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Abstract: In oil drilling processes, sand production in the oil layer is a common issue, generally mitigated by means of sand control screens. To prevent or reduce the risk of damage of these screens and to improve the related service life, it is necessary to investigate the related erosion dynamics. In this study, a screen mesh model based on the flow field similarity theory is proposed to overcome the otherwise too complex geometric structure of this type of equipment. Such model is optimized using experimental data. The predicted results are in good agreement with the measured values, and the error is less than 15%. The results also show that the simplified geometric screen model and the optimized Zhang et al. erosion model have high reliability; therefore, they could effective be used to select underground screen meshes and improve the design of production process.
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1  Introduction

In the oil drilling process, sand production in the oil layer is a common problem in the exploitation of loose sand reservoirs. As an important oil and sand control equipment, sand control screens are widely used in the completion of vertical wells, horizontal wells, sidetracking well and branch wells in the oil drilling industry. Actual production shows that erosion wear is an important cause of sand control failure. In order to prevent or reduce the damage of screen mesh erosion wear to oil and gas well production, more and more studies on screen erosion wear have been carried out in recent years. The research results show that the causes and influencing factors of the erosion of the screen tube are the key research objects. The erosion rate of the screen can be obtained by the combination of experimental methods and predictive models. The prediction of the life expectancy has practical guiding significance for preventing the erosion of the screen.

At present, the erosion theory describing solid particles on plastic materials can be divided into four categories: micro-cutting theory [1], deformation and wear theory [2], erosion sheeting theory [3], second erosion theory [4]. According to micro-cutting theory, when irregular particles impact material surface at high speed, the convex angle of particles will take away the material by cutting, which is more suitable for explaining the cutting effect of solid particles at low impact angle; From the point of view of energy balance, the theory of deformation wear considers that the total wear is the sum of deformation wear and cutting wear, which is generally used to describe the elastic-plastic deformation process of material surface caused by impact force of micro-particles; Erosion sheeting theory is an extension of deformation wear theory, which considers that the wear process of materials is a forging and extrusion behavior, and that the continuous impact of particles is the main factor leading to work hardening on the surface of materials, and erosion wear at high angles of attack is usually explained. Common to all three theories is the treatment of solid particles as hard particles of steel. Unlike this type of theory, the second erosion theory suggests that soft brittle solid particles can rupture under the conditions of high mass and fast enough impact velocity and lead to the second erosion phenomenon. It can be seen that the common point of existing solid particle erosion theory is to treat solid particles as hard or soft magic particles.

Above-mentioned theories explain erosion phenomena from different solid particles, different particle structures and different stages. They overlap and complement each other. Based on the above theory, a large number of experiments and theoretical studies have been carried out on the erosion behavior of metal materials with solid particles at home and abroad. Norwegian Classification Society proposed DNV model based on a large number of experimental data [5], the model is mainly applicable to steel pipelines. On the basis of a large number of erosion experiments on solid particles with different impact angles and shapes, Tulsa’s researcher Zhang et al. [6] proposed a new erosion model. Aiming at the pipe wall of AISI1018 steel, Ahlert [7] established a pertinent erosion model. Oka et al. erosion model was proposed by Oka et al. [8] on the basis of comprehensive consideration of impact angle, impact velocity, particle diameter, shape, properties and properties of pipe wall materials. Procyk et al. [9] used different flow rate fluids for the erosion test of woven wire screens, and analyzed the fluid pressure drop, screen mass loss and pore size change with the experiment and proposed an empirical model for woven wire screens. Rui et al. [10] studied the erosion of plugged tees through numerical simulation. Deng et al. [11] established a screen erosion model under different factors by conducting a single layer MWM experiment. Roostaei et al. [12] conducted sand control design by evaluating the mathematical model of sand distribution in the representative office. Salama et al. [13,14] calculates the density of mixed oil and gas in pipeline by means of weighted average method to deal with the erosion of multiphase flow on pipeline wall; Evstifeev et al. [15,16] compared the simulation results of E/CRC, DNV, Oka, Tabakoff and other four erosion models with the experimental data of Pyboynina [17] and Evans et al. [18] through CFX software, and obtains the advantages and disadvantages of different erosion models and their respective applicable working conditions. Chen et al. [19] and others used CFD software to study the relative velocity of ordinary elbow and T-elbow in gas-solid two-phase flow using McLaury erosion model, and compared the accuracy, advantages and disadvantages of solid particle trajectory under random impact rebound model and non-random impact rebound model.

In summary, according to the research results of pipeline erosion literature, there are many studies on the erosion of pipeline wall caused by gas-solid or liquid-solid flow field, but few studies on Numerical Simulation of screen erosion [20–27]. The complexity of the geometry of the screen itself and the unpredictability of the clogging of the mesh sand are the main reasons why the screen is difficult to carry out digital model research. For this reason, a simplified screen model based on flow field similarity theory is proposed to solve the problem that it is difficult to carry out numerical research on sand control screen pipe due to its complex geometric structure, in order to obtain the erosion mechanism of screen, and to provide reference for the selection of underground screen and the design of production process.

2  Numerical Methods

2.1 Discrete Equation

For sand control screen at low solid phase volume fractions (usually no more than 10%), the solid-liquid two-phase flow can be numerically simulated with discrete phase model. The characteristics of the discrete phase model are one-way interaction. The fluid, as a carrier, has influences on the movement of the particles by drag, drop and vortex, while the solid particle effects on the liquid phase flow is very limited and can be negligible.

As continuum phase in sand control screen, water is incompressible, thus the Renault eddy viscosity model is employed to calculate liquid flow field. The continuity equation, momentum equation and RNG (Renormalization group) k-ε turbulence model equations can be referred to the literatures [28–31].

In numerical calculations, the solid particle movement can be described by Lagrange’s equation. Based on a single particle forces analysis, the particle trajectory can be solved by integral of differential equations. According to Newton’s second law, control equations for spherical particles in slurry pump flow field in x direction in the absolute coordinates system can be given as follows:


16πdp3ρp[Fb+Fp+Fd+Fv]=mpdupdt
(1)

where: 
Fb
 is buoyancy, 
Fb=ρp−ρlρpgxi
; 
Fp
 is resistance caused by flow pressure gradient, 
Fp=ρlρpup∂u∂xi
; 
Fd
 is the drag, 
Fd=18μρpdp2CdRep24(ul−up)
; 
Fv
 is additional mass force, 
Fv=12ρlρpd(ul−up)dt
; 
dp,ρp,mp
 and 
up
 are solid particle diameter, density, mass and velocity, respectively; 
ρl
 and 
ul
 are the density and velocity of liquid; 
gxi
 is the gravitational acceleration; 
μ
 is dynamic viscosity of the liquid; 
Cd
 is drag coefficient; 
Rep
 is particle Reynolds number.

2.2 Liquid Phase Equation

2.2.1 Liquid Phase Continuity Equation

The continuity equation for the flow of the liquid phase within the screen is [32]:


∂ρf∂t+∂(ρfuj)∂xj=0
(2)

where: t is time(s), u is Velocity vector(ms-1); Subscript j = 1,2,3.

2.2.2 Momentum Equation of Liquid Phase

The momentum equation for flow of liquid phase [33] within the screen is:


∂(ρfui)∂t+∂(ρfujuj)∂xj=∂P∂xi+∂∂xj[μϵ(∂ui∂xj+∂uj∂xi)]−2ρfeilkωruk+ρsτrs(usi−ui)
(3)

where: 
μϵ=μ+μt
 
μt=ρcμk2ϵ
; 
cμ=0.0845


where: 
μe
 is Equivalent coefficient of viscosity /Pa·s; 
μ
 is Liquid-phase dynamic viscosity /Pa·s; 
P
 is Equivalent pressure considering centrifugal force /Pa; 
P=p−0.5ρf(ωr)2
; p is pressure/pa; ω is Impeller angular speed/rad·s-1; r is radius/m. 
τrs
 is Relaxation time of particle motion, which is expressed as:


τrs=ρsds218μ(1+Res60)−1
(4)

where: 
ds
 is solid particle diameter; Res is Reynolds number of solid particle phase, 
Res=|u−−u−⁡|dsv
, ν is Liquid phase kinematic viscosity m·s-2.

2.2.3 Liquid Phase Turbulence Model

The fluid will pass through the protective shell, and the dense screen flows into the accumulation tube, thus the line is curved, and the turbulence is anisotropic, i.e., the turbulent viscosity, is anisotropic, and if the standard turbulence model is used directly the calculation will produce some distortion. Therefore, the RNG (Renormalization Group) turbulence model is more appropriate for the liquid-phase turbulence in the screen, and the turbulent energy equation for the RNG turbulence model is:


∂(ρfk)∂t+∂(∂fujk)∂xj=∂∂xj(αkμϵ∂k∂xj)+Gk+Gp−ρfϵ
(5)

where: 
k
 is Turbulent kinetic energy; 
ϵ
 is Turbulent energy dissipation rate; 
Gk
 is Turbulent energy generation term, which is expression is: 
Gk=μt(∂ui∂xj+∂uj∂xi)∂ui∂xj
; 
Gp
 is Additional generation term for two-phase flow , which is expression is: 
Gp=−∑s∑insmsτrs[2(k−cskkks)]
 where: 
ns
is the number of solid particles per unit volume; 
ms
 is solid particle mass/kg; 
ks
 is solid turbulence energy.

The RNG κ-ε turbulence model liquid-phase dissipation rate equation is:


∂(ρfϵ)∂t+∂(ρfujϵ)∂xj=∂∂xj(αϵμϵ∂ϵ∂xj)+ϵk(c1ϵ∗Gk−c2ϵρfϵ)
(6)

where: 
αk=αϵ=1.39
; 
c1ϵ∗=c1ϵ−ζ(1−ζζ0)1+λζs
; 
c1ϵ=1.42
; 
c2ϵ=1.68
; 
ζ=(2Eij⋅Eij)12kϵ
; 
Eij=12(∂ui∂uj+∂uj∂ui)
; 
ζ0=4.377
; 
λ=0.012
.

In addition, due to the unstructured grid used in this paper, the format is second order, except for the pressure term which remains in standard format. For the pressure-velocity coupling relationship, the SIMPLE algorithm with phase coupling proposed by Vasquez et al. [34] is used to perform finite volume discretization of the system of Euler’s conservation equations on the unstructured grid, which has the advantages of good convergence and robustness. The coupled solver is used to improve the convergence of the equations, and for the calculation of the gradient, the node-based is used instead to improve the computational accuracy.

2.3 Prediction Model of Erosion

2.3.1 Geometric Modeling and Meshing

(1) Simplified distributed holes screen

The purpose of this simulation is to verify the erosion rule of single-layer screen in laboratory experiments. Because of the difficulty of mesh generation due to the cross-compiling structure of screen mesh, the geometric model of screen tube is simplified first, and then the simulation and trial calculation are carried out. The screen model is shown in Fig. 1, and the simplified model is shown in Fig. 2.
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Figure 1: Non simplify the screen mesh structure
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Figure 2: Simplified screen mesh structure screen mesh model

Commonality: The sieve mesh is a porous runner structure with good consistency; Simplified cylindrical hole layout is also a porous channel structure, each small cylindrical hole is uniform, so simplifying screen mesh into cylindrical hole has a certain simplification basis.

Difference: Precision screen mesh has many interfaces which are linear and tangent to each other, which is impossible to carry out Boolean operation in software. In addition, because of the existence of tangent plane, the density of computational grid is required to be higher, and the performance of computer is required to be very high. The simplified cylindrical mesh has uniform rules, high mesh quality and fast convergence. The comparison between simulation and experiment shows that the simplification is reasonable.

According to the experimental conditions, a single layer woven screen with a diameter of 50 mm is selected as the experimental simulation object. The screen diagram of experimental sample is shown in Fig. 3a. Fig. 3b shows the simplify three-dimensional structure of the screen, and Fig. 3c shows 3D drawing of the same size sample screen.
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Figure 3: Screen structure diagram (a) Screen diagram of experimental sample (b) Simplify three-dimensional structure of the screen (c) 3D drawing of the same size sample screen

2.3.2 Experimental Device Modeling

The erosion experimental device is shown in Fig. 4. The device is mainly composed of five parts: (1) Liquid supply circulation device is used to transport a mixed sand mixture; (2) Kettle body is the main place for placing the entire experimental screen and conducting the erosion test; (3) Erosion unit test stand is used for gripping sand control screen mesh; (4) Sanding nozzles is changing the nozzle diameter allows you to adjust the jetting speed. (5) Pressure sensors are used to measure the pressure drop before and after the sample is plugged. The laboratory test device effectively simulates the downhole operation of the screen pipe.

[image: images]

Figure 4: Experimental device for evaluating screen erosion

During the experiment, a small part of the gravel passes through the sieve, while a part of the gravel is retained and blocked by the sieve, and the sieve overcurrent hot spot is formed. At this time, two situations will occur: (1) The existence of a gap so that the sand-containing liquid continues to carry fine gravel through the screen causing screen erosion; (2) Pressure generated by the sealed reactor may cause a part of the blocked sand and gravel to press out of the gap, thereby re-establishing the blockage and causing erosion.

Therefore, in order to better match the experimental conditions, the solid model of the experimental device is established, as shown in Fig. 5.

[image: images]

Figure 5: Experimental device model diagram and mesh

2.3.3 Optimization of Erosion Model

(1) Grid independence verification

In the process of grid independence verification, Zhang et al. [6] model is used to simulate erosion. The stochastic particle-wall collision rebound model proposed by Grant and Tabakoff is used for the collision between solid particles and pipe wall. The grid adopts a hexahedral structured grid, and the encrypted boundary layer grid structure is adopted at the wall of the tube, and the grid gradient rate is CR = 1.2, and the number of layers is 5 layers. The simulation calculation of the model with different grid numbers shows that the relationship between the maximum erosion rate and the number of grids is shown in Fig. 6. The results show that the number of grids of 1.7 million is a suitable choice.
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Figure 6: Verification of the grid independence test

(2) Comparison and selection of erosion models

According to previous studies, the erosion rate of pipe wall by solid particles is a function of impact angle [6,21]. However, most of the existing impact angle functions are empirical functions based on experiments, which have strong pertinence and limitations. Therefore, it is very important to find a suitable erosion function model for the working conditions in this paper. This paper summarizes and summarizes the erosion models of predecessors, as shown in Fig. 7. The erosion models can be written as follows:


ER=kF(α)upn
(7)

[image: images]

Figure 7: Function of impact angle

Here, 
ER
 is the wear mass loss ; k is the particle erosion coefficient that varies according to the erosion model; 
F(α)
 is the function of impact angle; 
up
 is the particle impact velocity; n is the velocity index.

In this paper, the metal screen with plastic wall material is studied, which based on the properties of plastic material that can be obtained. When the impact angle is 90, the impact angle function is positive. Therefore, erosion models such as Hashish [35], Zhang et al. [36] and Hopkins et al. [37] can be excluded. By studying the impact angle function, DNV model [5], Oka et al. model [8], Ahlert model [7] and Zhang et al. model [6] can be obtained. However, Ahlert model does not take into account the impact of screen material on erosion, and the impact angle function is quite different from the other three erosion models.

Therefore, DNV model, Zhang et al. [6] model and Oka et al. [8] model are used to simulate and compare with experimental data. Tab. 1 shows the data errors between the maximum erosion rate and the experimental data in three different models. It can be found that the calculation results of Zhang et al. [6] model have little error with the actual situation, while the results of DNV model and Oka et al. [8] model have great error with the experimental data. Therefore, it can be concluded that the Zhang et al. [6] model fits well with the actual situation and is suitable for the study in this paper.

Table 1: Statistical results of erosion models for experimental data

[image: images]

2.4 Important Parameter Design

1) Design of computational working conditions

In order to study the influence of particle concentration and particle velocity on the erosion rate of screen mesh, Tab. 2 gives the design of simulated working conditions with different inlet liquid velocity and different gravel concentration.

Table 2: Design of simulated working conditions with different inlet liquid velocity and different solid-phase concentration

[image: images]

2) Gravel Particle Size Characteristic Value Distribution

(1) Rosin-Rammler distribution expression


R(Dp)=100exp⁡[−(DpDe)n]
(8)

where, 
R(Dp)
 is Cumulative sieve surplus(%); 
De
 is characteristic particle size; when Dp = De, the particle size corresponding to R(Dp) = 36.8; n is Evenness;

(2) Particle size analysis of field data of sand production wells

Tab. 3 gives the eigenvalue of Rosin-Rammler particle size distribution based on the field data of sand production wells in an oilfield. The particle size distribution of sand production wells can be simulated by introducing this eigenvalue into the simulation.

Table 3: Particle size analysis of sand well site data

[image: images]

(3) Considering oil and water as one phase in the simulation, it is necessary to calculate the density and viscosity of oil-water mixture

Density is calculated by weighted average of water content:


ρm=ρwϕw+ρ0(1−ϕw)
(9)

Estimating of viscosity: The viscosity of oil-water mixture is calculated according to Mcadams formula, which has high accuracy.


μm=ρ0(1−ϕw)+ρwϕwρ01−ϕwμ0+ρwϕwμw
(10)

where, 
μm
, 
μ0
, 
μw
 are oil-water emulsion viscosity, oil-phase viscosity and water-phase viscosity, respectively, mPa·s.

(4) Collision rebound model

At present, in the study of solid particle trajectory and erosion, the most commonly used collision rebound models are the random particle-wall collision rebound model proposed by Grant and Tabakoff [5] and the non-random particle-wall collision rebound model proposed by Forder et al. [2]. Non-random particle-wall collision bounce model is as follows:


en=0.998−0.78α+0.19α2−0.0024α3+0.0027α4
(11)


eτ=1−0.78α+0.84α2−0.021α3+0.0028α4−0.0022α5
(12)

The random particle-wall collision bounce model is as follows:


en=0.993−1.76α+1.56α2−0.49α3
(13)


eτ=0.988−1.66α+2.11α2−0.67α3
(14)

where 
en
 is the tangential recovery coefficient; 
eτ
 is the normal recovery coefficient; 
α
 is the particle impact angle, rad.

When a fluid has a vortex, the use of a non-random particle-wall collision bounce model causes some solid particles to repeat a specific motion trajectory dozens of times, resulting in inaccurate prediction of the erosion rate position. However, the random particle-wall collision rebound model can avoid this problem very well.

3  Results and Discussions

3.1 Experimental Analysis

The curves of initial pressure difference and flow rate with time are shown in Fig. 8. In the test stage without sand, the screen sample is not blocked, the pressure difference is low (0.1 MPa), and the flow rate is large (1150 L/h). After adding sand, the pressure difference on both sides of the sample increases gradually with the sand bearing fluid continuously replacing the overflow, and the increasing range is more and more close to the exponential growth, while the variation law of flow rate is opposite. This shows that with the flow of sand bearing fluid and the gradual bribery of sand particles, the screen sample begins to block. During the blocking period of 600 s–1000 s, the blocking degree of screen sample is low, and the increase of blocking degree is relatively slow. When it is more than 1000 s, the degree of clogging increases until the experimental conditions are reached, and the sieving sample enters the stage of constant pressure control. Therefore, the sand control plugging process of sand control string is a process of slow accumulation in the early stage and rapid increase in the later stage. This plugging process makes the velocity of screen increase rapidly, which strengthens the erosion and wear effect of fine sand passing through the screen, resulting in erosion failure of sand control string in a short time.

[image: images]

Figure 8: Curve of initial pressure difference and flow rate with time

Curve of differential pressure with time between 2500 s and 4500 s is shown in Fig. 9. in the process of screen plugging, the pressure difference of sample medium does not rise uniformly, but fluctuates periodically. This is because after the bridge plug, the sand does not always continue. When blocking, the pressure difference on both sides of the screen rises, which will discharge the sand particles closest to the screen aperture to form a short new distribution channel, so as to make the pressure difference of the screen sample It drops rapidly, and then the carrier carries new sand into it, gradually forming a new bridge plug, and the differential pressure rises slowly. In the periodic change of pressure difference, the extruded sand and screen will produce cutting wear, which will also aggravate the erosion damage of the screen. It can be seen from the pressure change that the indoor screen jet erosion test is close to the field conditions, and the test results have certain reliability.

[image: images]

Figure 9: Curve of differential pressure with time (2500 s–4500 s)

3.2 Particle Trajectory Tracking

Fig. 10 shows an example trajectory tracking diagram. From nozzle jet to screen mesh, the particles disperse around the center of the jet. Some solid particles rebound many times through the screen mesh on the wall. Some collide directly on the front wall of the screen mesh, causing erosion and wear on the wall. The number of particles trajectory at the top of the jet is obviously excessive on both sides.

[image: images]

Figure 10: Particle trajectory tracking

3.3 Experimental Verification of Erosion Model

(1) Comparisons of Erosion Cloud pictures

Comparing the erosion nephogram of three erosion models (Fig. 11), it is found that the erosion of screen mesh under Zhang et al. [6] model is relatively divergent, which is in good agreement with the laboratory experiment, and further verifies that the cutting mechanism is the main cause of erosion. Fig. 11b is an erosion nephogram of Zhang et al. [6] model which cancels the background effect. It can be seen that the calculated erosion points are more dispersed than the other two erosion models, and have a higher coincidence with the experiment. It is also a key research model in the future. Further research on velocity index and other parameters can be done in order to better conform to the actual experimental results.

[image: images]

Figure 11: Erosion cloud (a) DNV (b) Zhang et al. (c) Oka et al. (d) Experimental erosion result

(2) Comparison of accuracy of various models

Fig. 12 shows the comparison of the calculated results of the three models with experimental data. We can see that a very noticeable trend was the steady decrease in the erosion mass loss with time passing. From the analyses of the three models, the Zhang et al. [6] model have a small error with the actual situation. It shows that Zhang et al. [6] model fits well with the actual situation and is suitable for the study in this paper.

[image: images]

Figure 12: Comparison of accuracy of various models

(3) Comparison of erosion life prediction accuracy of various models

Comparing the three erosion models can be expressed as the following form:


E=KCpmVPnf(α)
(15)

Here, 
E
 is the wear mass loss; k is the particle erosion coefficient that varies according to the erosion model; 
Cpm
 is a comprehensive parameter related to certain material characteristics; 
f(α)
 is the function of impact angle; 
Vp
 is the particle impact velocity; n is the velocity index.

According to certain failure quantification criteria, the above equation can be forwarded to life prediction model:


ME=KCpmVPnf(α)t
(16)

Here, 
ME
 is the accumulation of wear mass loss.

For the screen mesh of specific material, the average erosion rate of the screen tube can be obtained by CFD and the time t can be calculated to predict the service life of the screen tube.

The evaluation standard of screen failure was defined as 8% of the mass loss of metal screen [38,39]. Combined with the screen life prediction model, when the mass loss of single-layer screen is 8%, it indicates that the screen loses its sand control effect.

The comparisons of lifetime between the calculated results and measured data under the inlet of 0.4 m/s are shown in Fig. 13. From the comparison results of the measured values and the three pre the three erosion models, we find that the Zhang et al. [6] model is the nearest approximation of the measured values with the error less than 15%. The results of comparison indicate that the method selected in the present study has good performance and reliability for lifetime prediction of metal sand control screen.

[image: images]

Figure 13: Comparison of erosion life prediction accuracy of various models

4  Conclusions

In the field of materials, there are a lot of studies on the erosion of abrasive impact targets, but it is very limited to use the research results in material field to explain the erosion failure mechanism of sand control screen due to the special working environment of sand control screen. Scholars at home and abroad have done a lot of work on the erosion failure of sand control screen, but the experimental device used cannot simulate the formation conditions. The existing research only explains the influence law of some factors in the erosion process based on the field data and some indoor experiments, and does not reveal the erosion failure mechanism of sand control screen. In this paper, based on flow field similarity theory, a simplified screen mesh model is proposed to solve the problem of its complex geometric structure. The results show that the simplified geometric screen model have high reliability, which can provide reference for the selection of underground screen mesh and the design of production process. However, this paper compares the experimental data of single-layer metal mesh with Zhang et al. [6] erosion model, and then compares the experimental data with Zhang et al. [6] model to further verify the accuracy of the simplified model. The main conclusions are as follows.


1.   In this paper, the DNV model, Zhang et al. model and Oka et al. model are simulated and compared with the experimental data. The results of Zhang et al. [6] model have a small error with the actual situation. It shows that Zhang et al. model fits well with the actual situation and is suitable for the study in this paper.

2.   Compared with the erosion nephograms of the three erosion models, the erosion points calculated by Zhang et al. model are more dispersed than those of the other two erosion models, and have a higher coincidence with the experiments. In addition, the comparison between Zhang et al. model predicted screen life and actual life is also studied. The results show that the predicted value is in good agreement with the measured value. The above results show that the optimized erosion model and the simplified geometric model of screen presented in this paper have certain reliability for the life prediction of screen, and can provide reference for the selection of underground screen and the design of production process.
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