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Abstract

Oil production may be accompanied by Sand Production (SP) in the 
-

porting the separated grains and completing the SP mechanism. In this 

the SP is investigated by applying the Discrete Element Method (DEM). 

an accurate investigation and discovering the effects of viscosity and 

-

pressure.
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1. Introduction 
and Production (SP) is referred to small/ 
large quantities of solid grains that transfer 
to the surface of reservoir fluid. The sand 

amount can vary from a few grams or less per one 
cubic meter (m3) of fluid to the catastrophic 
amounts that could make the well full- filled [1]. 

SP is an unwanted product in removing hydro-
carbon reserves from the sand reservoirs. This is- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

sue is always considered as a continuous chal-
lenge in the oil industry. Moreover, it is associat-
ed with several problems such as well instability, 
reducing the permeability of the formation, abra-
sion of well equipment, and increasing the associ-
ated costs. Therefore, SP has been a subject of 
intense research and experts in recent decades. 

In the sandstone reservoirs, some voids are cre-
ated in the well wall to increase the production 
level. Such holes are the main oil producers that 
also control the well stability. SP phenomenon 
also occurs in these voids. SP mechanism is 
shown in Fig. 1.  
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Figure 1. SP mechanism [2] 

 

The combination of both hydrodynamic and geo-
mechanical processes in the failure mechanism, 
rock erosion, and transferring the grains at the 
same time has made it very complicated to pre-
dict SP procedure. One of the SP study approach-
es in the well is numerical modeling of reservoir 
rock with the fluid flow by solving the combined 
equations of fluid and rock. Several studies have 
been developed on SP in terms of experimental 
and numerical models so far. 

Nowadays, most SP models have been developed 
considering the hydromechanical (tensile and 
shear failure and failure due to the pressure de-
pletion) and erosion mechanisms. Tensile failure 
occurs when the effective minimum principle 
stress applying on the rock mass reaches its ten-
sile strength. In comparison, the shear failure oc-
curs when the applied stress on some planes in 
the wellbore area is higher than their bearing ca-
pacity. Pressure depletion causes exertion of ef-
fective hydrostatic stresses on rock mass pore 
structure. Consequently, it breaks and dynamic 
seepage drag forces cause the internal and exter-
nal erosion of rock formation during the SP [3]. 

One of the methods for examining the SP mecha-
nism in the well is the numerical modeling of a 
reservoir rock, as well as fluid flow with integrat-
ed solving of fluid and rock equations. The recent 
studies conducted on SP can be classified into two 
major methods: experimental and numerical 
methods. 

Xue and Yuan [4] simulated a well with its reser-
voir rocks to examine the SP estimation from sus-
ceptible areas around the well and to find out 
how the SP will affect the permeability of reser-
voir rocks near the well. Fattahpour et al. [5] in-
vestigated the effect of grain size on oil well SP 
using large-scale hollow cylindrical synthetic 

samples in the laboratory. They found that for 
samples with fine grains size, the required confin-
ing stress for different sanding levels decreased 
with an increase in the grain size while for sam-
ples with coarser grain size the required stress 
for different sanding levels increased dramatical-
ly with increasing the grain sizes. 

Li et al. [6] developed a sand control screen pipe 
in unconsolidated sandstone reservoirs by com-
bining swellable packers, installing different sized 
nozzles, and assorting corollary tools. They 
showed that, compared to conventional screen 
pipe, sand control screen pipe completed hori-
zontal wells raises in a much slower way. 

Ghassemi and Pak [7] simulated an SP using a 
two-dimensional numerical modeling based on 
Lattice Boltzmann method and Discrete Element 
Method (DEM).  They found that the magnitude of 
sand production strongly depends on the flow 
rate and also the confining pressure (i.e., in-situ 
stresses). Kaffash and Shadizadeh [8] developed a 
model for SP rate prediction by coupling fluid 
flow, particles erosion, and mechanical defor-
mation using finite difference method (FDM). 
Shirinabadi et al. [9] investigated the SP mecha-
nism in the loose and fractured formations by 
fabricating a new apparatus for reservoir simula-
tor. They presented a new relation for predicting 
the SP by applying experimental test results as a 
function of injected fluid pressure, sand particles 
diameter, fluid density, and axial force applied to 
the apparatus. Considering that the numerical 
finite element methods (FEMs) could neither sep-
arately show the particles movement nor simu-
late the fluid flow in a porous media, several 
shortcomings are expected in this regard. Hence, 
a sandstone reservoir was simulated using a DEM 
in PFC3D software to accurately examine the SP 
mechanism in an oil well. 

 

2. Discrete Element Model 
2.1. Particle-Flow Model 

A general particle-flow model simulates the me-
chanical behavior of a system consisting of a col-
lection of arbitrarily shaped particles. The model 
is composed of distinct particles that displace in-
dependent of one another and interact only at 
contacts or interfaces between the particles. New-
ton’s laws of motion provide the fundamental 
relationship between particle motion and the 
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forces causing that motion. The force system may 
be in static equilibrium, or be in a state that cause 
the particles to flow. PFC3D provides a particle-
flow model having the following assumptions: 

 The particles are treated as rigid bodies. 

 The contacts occur over a vanishingly small 
area. 

 Behavior at the contacts uses a soft-contact 
approach where the rigid particles are allowed 
to overlap one another at contact points. 

 The magnitude of the overlap is related to the 
contact force via the force-displacement law, 
and all overlaps are small in relation to parti-
cle sizes. 

 Bonds can exist at contacts between particles. 

 All particles are spherical. However, the clump 
logic supports the creation of super-particles 
of arbitrary shape. 

The assumption of particle rigidity is a good one 
when most of the deformation in a physical sys-
tem is attributed to the movements along inter-
faces. The deformation of a packed-particle as-
sembly (or a granular assembly such as sand), as 
a whole, is well described by this assumption be-
cause the deformation results primarily from the 
sliding and rotation of the particles as rigid bod-
ies and the opening and interlocking at interfaces, 
rather than from individual particle deformation. 
It has to be noted that the precise modeling of 
particle deformation is not necessary to obtain a 
good approximation of the mechanical behavior 
for such systems. 

 

2.2. Fluid flow motion or hydrodynamics 

The Navier-Stokes equations are used for model-
ing of fluid flow between particles. Eq. 1 shows 
fluid movement in a porous medium. The effect of 
porosity in this medium and mass conservation 
equations for an incompressible fluid in a porous 
medium are presented by Eqs. 1 and 2 [10]. 

 
(1) 

 (2) 

f p is 

the fluid,  is a body force per unit volume, and v 
is the fluid velocity. Porosity as a parameter re-
lated to location and time is defined as follows: 

 (3) 

where V is the volume of a fluid element and Vp is 
the total volume of all particles contained within 
that element.  

 

2.3. Fluid and particle interaction forces 

Fluid acts two forces on the object body, which is 
located through the fluid movement path  The 
first one is lifted force, which applies to the fluid 
flow movement in the perpendicular direction. 
The second one is drag force that applies to the 
particles in direction of flow (Fig. 2).  The drag 
force causes reduction of fluid flow in a porous 
media, such as water flow inside the pipes, which 
can cause a pressure drop in the fluid flow. The 
drag force is applied to the particle body. When 
this force exceeds the resistant forces applied to 
the particles, it will make the particles to move. 

 

 
Figure 2. Forces applied to the media particles by the 
fluid 

 

It should be noted that drag force is generated 
due to the velocity difference between solid and 
fluid. Therefore, if there was no motion, drag 
force would not be created. The amount of drag 
force in the fluid flow depends on object geome-
try and fluid viscosity. The geometry causes 
changes in the flow pressure at the back and front 
of objects, which is known as the compressive 
drag force. Viscosity, on the other hand, creates 
shear stress and viscous drag force while contacts 
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with the fluid and wall or the object free surface. 
The drag force applied to individual discrete par-
ticles is [10]: 

 
(4) 

where r is the particle radius. The drag force ap-
plied by the particles to the fluid in each fluid el-
ement is defined as: 

 (5) 

a-
tive velocity between the particles and the fluid. 
Following Tsuji u-
lated in one of two ways, depending on the poros-

6 for low values of porosity (  < 0.8). The relation 
is derived by the pressure drop observed in flow 
through porous materials. 

  (6) 

f is 
the density of the fluid, and d is the average di-
ameter of the particles occurring in the element. 
The total force exerted by the fluid on the particle 
is the sum of the drag force and the buoyancy 
force: 

 (7) 

where g is gravity acceleration. 
 

2.4. Algorithm and coding 

Modeling was conducted using the PFC3D soft-
ware and coding. Every code always requires an 
appropriate algorithm. The algorithm is a calcula-
tion procedure that takes a variable or a complex 
as an input data and turns it to an output one 
through some computational stages. Algorithm 
design and build is the core of programming ac-
tivities. Defining variables and stage-wise design 
are very important for each algorithm. Fig. 3 
shows the SP modeling flowchart. Each algorithm 
computational stage includes a main function that 
consists of some sub-functions and loops. 

 

3. Verification 
Numerical simulation is always preferred 
compared to the laboratory and site methods in 

terms of economic and time considerations. How-
ever, to validate the obtained results, it is neces-
sary to compare them with the experimental data. 
In the following, the results of numerical model-
ing are compared with experimental data in order 
to validate the model. 
 

3.1. Introduction of the experimental model 

The reservoir simulator is a cylindrical chamber 
that contains a well at the center. Fig. 4 shows a 
test apparatus and the way a hole is drilled inside 
the well wall. 
 

 
Figure 3. SP modeling flowchart by using DEM 
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Figure 4. Chamber of reservoir simulator with the cover 
and interior components [9] 

 

A steel plate is located on the sand sample, 
wherein the stress of sandstone reservoir is con-
trolled using a hydraulic jack installed at the top. 
Lubricating inside the cracks around the steel 
plate prevents fluid and sand particles to exit 
from the apparatus top. Input pressure is a con-
stant value during the test. This apparatus simu-
lates a loose sandstone formation (without cohe-
sion strength between particles) that is located 
under an impermeable layer (caprock). The fluid 
used in the test contains water with a viscosity of 
1 cP and has a density of 24 kg/m3 [9].  

 

3.2. Specifications of a numerical model for 
verification 

Regarding the geometry of the experimental 
model, some issues such as well core types, 
properties of the sand particles, and fluid flow 
were stimulated in the numerical model. Fig. 5 
shows the geometry specifications of the 
numerical model. Also, Table 1 presents the 
properties of used particles as verification. 

The numerical model is simulated for both 
conditions (with and without gravel pack). Fig. 6 
shows two numerical models (with and without 
gravel pack) for verification. 

 

3.3. Comparing results 

SP average rate is calculated through five tests for 
both conditions of with and without gravel pack. 
Next, the SP rate average in tests is compared 
with the numerical results. SP is considered zero 
for the condition with gravel pack in both numer-
ical model and experimental data. The experi-

mental tests without gravel have different SP but 
close to each other. By an average of these values, 
the main SP rate was calculated to be 4.22 gr/s 
for the experimental tests. SP in the numerical 
model is shown in Fig. 7. Moreover, the SP rate 
comparison of the two presented models and ex-
perimental data is presented in Table 2.  

 

Table 1. Properties of the particles used in a numerical 
model for verification 

Parameter Value 
Particles radius 1-2 mm 
Gravel particles radius 2.34-4.5 mm 
Number of particles without gravel in 
model 55322 

Number of particles with gravel in 
model 52853 

Normal stiffness 108 N/m 
Initial porosity 20 % 
Shear Stiffness 108 N/m 
Particle density 2650 kg/m3 
Fluid density 1000 kg/m3 
Fluid dynamic viscosity 1 cP 
Pressure of entering fluid  200 kPa 

 

Table 2. Comparison results of SP rate experimental-
ly/numerically (gr/s) 

Model Experimental Numerical 
With gravel pack 0 0 
Without gravel pack 4.22 4.33 

 

 

 

Figure 5. Geometry properties of a numerical model for 
verification 

 

According to Table 2, the results of numerical 
models are consistent with the experimental data. 
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However, there is a little discrepancy because 
particles are considered fully spherical in the 
numerical model but the sphericity in the 
experimental data is 0.7. 

 

 
Figure 6: Numerical models in two conditions: a) without 
gravel pack and b) with a gravel pack 

 

 
Figure 7. SP in Numerical model  

 

4. Three-dimensional Modeling 
Fig. 8 shows the model geometry and the lattice 
wall (holes inside the wall). Considering that the 
PFC3D software is not capable of building a curved 
wall, a large number of walls are used in the route 
of both reservoir and well cylindrical curvature. 
Needless to say, the number of walls is customi-
zable.  

According to Fig. 8, the diameter of the sandstone 
reservoir is 60 cm, where a well is drilled through 
it with a diameter of 6 cm and height of 10 cm. 
The reservoir diameter is chosen 10 times larger 

than the well diameter to reduce the structural 
effects of well to zero and also reach the zero pos-
sibility of SP from the boundary of the well. In the 
solving process, the amount of force applied to 
sand grains by the fluid is calculated at each fluid 
time step. The sand grains move if the movement 
resultant forces overcome the retaining forces of 
particles in their position. 

 

 
Figure 8. Model Geometry 

  

If this movement extends to the well and sand 
grains along with fluid entrance to the wellbore, 
SP initiates. In this simulation, the particles are 
changed with entering grains to the well. Then, 
the size and weight of the particles are calculated. 
Fig. 9 shows the fluid flow in the well and sand 
production phenomena. It should be noted that to 
reduce the run time of models a semicircular sec-
tor (half of the well) is simulated. 

 

 

 
Figure 9. a) A complete view of the reservoir and b) A 
near view of sand production in the well 

 

Fluid Flow 
Vector 

a 

b 
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5. Sensitive Analysis 
Different models with varying conditions were 
simulated to examine the fluid parameters on SP. 
In examining any specific parameter, other pa-
rameters were considered as a constant value, to 
make SP changes dependent on the only desired 
parameter. Considered parameters for sensitivity 
analysis are as follows: 

 Fluid pressure 
 Properties related to the type of fluid (viscosi-

ty and density) 
 Input flow rate to the well 

 

5.1. Effect of fluid pressure on SP 

To examine the effect of fluid pressure on SP, four 
pressures of 100, 200, 400, and 1000 kPa were 
implemented in the reservoir margins to the well 
under fluid boundary conditions. SP in different 
conditions is shown in Figs. 10 and 11. 

Petroleum reservoirs are media with high fluid 
pressure. A level with zero pressure (atmospheric 
pressure) occurs in such reservoirs through well 
drilling. In the reservoir, pressure discrepancy is 
the main factor in fluid movement toward the 
well. In this situation, the more the pressure dis-
crepancy is, the more fluid motion velocity hap-
pens in the reservoir. So, by increasing the veloci-
ty, a compression drag force caused by the fluid 
motion is applied to the particles in a porous me-
dium. Therefore, as shown in Figs. 10 and 11, in-
creasing the fluid pressure will increase the SP 
intensity in the well. Contact forces will be also 
reduced by increasing SP so that a loose area is 
developed around the well. 

To examine the fluid pressure effects on SP more 
accurately, the curves related to the sand cumula-
tive production and sand production rate, for all 
four models, are shown in Figs. 12 and 13 respec-
tively.  

According to Fig. 13, SP rate in the well reaches a 
constant value under different pressures. This 
constant value will increase in higher pressures. 
So, the curves of sand cumulative production (Fig. 
12) always have a distance from each other with a 
constant gradient. In other words, SP discrepancy 
in the well is being constantly increased with in-
creasing the fluid pressures. 

 

 

 

 

 

 
Figure 10. SP in numerical models with different fluid 
pressures 
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Figure 11. Contact forces in numerical models with dif-
ferent fluid pressures 

 

5.2. Effect of fluid viscosity and density on SP 

Considering the changes in fluid viscosity and 
density with each other, a sensitivity analysis was 
performed on these fluid parameters. For this 
purpose, 5 fluids with different viscosities and 
densities were considered, and SP value and rate 
were studied for each model. Fluid properties are 
presented in Table 3. 

Viscosity changes affect the force that the fluid act 
on the sand particles in two ways. The first one 

occurs in the viscous drag force, which increases 
by increasing the viscosity and density of the fluid 
(as described in Eq. 6). The second one is related 
to the fluid viscosity effect on velocity in a porous 
media. In this case, fluid velocity is decreased by 
increasing the viscosity. Therefore, the compres-
sive drag force is decreased by decreasing the 
fluid velocity. Since the effects caused by fluid 
velocity in a compressive drag force (applied to 
the particles) are more than viscosity in a drag 
force, the resultant force from the fluid to the par-
ticle in a reservoir rock reduces by increasing the 
viscosity. The results extracted from 5 models 
run by different viscosities represent this issue 
effectively. As shown in Fig. 14, SP is reduced in a 
well by increasing the viscosity value. According 
to Fig. 14, SP is slightly reduced with a small in-
crease in the fluid viscosity (changes from water 
to the medium oil, 1-10 cP); however, SP has a 
significant reduction in heavy oil (viscosity 3000 
cP). 

 

 

Figure 12. SP values under different fluid pressures 

 

 

Figure 13. SP rate under different fluid pressures 



177S. M. Seyed Atashi et al.  /  Journal of Chemical and Petroleum Engineering, 52 (2), December 2018  /  169-179

 

Table 3. Fluid properties 

Row  Fluid type Viscosity 
(cP) 

Density 
(kg/m3) 

1 Water 1 998/23 
2 Light oil 1 3 825 
3 Light oil 2 6 850 
4 Medium oil 100 880 
5 Heavy oil 3000 965 

 

In addition, according to Fig. 15, it is clear that SP 
reaches a constant value in all models, suggesting 
an effective continuous production. Three other 
models were run in the reservoir to gain a better 
understanding of the viscous drag effects.  

In new models, the fluid boundary conditions 
were applied in a way to flow the fluid into the 
well at the same velocity with varying viscosities. 
The fluid flows in three models include light oil, 
medium oil, and heavy oil. Figs. 16 and 17 respec-
tively show SP value and rate in each model. 

Eq. 4 shows that drag force on the particle de-
pends on two values: porosity and volume forces. 
Drag force always increases on particles as the 
porosity increases in the reservoir rock. The im-
portant point gained in this research is the SP 
rate in a reservoir containing heavy oil. According 
to Fig. 17, SP rate always increases when both the 
viscosity and velocity of fluid are high, which 
leads to a risk of instability and catastrophic pro-
duction. 
 

 
Figure 14. SP under different viscosities 

 

5.3. Effect of fluid flow rate on SP 

To investigate the flow rate on SP in a well, the 
fluid with three macroscopic velocities of 0.1, 0.3, 
and 0.6 mm/s were allowed to enter the sand-
stone reservoir from around the well during im-

plementing the fluid boundary conditions. Based 
on the reservoir geometry dimensions, the area of 
the reservoir wall will be 0.188 m2. Finally, ac-
cording to the relation of flow rate with surface 
area and velocity (Q=A×V), the fluid flow rate in 
three models are 18.8, 56.4, and 112.8 cm3. Figs. 
18 and 19 respectively show SP and SP rate in 
each model. 
 

 
Figure 15. SP rate under different viscosities 
 

 

Figure 16. SP with different viscosities and a constant 
fluid velocity 
 

 

Figure 17. SP rate with different viscosities and a con-
stant fluid velocity 
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Figure 18. SP with different flow rates 

 

 
Figure 19. SP rate with different flow rates 

 

According to Fig. 17, SP is enhanced by increasing 
the rate of flow into the reservoir. Unlike the pre-
vious models, the constant rate of fluid flow has 
caused the SP rate to reach a constant value 
quickly. Therefore, it can be concluded that con-
stancy of fluid velocity in the reservoir means 
that drag force is constant on the particles. In this 
way, it is possible to overcome the SP problem by 
controlling this parameter in the reservoirs. It 
should also be noted that in high SPs, difference 
in value of SPs related to high and low flow rates 
is constantly increasing because the gradient of 
cumulative production curve is determined by SP 
rate values. 

 

6. Conclusions 
In this paper, the effects of flow rate and fluid 
properties on sand production (SP) phenomenon 
are studied in the sandstone reservoirs, oil wells, 
and drilled wells by simulating in PFC3D software. 
The major findings of this study are as following: 

 Results from numerical modeling were com-
pared with experimental data. SP is zero in 
both numerical modeling and experimental 
data, which have gravel as a preservative. In 
cases, the well has no gravel pack, SP rate in 
the numerical model is highly consistent with 
the experimental results. 

 The cumulative amount of SP is reduced by 
increasing the viscosity in the sandstone res-
ervoirs with a constant pressure gradient. 

 In sandstone reservoirs, if the fluid velocity is 
constant for different viscosities, SP rate in-
creases as the viscosity  increases. 

 In heavy oil reservoirs, catastrophic produc-
tion is possible if the fluid velocity is high. 

 The reservoir rock is loosened around the 
wellbore when SP initiates. Also, the loose ar-
ea will develop by increasing the SP. 

 SP is enhanced by increasing the fluid pres-
sure gradient on the edge of the reservoir. SP 
rate also has a higher value in high fluid pres-
sures, suggesting that SP difference is con-
stantly increasing for the gradient of different 
pressures. 

 The constancy of fluid velocity in the reservoir 
is always associated with a constant SP. Gen-
erally, SP has a direct relation with the output 
rate. Therefore, by controlling the rate of input 
flow to the well, the fluid velocity can also be 
controlled in the reservoir, which allows con-
trolling the SP in the well. 
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