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Abstract: The prediction of erosion damage due to sand presence during 

hydrocarbon production is a major threat to the integrity of the production facilities. 

Sand production from oil and gas reservoirs can cause a significant damage to 

different pipeline components, and as a consequence, may lead to unwanted 

maintenance costs and potential environmental damage. In this work, a 

computational fluid dynamics (CFD) model was developed to investigate how 

altering flow conditions, pipe geometry and solid particle variables might affect the 

sand erosion rates at pipe bends. The model was first validated against particle tracks 

and erosion profiles presented by a published research with reasonable agreement.  

Erosion rate was found to decrease as the pipe diameter was increased with 

significant reductions observed when the pipe diameter was increased by the smallest 

degree (i.e. from 4" to 6"). Increasing the bend radii of 1.5D, 3D and 5D also resulted 

in a gradual decrease in maximum erosion rate observed in each test case 

respectively. However, it was observed that the surface area damaged by erosion 

increased as the bend radius was increased. It was found also that increasing particle 

size results in significantly larger erosion rates with different erosion scarring 

associated with each particle size. Moreover, no direct correlation was observed 

between increasing the carrier fluid density and the erosion rate. . However, much 

larger magnitudes of erosion were observed when gas (low density) was the carrier 

fluid when compared to oil and water individually. The final tests conducted were 

carried out when the distance between two bends in series was increased from 2.5D 

to 5D and then to 7.5D. Interestingly, erosion was found to increase as the distance 

between the bends was increased. 
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1 Introduction 

 
The prediction of erosion damage caused by solid particles within flow lines is crucial for many 

industries (e.g. oil and gas). During petroleum production and transportation pipelines, sand particles 

may be present in hydrocarbon flow from reservoir formation due to increased use of proppants and 

reservoir fracturing techniques, loss of capillary pressure after water-cut and well ageing [1]. The sand 

in the flow stream may   have a devastating effect and cause major threat to the integrity of the 

production facilities. Therefore, it is of paramount importance to gain more insights of the nature and 

severity of pipe erosion in order to precisely predict the erosion rate and identify the pipe locations 

which are most susceptible to erosion. Pipe bends are most susceptible to damage caused by sand as 

such components alter the direction in which the production fluid is flowing [2]. 

Many researchers have used Computational Fluid Dynamics (CFD) to predict pipe erosion rate in 

different flow conditions and pipe geometries. Edwards et al. [2] investigated the effects of erosion in 

plugged tees and varying bend radius in pipe elbows in order to develop procedures that could be applied 

within CFD codes for predicting pipe erosion. They claimed that the developed procedure was 

successful in predicting fluid velocity through the investigated geometries with good agreement in their 

prediction with results found experimentally for particle penetration rate. McLaury et al. [3] developed 

a model, as an alternative to the API RP 14E, to predict erosion rates in annular flow for cases of 

horizontal and vertical pipe bend orientation. They found that erosion was greater in magnitude in bends 

that were vertically orientated. A similar investigation was carried out by Vieira et al. [4]. Again, erosion 

was found to increase significantly in pipe bends that are vertically orientated. It was also found that 

increasing pipe diameter led to a decrease in erosion rates. Conversely, the addition of a small volume 

of liquid film into the flow helped to reduce erosion.  

The influence of particle size and fluid viscosity on solid particle erosion was investigated by Mansouri 

et al. [5]. However, this investigation was carried out using a submerged jet test with particles impacting 

on a Coupon, rather than a specific piping geometry. The results were then compared to those found 

when the test was replicated using a commercial CFD package. They found that their CFD predictions 

underestimate the erosion rate. A similar nozzle style test was carried out by Okita et al [6], to 

investigate the influence of particle shape on erosion rate.   It was shown that erosion decreased as the 

carrier fluid viscosity was increased and also that particle shape has a significant effect on the magnitude 

of erosion. Sharp particles were found to cause higher erosion than in cases where rounded particles 

were used. It was also shown that CFD predictions showed large variations in predicting erosion ratio 

when compared to experimental data.   

Wang and Shirazi [7] investigated the development of a CFD based correlation that would allow the 

calculation of penetration rates where the bend radius is varied. The model showed reasonable accuracy 



when compared with experimental data. It was also concluded that using long radius bends helped to 

reduce particle erosion in gas flows. Felten [8] investigated the effect of varying the distance between 

pipe bends in series and the angle between the bends. It was found that beyond a critical point, the 

distance between double bends has no influence on the erosion rates produced. However, their work 

was carried out on 1” piping system which is not representative of that found in the oil and gas industry. 

Barton [9] provided an overview of erosion caused by solid particles in Oil and Gas pipe components, 

and suggested methods of minimising erosion and reviewed the various models available for predicting 

erosion. However, each model was found to respond to various test conditions in a different manner 

and therefore the main conclusion drawn from the analysis was that no one model is suitable for use 

universally to predict erosion in pipe systems.  

Most of the currently available CFD-based erosion models and the experimental data of loop tests focus 

on the pipe bend with gas–solid flow while few studies have investigated the erosion modelling due to 

liquid–sand flows. Additionally, it was found in the literature review that very little research has been 

performed on double-bends (elbows mounted in series).Therefore, in this paper the CFD modelling of 

erosion caused by solid particles entrained in both gas and liquid, flowing in a 90° sharp bend pipe  at 

different flow conditions is conducted. The effect of different bend geometries, including bend diameter 

and the distance between double bends were also investigated.  

1.1     Governing equations 

The present study modelled the liquid-sand flow using the Eulerian–Lagrangian multiphase flow 

modelling method. The liquid is treated as a continuous phase and modelled by solving the Navier–

Stokes conservation equations, while the particles are treated as a discrete phase and solved by tracking 

a large number of individual solid particles.  

The conservation of mass and momentum equations are expressed in Equations (1) and (2).   

𝜕

𝜕𝑡
(𝜌)+∇(𝜌𝑣 )=0 

 (1) 

Where: 

¶ 𝑆𝑚− Mass added to continuous phase from dispersed second phase. 

¶ p – Static Pressure  

¶ τ̅ – stress tensor  

¶ 𝜌𝑔 – gravitational body force  

The stress tensor equation is given by: 

Where 𝜇 is molecular viscosity and 𝐼 is the unit tensor  

𝜕

𝜕𝑡
(𝜌𝑣)+ ∇(𝜌𝑣𝑣)=−∇p+∇(τ̅ )+𝜌𝑔+𝑠𝑚 

 

(2) 

τ̅= 𝜇[(∇𝑣+∇𝑣𝑇)− 
2

3
∇𝑣𝐼] 

 

(3) 



The standard k-ε turbulence model originally developed by Launder and Spalding [10] is used to resolve 

the flow turbulence. The transport equations for the turbulence kinetic energy, k and the dissipation 

rate, ε are given by Equations (4) and (5): 

𝜕
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(4) 

𝜕
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𝜎𝜖
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𝜕𝑥𝑗
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𝜀

𝑘
(𝐺𝑘+𝐶3𝜖𝐺𝑏)−𝐶2𝜖𝜌

𝜀2

𝑘
+𝑆𝜀        (5) 

Where: 

𝐺𝑘 - generation of turbulence kinetic energy due to mean velocity gradients  

𝐺𝑏 - generation of turbulence kinetic energy due to buoyancy  

𝑌𝑀 - contribution of fluctuating dilation in compressible turbulence to the overall dissipation rate  

𝜎𝑘 - turbulent Prandtl number for k  

𝜎𝜖 – turbulent Prandtl number for 𝜀 

𝑆𝑘 - user defined source term  

𝑆𝜀 - user defined source term  

𝐶1𝜀,𝐶2𝜖,𝐶3𝜖 are constants 

 

The trajectory of each particle is predicted by solving the particle force balance, as expressed in 

Equation (7).  

𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝐷(𝑢− 𝑢𝑝⃗⃗⃗⃗⃗)+ 

𝑔(𝜌𝑝−𝜌)

𝜌𝑝
+𝐹⃗⃗⃗ 

 

 

(7) 

Where 𝐹 is the acceleration term, 𝐹𝐷(𝑢− 𝑢𝑝⃗⃗⃗⃗⃗) is drag force per unit particle mass  

The drag force is computed using the following relationship   

𝐹𝐷= 
18𝜇

𝜌𝑝𝑑𝑝
2

𝐶𝐷𝑅𝑒

24
 

 

 

(8) 

¶ 𝑢 – carrier fluid velocity  

¶ 𝑢𝑝⃗⃗⃗⃗⃗ - particle velocity  

¶ 𝜇 – molecular viscosity of fluid  

 𝜇𝑡= 𝜌𝐶𝜇
𝑘2

𝜀
 

 

(6) 



¶ 𝜌 – fluid density  

¶ 𝜌𝑝 - particle density  

¶ 𝑑𝑝 - particle diameter  

¶ 𝐶𝐷 – drag coefficient 

¶ 𝑅𝑒 -  Relative Reynolds number 

The relative Reynolds Number,𝑅𝑒, is calculated from the following relationship   

𝑅𝑒= 
𝜌𝑑𝑝|𝑢− 𝑢𝑝⃗⃗⃗⃗⃗|

𝜇
 

 

 

(9) 

The drag coefficient, 𝐶𝐷 is computed based on Spherical drag law,  in which the 𝐶𝐷  is given by Equation 

(10).  

𝐶𝐷= 𝑎1+ 
𝑎2
𝑅𝑒
+ 
𝑎3
𝑅𝑒2

 

 

 

(10) 

Where, 𝑎1, 𝑎2 and 𝑎3 are constants that apply over a wide range of 𝑅𝑒 given by Morsi and Alexander 

[11]  

Finally, after calculating the flow of liquid and the discrete phase through the model, ANSYS can 

calculate erosion. The general equation that calculate the rate of erosion [17]:  

𝑅𝑒𝑟𝑜𝑠𝑖𝑜𝑛 = ∑
𝑚𝑝𝐶(𝑑𝑝)𝑓(𝛼)𝑣

𝑏(𝑣)

𝐴𝑓𝑎𝑐𝑒

𝑁 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑝=1

 

 

(11) 

 

Where: 

¶ 𝑚𝑝 - particle mass flow rate 

¶ 𝐶(𝑑𝑝) - function of particle diameter  

¶ 𝛼 - impact angle of particle path with wall face  

¶ 𝑓(𝛼) - function of impact angle  

¶ 𝑣 - relative particle velocity  

¶ 𝑏(𝑣) - function of relative particle velocity  

¶ 𝐴𝑓𝑎𝑐𝑒 - area of cell face  

C, 𝑓 and b are constant functions, the numerical values of the functions depend on the properties of pipe 

material. The values specified for the functions C, 𝑓 and b are  1.8×10−9 ,1 and 0, respectively, as 

recommended by Mazumder [12].    



 

1.2     CFD  Model Development 

Figure 1 shows the 3-D geometry of the bend pipe generated using ANSYS Design-modeller. The inlet 

and outlet boundaries of the pipe are shown in the figure. Figure 2 shows the hexahedral mesh structure 

of the bend pipe geometry. The mesh cells in the pipe wall were generated with 10 inflation layers 

around the pipe wall, in order to accurately resolve the flow in the pipe near wall.  

 

Figure 1: Geometry of the Pipe Model with the Named Sections 

 

 

Figure 2: computational mesh used in the simulation 

2     Results  

2.1     Validation 

In order to verify the flow modelling capabilities, a verification study is performed on a 90° elbow. By 

comparing the predicted erosion rate with the published work of Edwards et al [2], the accuracy of the 

flow solution can be assessed. The shape of the contour plots of erosion shown in Figure 3, shows 

relatively a good agreement with the maximum erosion occurs in similar locations, at approximately 45 

Inlet Outlet 



degrees from the pipe inlet. The erosion is also seen to be concentrated on the bend, with minimal 

erosion occurring downstream of the bend in each case. The similarities in the erosion profiles illustrate 

that the results collated in the test cases will provide valid qualitative data to analyse erosion.  The 

specific parameters used are shown in Table 1. 

 

Table 1 - Validation Test Parameters [5] 

Parameter Value 

Pipe Diameter 2” 

Bend Radius 1.5D 

Carrier Fluid Velocity  15.24m/s 

Carrier Fluid  Methane Gas  

Particle Diameter  150μ m  

Particle Density  2650kg/m3 

Sand Production Rate 4.55kg/day 

 

 

 

Figure 3: Erosion profiles – Validation 

 

2.2     Effect of pipe diameter on erosion rate 

Figure 4 shows the effect of pipe diameter on erosion rate for the 4”, 6” and 12” test geometries 

respectively.  As can be seen, the surface area affected by erosion increases as the pipe diameter is 

increased whereas the maximum erosion is reduced. However, the position of the maximum erosion 

remains approximately constant. 



 

                     (a)                                        (b)                          (c) 

Figure 4: Erosion profiles of pipe bend with different pipe diameter: (a) 4 inches, (b) 6 inches and (c) 

12 inches 

Figure 5 shows the recorded maximum erosion rate values for each pipe diameter. As can be seen, larger 

pipe diameter will result in lower maximum erosion rate. Increasing the pipe diameter from 4" to 6" is 

seen to decrease the maximum erosion occurring by around 42%. However, increasing the pipe diameter 

from 6" to 12" reduces the maximum erosion rate by 85%. Therefore, using larger diameter piping can 

increase the life of pipe bends and thus reduce expenditure on maintenance and repair. However, using 

larger diameter piping will require greater expenditure and greater space on the platform. In some cases 

it may not be practical to redesign piping networks from 4" or 6" to 12" pipe diameter. However, 

increasing from 4" to 6" pipe diameter is potentially far more feasible as a method of minimising 

erosion.  

 

 

Figure 5: Maximum Erosion Rate vs Pipe Diameter   

2.3     Effect of bend radius on erosion rate 

Figure 6 shows the effect of bend radius on erosion rate for the 1.5D, 3D and 5D test cases respectively.  

It is clear that altering the pipe bend radius has a significant effect on the magnitude and overall shape 

of the erosion occurring where the surface area damaged by erosion, downstream of the bend, can be 

seen to increase as the bend radius is increased from 1.5D to 3D and again from 3D to 5D. However, 
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the location of the maximum erosion in each test case remains in approximately the same location on 

the bend, as expected from analysing the particle tracks. 

 

 

                     (a)                       (b)            (c) 

Figure 6: Erosion profiles of pipe bend with different bend radius: (a) 1.5D, (b) 3D and (c) 5D 

Figure 7 shows that the maximum erosion rate is reduced as the bend radius is increased which agrees 

with Wang and Shirazi [7] who found that erosion rates decreased as the bend radius was increased for 

gas-solid flows. It is observed that doubling the bend radius, from 1.5D to 3D, reduces the maximum 

erosion by 20% while increasing the bend radius from 3D to 5D resulted in a 24% reduction in erosion.  

Therefore, increasing the bend radius increases the lifetime of a bend and reducing the frequency of 

maintenance and replacement work. However, using larger diameter bends will result in increased 

weight of piping; increased cost to purchase and decreased available space on the platform.  

 

 

Figure 7: Maximum Erosion Rate vs Bend Radius 

2.4     Effect of distance between double bends on erosion rate 

Figure 8 shows the effect of distance between double bends on erosion rate of the first bend for 2.5D, 

5D and 7.5D gaps. The erosion profile appears to be relatively similar in each test case – which is also 

predicted from the particle tracks. It was observed that the magnitude of erosion in the first bend 

decreases as the distance between the bends in series is increased. This could be due to the uniformity 

of the flow from the first bend to the second being extremely turbulent resulting in particles impacting 
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the bend with greater energy and thus resulting in greater erosion. Therefore, it can be seen that 

increasing the distance upstream of the first bend results in lower magnitudes of erosion in the first 

bend, due to the ability of the flow downstream to stabilise.  

 

 

                   (a)           (b)          (c) 

Figure 8: Erosion profiles of the first pipe bend with different distance between bends: (a) 2.5D, (b) 

5D and(c) 7.5D  

Figure 9 shows the effect of distance between double bends on erosion rate of the second bend. As can 

be seen, the erosion rate increases as the distance between the bends in series is increases. It is expected 

that this is largely due to the angle at which the particles impact the second bend. It was observed that 

the particles in the 2.5D gap impinge the bend normally, and thus, fewer particles impact at the optimum 

erosion angle of 30⁰ [13].  However, as the distance between the bends is increased, and the particles 

are more evenly distributed throughout the flow, a greater number of particles impact the bend at the 

optimum angle and therefore result in greater magnitudes of erosion. This is illustrated in Figures 12 

(a) - (c) where the particle velocities in each test case are tracked and coloured in terms of velocity 

magnitude. Ten tracks were skipped in each case so the results were easier to view.   

 

 

 

                 (d)                   (e)                    (f) 

Figure 9: Erosion profiles of the second pipe bend with different distance between bends: (a) 2.5D, (b) 

5D and(c) 7.5D 

Interestingly, Figure 10 (a) shows the highest particle impact velocity at the second bend with the lowest 

erosion observed. However, Figure 12 (c) shows that the particle trajectories are altered in a manner 

such that a larger number of particles impact the pipe wall at the optimum impact angle for erosion, and 



thus higher erosion rates are observed.  It is therefore important combine the effect of particle 

trajectories, and ultimately particle impact angles, in complex pipe geometries. Figure 11 shows that 

the maximum erosion rate occurring in each test case increases as the distance between bends in series 

is increased.  

 

 

                   (a)            (b)          (c) 

Figure 10: Particle Velocities and trajectories at the second pipe bend with different distance between 

bends: (a) 2.5D, (b) 5D and(c) 7.5D  

 

Figure 11: Maximum Erosion Rate at the second bend vs Distance Between Bends in Series 

3     Conclusion  

A Eulerian simulation with the k-ε turbulence model was used to simulate the liquid flow in 

the pipe bend while the Lagrangian particle tracking method was employed for calculating 

the particle motion. The effects of different parameters on erosion rate were studied with the 

following conclusion. 

The erosion rate increases with carrier fluid velocity and particle diameter increasing, while 

decreases with bend radius, carrier fluid density and distance between bends in series 

increasing. The carrier fluid density has little effect on the change of the erosion rate, 

particularly, where water was the carrier fluid, when compared to oil. This suggests that in fact 
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there is a direct correlation between the carrier fluid viscosity and the erosion rates calculated, 

since oil is more viscous than water.  

The results in each test case provide qualitative erosion data that illustrate the location of 

maximum erosion and shape of erosion scarring. Qualitative indications of how varying a 

number of parameters influence the magnitude of erosion and how often repair and replacement 

work is required is also provided. However, the erosion magnitudes may differ to those found 

in real-life applications for a number of reasons.  Some of these contributing factors include: 

insufficient computing power; non-realistic particle injections; and modelling the problem in 

Steady State instead of Transient.  
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