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Abstract

The fracturing technology has been widely applied to break up the formation in oil &
gas industry. The flow dynamics and erosion phenomenon of frac sleeve in fracturing
process is important but has not been studied previously. In this paper, the dynamics is
studied numerically with special reference to the effect of sand mass flow rate. The
simulation is conducted using a coupled approach of Computational Fluid Dynamics and
Discrete Element Method. The influence of port parameters such as shape, size and
number arrangement on the erosion rate was investigated. Based on this study, motion
characteristics of fracturing fluid and sand particles are obtained, the structure
parameters can be optimized. The frac sleeve after structural optimization obtains better
erosion resistance. This study shows that Computational Fluid Dynamics could be a
useful tool to study the dynamics and internal flow of fracturing tool.
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1. Introduction

Fracturing is a well-stimulation method which injects water, sand and chemicals
deeply into ground to break up the formation and release oil & gas [1-2]. The erosion
phenomenon is one of typical problems which are frequently encountered in fracturing
process [3]. During the fracturing process, fracturing fluid containing sand as proppant is
pumped to downhole. Fracturing technology has a range of features such as high pressure,
high sand rate and high flow rate, which may cause the erosion phenomenon of tool
where people have paid great attention to. The frac sleeve is a special tool used to inject
fracturing fluid into reservoir formation [4].

The inner flow status of frac sleeve which has a significant relationship with the shape
characteristic is complex. Inappropriate design of frac sleeve may lead to serious vortex
phenomenon of fracturing fluid, which contributes to the high erosion rate [5]. As is
known, the erosion phenomenon of fracturing tool is a complex problem closely related to
density, sand flow rate, sand content and shape of sand. It is very difficult to measure the
internal flow status and movement of sand particles downhole. Without such microscopic
information, downhole fracturing is largely operated as a black-box operation. In order to
study the erosion problem, a coupled Computational Fluid Dynamics (CFD) approach
which is mainly used in initial studies in connection with Lagrangian particle tracking
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model is introduced to simulate the movement characteristics of fracturing fluid and sand
particles [6-9]. The majority of the previous studies were devoted to material
characteristics, while little attention had been paid to the characteristics of fracturing fluid
and sand particles. A lot of researches have been conducted on erosion phenomenon in
other industrial [10-15]. The coupled approach of CFD and Discrete Element Method is
used to simulate the solid-liquid two phase flow [16-18]. In these studies, particles are
modeled as a kind of discrete phase, while the fluid is treated as a kind of continuous
phase. The approach has been recognized as an effective method to study the
characteristics of solid-liquid flow by various investigators [19-20].

In this paper, in order to enrich the understanding of erosion phenomenon in fracturing
operation, downhole flow characteristics and erosion phenomenon are investigated by
using a CFD approach. To get the relationship between erosion rate and tool shape,
models with different parameters are created and analyzed. Based on the analysis and
optimization of port which is arranged on tool surface, frac sleeve with better erosion
resistance can be obtained.

2. Simulation Method

2.1. Turbulence Model

To simulate internal flow of fracturing liquid and motion of solid particles in the frac
sleeve correctly, proper turbulence models should be offered to describe the flow of
fracturing fluid [19]. The downhole surrounding is unsteady and complicated. In the
computational fluid dynamics, turbulence models are offered to control vortex
phenomenon and flow status. Taking the Reynolds number and solving ability into
account, the standard k- model is a proper choice to describe flow status. The turbulence
equations are listed as:
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Where p is fluid density, x« is kinematic viscosity, k is turbulent kinetic energy, u is
average velocity, ¢ is dissipation rate and #; is turbulent viscosity.

In the turbulence equation, according to recommended values by previous researchers,
values of coefficients and constants are shown as: C,=0.09, C, =1.44, C,= 1.92, ¢,=1.0,
0.=1.3.

2.2. Particle Trajectory

Discrete phase model is a kind of particle trajectory model which uses Lagrangian
method to treat fracturing fluid as continuous phase and regards solid particles as discrete
phase. In addition, there is a relative slip between the solid phase and the continuous
phase [20]. Firstly, the flow field of fracturing fluid is calculated and the particle phase is
applied in the Euler coordinate system. Then the trajectory of solid particles is tracked in
the Lagrangian coordinate system.

In the Lagrangian coordinate system, trajectories of particles can be solved by
integrating the force equations, which can be written as:

du . p,= P
—=F, (u-u )+
dt el
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Where u, - u are velocity of solid phase and continuous phase, respectively;
F,(u; —u ) isdrag force of i direction for per unit mass of particles:

184 C, ReID

pp;j 24 ®)
Where . is viscosity of fluid; p is density of fluid, o is density of particles, d  is
diameter of particles and Re  is Reynolds number which can be expressed as:
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The Drag force coefficient of the particles (C ) can be calculated by the following

formula;
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After simplifying the formula (1-1), momentum equation of particle can be obtained:

duIDi 1

—=—(U-u)-g (8)
dt T,

Where 7 _is relaxation time.
Moreover, trajectory of particle is affected by the pulsation of fracturing fluid:

u=u-+u’' €)]
Adding formula (9) into (8), momentum equation of particle can be expressed as:
du 1 -
— = —(ui-u/-u,) (10)
dt T, '
In cylindrical coordinates, momentum equation can be also expressed as:
du 1 - u_v
F=—(U+u'-u)-—— (11)
dt T, r
dv 1 - u’
m= (Vv -V )+ — (12)
dt T, r
dw 1 —
Fe—(wHw-w )-g (13)
dt T

p

Where u oV, and w are radial, tangential and axial velocity of particle, respectively;

u, v and w are radial, tangential and axial velocity of continuous phase, respectively;
u’,v’ and w’ are radial, tangential and axial pulsation velocity of continuous phase,

respectively.
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2.3. Erosion Calculation

According to references, different models have been investigated to solve erosion
problem. In these models, erosion equation is the core element. Erosion phenomenon
attributes to the impact of sand particles and tool surface. In erosion equation, parameters
such as impact velocity, impact angle and impact number of particles will contribute an
important effect to erosion rate. Above all, the erosion equation is defined as:

e (d,)f (e )Vpb(vp)

Rerusion = z A (14)

p=1 face
Where, C(d,) is function of the particle size; « is impact angle between surface and
particles; f(a) is function associated with impact angle; V, is particle impact velocity;
b(Vp) is a function related to particle impact velocity; Asc is area of calculation unit; m |

is mass flow rate of particles in the calculation; Nparicies IS the number of particles impact
on area Arace; Rerosion IS €rosion rate and the unit is kg/(m2 S).

3. Numerical Simulation

3.1. Working Principle

(b)

Figure 1. Schematic Diagram for Fracturing System
(a) Close Position, (b) Open Position

In this study, the fracturing system is introduced and the working principle is shown in
Figure 1. The fracturing system mainly contains frac sleeve, casing, packer, lock pin, ball
and ball seat. There are two statuses for the fracturing system: frac sleeve is in close
position before the ball is dropped as shown in Figure 1 (a); frac sleeve is in open position
after ball is dropped as shown in Figure 1 (b). During fracturing process, fracturing fluid
flows into concentric annulus, then flows upper, until flows into formation through
perforation section. The position of perforation section has a long distance away from
ports. Considering the limit of calculation resource, the simulated filed should be chose
and simplified properly.

3.2. Mesh Generation

Figure 2 shows the mesh of frac sleeve geometry. As world’s most popular CFD
software, Fluent is widely used in the aerospace, automotive design and other fields for its
extensive physical models, advanced numerical methods and powerful preprocessor and
postprocessor function. Due to these features, it is chose for this study. To get more
accurate simulation results, meshes with high quality should be adopted. The Gambit
which is also developed by the Fluent Inc is chose to preprocess the geometry, here
follows the meshing result.
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Figure 2. Mesh of the Frac Sleeve Geometry

3.3. Calculation Conditions

Calculation conditions are given in Table 1. Parameters listed in the table provide
initial conditions for solving the flow field. These parameters such as flow rate, density
and viscosity can affect flow status of fracturing fluid obviously. The Computational
Fluid Dynamics provides the convenient and appropriate model to solve this problem.
After iteration, movement information of fracturing fluid and sand particles can be
achieved.

Table 1. Calculation Conditions

Parameter Value Unit
Flow rate 4.5 m*/min
Density of liquid 1100 kg/m?
Viscosity of liquid 100 mPa-s
Density of sand 2300 kg/m?
Diameter of sand 380 Mm
Sand flow rate 12 kg/s

4. Simulation Results and Discussion

4.1. Characteristics of Flow Field

Figure 3 (a) shows the overall view of velocity vector of plane Y=0 and Figure 3 (b)
shows the partial enlarged view of port area. It is clearly shown that velocity is small and
uniform at the entrance, but large at the port area. Vortex and backflow can be seen in the
partial enlarged view, which means that flow status change dramatically at the port. The
velocity of fracturing fluid at the entrance is nearly 20m/s, while reaching up to 60m/s at
the port area. It is because that flow channel which narrows rapidly at port area leads to
change of flow status. The biggest value of gradient change appears at the port.
Furthermore, existence of vortex and backflow leads to erosion phenomenon of port area.

| L.

Figure 3. Velocity Vector of Flow Field
(a) Velocity Vector of Plane (Y=0), (b) Zoom of Velocity Vector at Port Area
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Figure 4 shows the pressure contour of plane (Y=0). From the Figure, it can be seen
that pressure at entrance is 31.1Mpa and reduces to 30.0Mpa at the exit. The factors
leading to the pressure loss include friction between fracturing fluid and wall surface,
collisions between particles and wall surface and the inner friction of fracturing fluid. The
interaction of these factors contributes to pressure loss when the fracturing fluid flows
from entrance to exit. From the pressure contour, it can be seen that the pressure has an
inversely proportional relationship with velocity at the port area. This phenomenon is in
line with Bernoulli's law.
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Figure 4. Pressure Contour of Plane (Y=0)

Figure 5 shows trajectories of sand particles. In fracturing process, sand particles are
carried by fracturing fluid. It is obvious to see that fluctuations and uncertainty of
trajectories exist. This is because that sand particles are affected by various forces such as
Gravity force, Drag force, Pressure gradient force, Buoyancy force and Added mass force.
The interactions of these forces lead to fluctuations and uncertainty of trajectories.
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Figure 5. Trajectories of Sand Particles
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Figure 6. Erosion Contour on the Surface of Tool
(a) Overall Erosion Contour; (b) Erosion Contour on Surface of Casing; (c)
Erosion Contour at Port Area
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Figure 6 (a) shows overall erosion contour of tools, Figure 6 (b) shows the erosion
contour of casing and Figure 6 (c) shows the erosion contour at port area. From erosion
contour, it is clear to see that inner surface of casing and the inner surface of ports are
high erosion areas. It can be explained that sand particles impact sharply at these areas.

4.2. Effects of Port Shape

a A

(a) (b) (c)

Figure 7. Schematic Diagram of Different Shape

A

To investigate the effect of port shape on erosion rate, models with different shapes,
sizes and numbers are studied. Figure 7 shows different shapes of port labeled with
parameters. To simplify calculation, models with Z axis value between 140mm and
230mm are chose for the object section. The average erosion of object section is
compared and analyzed.

[ Average Erosion Rate
8.0x10"

g/m’-s)

6.0x10°

4.0x107

Average Erosion Rate (k;

2.0x10" -

T T T
a b c

Port Shape

Figure 8. Effect of Port Shape on the Average Erosion Rate

Figure 8 shows the comparison of average erosion rate. From Figure 8, it can be found
that the model with shape a (ellipse) has the lowest average erosion rate, while the model
with shape b (rectangle) has the highest erosion rate. So the model with ellipse shape has
better erosion resistance. It can be explained that flow status of model with ellipse shape
is better and the movement of sand particles are relatively stable, resulting in the low
erosion rate of fracturing tools.
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4.3. Effects of Port Size
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Figure 9. Schematic Diagram of Different Size
(a) 3200mm2, (b) 2400mmz2, (c) 1600mm2, (d) 800mm2

To study the effect of size on erosion rate, four models with different port sizes are set
respectively, while keeping other dimensions unchanged. Figure 9 shows the schematic
diagram of four models with different size. The size of port can affect flow status of
fracturing fluid significantly.

I Average Erosion Rate
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Figure 10. Effect of Port Size on the Average Erosion Rate

Figure 10 shows the comparison of average erosion rate of four kinds of size. From the
histogram, it is clear to see that erosion rate shows exponential growth with size of ports
decrease. The model with size A (3200mm?) has the lowest erosion rate, while the model
with size A/4 (800mm?) has the highest erosion rate.

Figure 11 shows sand trajectories of models with different port size. The trajectory
reflects collisions between sand particles wall surface during the transportation. At the
same time, it also reflects flow status of fracturing fluid. The more disorder the motion of
fracturing fluid is, the more disorder the trajectory of sand is. In Figure 11, it can be found
that trajectories of Figure 11 (a) are relatively close to Figure 11 (b). When size of port
narrows continuously, trajectories become more disorder. In Figure 11 (d), it is clear to
see that sand particles appear cyclotron motion. This indicates that collision at the port
area is very fierce. This phenomenon also confirms previous simulation results.
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Figure 11. Sand Trajectories of Models with Different Port Size
(a) 3200mm2, (b) 2400mm?2, (c) 1600mm?2, (d) 800mm?2

4.4, Effects of Port Number

According to actual usage, port performs the diversion function. The number of port
affects the diversion function. Keeping same total area of ports, models with two ports,
four ports, six ports and eight ports are calculated and analyzed. Figure 12 shows the
schematic diagram of models with different port number.

(a) (b) (c) (d)

Figure 12. Schematic Diagram of Different Port Number
(a) Two Ports, (b) Four Ports, (c) Six Ports, (d) Eight Ports

In order to investigate the influence of port number on erosion rate, an average erosion
rate histogram was drew and shown in Figure 13. From the histogram, it can be seen that
average erosion rate decreases with port number increase. The average erosion rate of two,
four, six and eight ports model is 8.62x10™ kg/(m*s), 6.11x10* kg/(m*s), 3.14x10™
kg/(m?s)and 3.36x10* kg/(m?-s), respectively.
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Figure 13. Effect of Port Number on the Average Erosion Rate

Thus, the average erosion rate shows a decreasing trend with port number increase. For
two ports model, the average erosion rate is the largest, while average erosion rate of six
ports model is the smallest. Which illustrates the increase of port number can improve
flow status of fracturing fluid.

1 2 B /
9.50e+01 b
435401 AN /
: (d)

Figure 14. Sand Trajectories of Different Number
(a) Two Ports, (b) Four Ports, (c) Six Ports, (d) Eight Ports

Figure 14 shows sand trajectories of models with different port number. For two ports
and four ports model, sand trajectories are more complex and unstable. For six ports and
eight ports model, sand trajectories are more gradual. This is because that flow status of
fracturing fluid is improved with port number increases. This also explains the reason
why an increase in port number can decrease average erosion rate of tool.

5. Conclusions

This study performs a CFD analysis including flow field characteristics and erosion
phenomenon. Models with different parameters are established and analyzed. Based on
the comprehensive study, the following conclusions could be achieved:
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(1) Due to the narrowing of flow channel, large velocity and pressure gradient generate
at port area. The maximum velocity of fracturing fluid and sand particles is also located at
the port, and the peak erosion rate is found at inner surface of ports and casing.

(2) The shape and size of port has a significant influence on the motion characteristics
of fracturing fluid and sand particles. The ellipse shape contributes to a better flow status
and erosion resistance. The motion of fracturing fluid and sand particles becomes fierce.

(3) The effect of port number on erosion rate is also studied. Keeping the total area of
ports unchanged, increase of port number can slow down velocity of fracturing fluid and
impinging between sand and surface. These results can be instructive to the design of frac
sleeve.
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