves in Fig. 15, the values of draw-
down pressure corresponding to the points of the diagram
where the sand production rate is equal to the permissible
limit (1.0 g/m®), will be the CDDP of the wellbore. This
means that the drawdown pressure above these values leads
to the production of significant amounts of sand. The meas-
ured CDDP values along with the reservoir pressures cor-
responding to each value are listed in Table 2. Based on the
values of reservoir pressure and CDDP, the value of critical
BHFP is also calculated and in the next step, the diagram of
BHFP vs. reservoir pressure is drawn (Fig. 19).

In Fig. 19, the red line of the diagram represents the safe
drawdown line (according to the permissible rate of 1.0 g/
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Fig.20 Safe drawdown window for a vertical wellbore located in
layer A10 of the Asmari reservoir (wellbore flow rate is 2000 bbl/day
and permissible rate of sand production is 1.0 g/m)

m3). In other words, each point above and below the safe
drawdown line shows the permissible and impermissible rate
of sand production, respectively. The descriptive form of
this diagram can be seen in Fig. 20. According to the figure,
if the reservoir pressure is 3,000 psi in this wellbore, the
maximum drawdown pressure under which the fluid flow
will produce sand at a permissible rate is 2452 psi. Also, for
a reservoir pressure of 2000 psi, the maximum permissible
drawdown pressure is 1120 psi.

However, as mentioned above, keeping the drawdown
pressure within an allowable range does not necessarily keep
the sand production rate stable for a long time. According
to Figs. 15, 16 and 17, despite the drawdown pressure being
constant at a certain value (for example, 1500 psi), with
the increase in oil production or/and decrease in reservoir
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pressure, the sand production rate will also increase. Instead,
by keeping the BHFP constant in a certain range, despite the
reduction in reservoir pressure, the sand production rate can
be controlled for a longer period.

It should be noted that the permissible ranges shown in
Figs. 17 and 20 are only related to a vertical well with a flow
rate of 2,000 bbl/day and with a permissible sand produc-
tion rate of 1.0 g/m> (green areas in the figures). That is, by
increasing the flow rate to more than 2,000 bbl/day and by
reducing the permissible rate of sand production to less than
1.0 g/m?, the green areas become smaller and the impermis-
sible areas (red areas in the figures) become more extensive.

Determination of the safe drawdown window is very
important in the exploitation of wells to reduce sand pro-
duction in the long term and also in reservoir development
plans. In this study, the safe drawdown window (or CDDP)
in layer A10 of the Asmari reservoir has been determined
only for vertical wells. Since the sand production rate
changes according to the deviation angle of the well, there-
fore, separate numerical modeling is needed to measure the
CDDP and the safe drawdown window in horizontal and
deviated wells.

Based on the above, this hybrid numerical model can
simulate and investigate the phenomenon of sand produc-
tion practically and realistically in oil and gas wells, while
the previous DEM models have mostly had a theoretical and
study aspect. The model incorporates both the discontinuum
structure of particles and the continuum spaces around them,
along with several geomechanical parameters that play a cru-
cial role in the sand production process. These features make
the presented numerical modeling more accurately simu-
late the real conditions of the reservoir and the structure of
the wellbore and perforations. Also, using this numerical
modeling approach, it is possible to determine some of the
optimal values such as direction of perforating, azimuth and
deviation of the inclined wellbores, production flow rate,
etc., which are effective in decreasing sand production rate.
All these capabilities can reveal other aspects of the sand
production process for researchers.

Although this developed model is a new method in
studying the sand production process, it is obvious that it
also has some shortcomings and limitations. For example,
modeling with this method requires a large number of input
parameters. In petroleum geomechanics, measuring and
determining some of these parameters are very difficult and
sometimes they are associated with errors and uncertainties.
The time-consuming execution of calculations is another
limitation of using this numerical model. Especially with
the increase in the dimensions of the sanding zone and the
subsequent increase in the number of modeled particles, the
volume of calculations has also increased, which reduces the
system's processing speed. Also, as the simulation becomes
more complicated, it is necessary to run the program many

times to calibrate the model and perform sensitivity analysis.
In this situation, to reduce the time of the analysis, super-
computers with powerful processors are needed.

To calibrate the numerical models with production condi-
tions in oil fields, it is necessary to accurately determine the
sand production rate in wells using sand monitoring tools
such as intrusive or non-intrusive equipment. In this case,
the results obtained from the models will be more reliable.
Also, when calibrating numerical models related to a certain
layer, to obtain more accurate results, it is necessary to con-
struct models for some wells with different conditions. Then,
after conducting a statistical study and averaging the results,
the diagrams in Figs. 15 to 20 can be drawn more accurately.
However, performing these analyses takes a lot of time. With
the development of scripting and the use of other software
facilities employed in this modeling, it becomes feasible to
overcome some of the deficiencies and constraints of this
simulation. This, in turn, can enable researchers to bridge the
gaps in understanding the sand production phenomenon. It is
worth mentioning that this modeling approach is not limited
to simulating the sand production process. By modifying the
model structure, it can be used to investigate other processes
in petroleum geomechanics, such as wellbore stability, opti-
mal mud pressure, casing collapse, hydraulic fracturing, and
more. For example, by substituting a program based on a
discrete element method (such as 3DEC) with the granular
structure of PFC3D in this model, it is possible to simulate
the process of hydraulic fracturing in oil wells.

Conclusions

In this article, a new FDM-DEM-FEM-CFD hybrid numeri-
cal model has been used to investigate the effect of draw-
down pressure on the sand production rate, determine
CDDP, and provide a safe drawdown window in layer A10
of the Asmari reservoir located in one of the oil fields in
southwest Iran. For this purpose, the variation of sand pro-
duction rate compared to different reservoir pressures for a
vertical well with a constant BHFP was investigated. Then,
by performing an extensive sensitivity analysis on different
values of reservoir pressure and drawdown pressure, the val-
ues of sand production rate corresponding to each situation
were measured. The results of the analysis carried out in this
study can be listed as follows:

e While the reservoir pressure is constant, the sand produc-
tion rate increases as the BHFP decreases.

e If the BHFP is constant, a gradual increase in the draw-
down pressure will change the sand production rate up
to a specific value. After that, the process of changes in
the sand production rate will remain at a constant value.
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e Increasing drawdown pressure for high values of BHFP
(more than 1,500 psi), increases the sand production
rate, and for low values of BHFP (less than 1,500 psi),
decreases the sand production rate.

e Increasing drawdown pressure for low values of reservoir
pressure (below 3,000 psi), increases the sand produc-
tion rate, and for high values of reservoir pressure (above
3,000 psi), decreases the sand production rate.

e If the drawdown pressure is constant, the sand produc-
tion rate will increase as the reservoir pressure decreases.
Therefore, in the safe drawdown window, keeping the
drawdown pressure constant in an acceptable range can-
not necessarily keep the sand production rate stable for a
long time at a permissible value.

e Despite the reservoir depletion due to continued production,
keeping the BHFP constant in a certain range will control
sand production at a permissible rate for a longer period.

e The numerical model presented in this study can inves-
tigate the variations in the sand production rate due to
the drawdown pressure changes and also determine the
CDDP for sand control with acceptable precision.
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